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Abstract 

Rice, the second most vital cereal crop globally, plays a crucial role in culture, 

lifestyles, and ecosystem services. Despite its significance, challenges such as 

industrialization, resource constraints, and climate change threaten global food security. 

This study focuses on rice production in Kerala, where a sharp decline in area and 

production was observed for the past 20 years and given the ongoing climate changes, this 

scenario is anticipated to worsen in the future.  The objective of this research was to 

identify optimal management practices for rice, focusing on water and nutrient 

requirements to enhance its growth and maximize production. This goal was accomplished 

through a comprehensive approach involving field experiments, crop modelling, and 

simulation studies. Furthermore, the investigation sought to evaluate the influence of 

diverse environmental factors on rice growth and production, particularly under varying 

climate scenarios. The research aims to address this issue by assessing the Crop Simulation 

Model (CSM) for rice under diverse climatic scenarios and proposing sustainable 

management practices, which will improve the crop and water productivity. The study 

outlines seven experiments conducted from 2018 to 2023, focusing on nutrient and water 

management strategies, post-harvest field management, and greenhouse gas emissions 

mitigation. Results from experiments reveal the impact of different irrigation and nutrient 

management strategies on rice varieties, emphasizing the importance of optimizing 

practices for enhanced crop performance and resource conservation. The experiment 

showed a significant 37.52% water savings through alternate wetting and drying compared 

to conventional flood irrigation. Additionally, the study explores aerobic rice management 

techniques as water-saving technologies, providing valuable insights into nutrient and 

planting strategies in which Direct Seeding of Rice (DSR) with 125 % inorganic fertilizers 

exhibited superior yield and growth characteristics. The research also delves into effective 

water nutrient management practices for aerobic rice in midland lateritic soils, 

emphasizing the significance of incorporating cocopeat to combat water stress. 

Furthermore, experiments evaluating organic management practices showcase the 

potential benefits of combining compost and Azolla for improved crop yield and soil 

health. Post-harvest field management strategies are explored to mitigate greenhouse gas 

emissions, with Non-Winter Flooding and Late Straw Incorporation proving effective. 

Furthermore, DSSAT-CERES Rice model was calibrated and validated for aerobically 

grown Uma rice cultivar with field experiment data. The study employs the Crop 



 

Simulation Model and spatial techniques, simulate crop yield under various management 

practices, projecting a decline in rice production with increasing temperatures. Also 

assessed the impact of climate change on paddy farming in Kozhikode and Palakkad 

districts using the temperature data from CMIP6 SSP 2-4.5 and SSP 5 -8.5 in different 

models (CMCC-ESM2, EC-Earth3, EC-Earth3-Veg, and GFDL-CM4) for the future yield 

prediction. The study indicates that climate change is likely to negatively impact paddy 

yield with a corresponding increase in temperature. Further the study highlighted the 

potential adaptation measures, such as altering sowing dates and fertilizer management. In 

conclusion, this research offers valuable insights into site-specific nutrient and water 

management strategies affecting rice yield and provides recommendations for sustainable 

agricultural practices. The findings emphasize the need for precision farming, water-

efficient technologies, and adaptation measures to ensure food security and support 

Kerala's goal of becoming carbon-neutral by 2050. 
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1. Introduction 

The second most important cereal crop in the world is rice, after maize crop and 

it also contributes to the enrichment of culture, lifestyles and ecosystem services. Rice 

requires highly specific environmental conditions to grow and is successfully grown in 

several parts of the world for numerous purposes. Asian countries are the major 

contributors of rice in the globe. With 165.25 million ha of agricultural land worldwide, 

502.98 MMT of rice were produced globally in 2022–2023. However, in 2021–2022, 

China produced 148.99 MMT of milled rice, more than any other country. India came in 

second with 129.47 MMT, followed by Bangladesh with 35.85 MMT. Around 510.3 

million metric tons of milled rice were used worldwide in 2021–2022.  Which, China was 

by far the world's largest consumer of rice in 2021/ 22, consuming almost 155 MMT of 

milled rice annually. India is ranked second after China, consumed 103.5 MMT of rice 

during the same time period (apps.fas.usda.gov). Population expansion in countries like 

Africa and Asia is driving future rice demand, with global demand expected to be around 

584 MT or less by 2050 (Samal et al., 2022; Rezvi et al., 2023). Rice is a vital nutrition 

crop for more than a fifth of the global population, this prediction might emphasise the 

significance of ensuring food security. However, challenges like industrialization, crop 

diversification, resource constraints, and climate change make plans crucial for food 

security. 

India's agriculture is the main contributor to its GDP, with agriculture and related 

industries growing at a rate of 10 % annually. As the world's largest rice-growing country, 

India accounts for over 40 % of food grain output and employs 70 % of rural residents 

(Kumar et al., 2019). The most important rice-producing states are West Bengal, Odisha, 

Uttar Pradesh, Andhra Pradesh, Punjab, Bihar, Tamil Nadu, and Chhattisgarh. However, 

rice yields differ significantly across India.  Even in districts with high rice-growing land, 

yields are low, which drags down the national average (DoES, 2023). This is the root cause 

of the country's low productivity especially compared with countries like China 

(Surendran et al., 2021). 

1.1. Challenges faced by Kerala rice production 

 Kerala has a humid tropical climate with heavy rainfall, high humidity, and 

abundant sunshine. It is divided into three topography zones: Western Ghat highland, 

coastal lowland, and midland zone. The state's diverse agro-ecological conditions make it 
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easy to cultivate a variety of crops, from semi-arid to temperate. However, the majority of 

crops' production is trending lower, making the state's agriculture productivity problem 

complicated and influenced by a variety of variables. 

Rice cultivation stands as a cornerstone of agricultural practices in the Indian 

state of Kerala, playing a pivotal role in ensuring food security and livelihoods for a 

significant portion of the population. Kerala ranked as the 18th largest producer of paddy 

in India. The production and area of rice have been declining consistently over the last 

several years. In Kerala, 8.76 lakh ha of paddy cultivated land in 1980-81 was reduced to 

1.95 lakh ha in 2021-22. During 1980-81, 1.29 MT was the rice production whereas today, 

2021-2022, it is 562097 ton (DoES, 2023). Kerala state with a low base in food production 

is facing serious challenges in retaining even this meagre area. Since the mid-1970s, 

Kerala's agricultural economy has been undergoing structural change. A significant 

amount of the region's traditional crop-land, which was used for subsistence crops like 

tapioca and rice, has been converted to more lucrative plantations and crops like bananas. 

(spb.kerala.gov.in). 

Kerala's economy is primarily agricultural due to abundant water resources, 

rainfall, and terrain. However, irregular rainfall distribution results in a long dry spell and 

moisture stress, hindering productivity (Varadan, 1996; Surendran et al., 2015, 2019; 

Chaturvedi et al., 2019). The soil type is predominantly laterite, with large-particle and 

low-water-holding gravel soils due to loss of organic matter and fine-textured topsoil. This, 

along with the soil’s poor water-holding capacity, makes soil moisture stress- a key barrier 

to increased productivity in the State. The State's low irrigation efficiency is largely due to 

the lack of location-specific scientific data on crop irrigation scheduling, which should be 

based on soil types and agro-ecological environments (Raine et al., 2007; Surendran et al., 

2015; Yohannes et al., 2019).  

Climate change is acknowledged as one of the most important concerns confronting 

humanity today. Anthropogenic activities have caused an increase in atmospheric CO2 

concentration from 280 ppm in pre-industrial times to approximately 400 ppm and is 

increasing at a rate of roughly 2 ppm/ year, with the mean global temperature rising by 0.8 
oC since 1880 and potentially 5-7 oC by 2100 (IPCC, 2007a, b; WMO 2008; Hashimoto, 

2019; Hamza et al., 2020; Dong et al., 2024). Kerala also experienced a significant increase 

in temperature between 1956 and 2004, with a maximum temperature of 0.64 °C and a 
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minimum of 0.23 °C (Surendran et al., 2014). The annual average temperature increased 

by 0.44 °C. This tendency was also observed at the Centre for Water Resources 

Development and Management in Kozhikode between 1983 and 2010 (Joseph et al. 2011; 

Jayakumar et al., 2016; Surendran et al., 2017).  

 Greenhouse gas (GHG) emissions have as well, increased since 2000 (Le Quéré et al., 

2013), despite efforts to curb them.  To mitigate this, large-scale deployment of negative 

emissions technologies is being considered, with soil carbon sequestration having a global 

mitigation potential of 4.8 Gt CO2-eq in 2030 (Smith et al., 2013; Riahi et al. 2015; Singh, 

et al., 2023). Methane, a significant greenhouse gas, contributes to global warming by 20 

% since pre-industrial times. Rice cultivation, mainly due to water and straw management, 

is a major source of agricultural CH4 emissions (Kirschke et al., 2013; Saunois et al., 2016; 

Martínez-Eixarch et al., 2018, 2021; Dutta et al., 2022). Apart from growing season rice 

management, post-harvest rice field management is also crucial in GHG emission control. 

However, the works on similar lines are very few and need more research for a clear 

understanding of the GHG emission from paddy fields. So, the combination of changing 

climate patterns and increasing agricultural demand presents challenges for sustaining rice 

productivity. 

1.2. Crop Simulation Models  

Climate change has been predicted to impact the productivity of some crops, such 

as rice, wheat, maize, sorghum, and mustard, while others, like potato, soybean, and 

coconut, are projected to gain (Pathak et al., 2003; Kumar & Aggarwal, 2013; Kumar et 

al., 2013; Surendran et al., 2014; Jayakumar et al., 2017; Kingra et al., 2019; Marcinkowski 

& Piniewski, 2024). Adaptation is necessary to maximize the benefits of climate change 

in specific areas while minimizing its negative effects (Saeed et al., 2023). Crop simulation 

models (CSMs) are crucial for managing agricultural resources. A model is a computer-

based program that simulates crop growth and development based on soil, weather, and 

crop management variables. It helps in understanding and improving the system's 

performance (Abimbola et al., 2022).  

CSMs have been used for over 40 years to study crop systems, but few studies in 

upland Kerala use them to manage crops. Field research in Kerala mostly empirical and 

site-specific, with no active aid from agricultural system models. Integrating system 

models with field research will make it easier to interpret results and eliminate knowledge 
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gaps. As climate change accelerates, the impact on agriculture is becoming more 

pronounced, with altered precipitation patterns, temperature extremes, and unpredictable 

events. CSMs provide a predictive framework to assess water availability, nutrient 

dynamics, and rice growth under diverse scenarios, helping identify the most promising 

input combinations and sustain production systems. 

1.3. Research problem 

The area and production of any crop are determined by a variety of factors such 

as land fertility, irrigation, fertilizer application, climate charges, marketing facilities and 

the availability of agricultural labourers. The reduction in productivity of crops and its 

effects are very crucial and need to pay attention to how climate changes in Kerala affect 

plant growth and development and the impact of different post-harvest rice field 

management and GHG emissions from these paddy fields towards these changing 

environments. 

The majority of studies attempting to measure the advantages of drought and 

nutrient stress on agriculture and the environment have concentrated on arid and semi-arid 

regions, where irrigation is crucial to output and water supply is becoming more scarce 

and costly. The reasoning behind drought and nutrient needs, however, must be carefully 

considered in humid tropical environments where rainfall plays a significant role in crop 

evapotranspiration requirements. This is especially true when considering the potential 

savings on water and energy that could result from using a different scheduling strategy. 

Hence such a study is required to optimize the water and nutrient inputs for obtaining 

maximum productivity and less damage to the environment in changing climatic scenarios. 

The validated crop simulation models (CMS) will help in identifying the best management 

strategies to maximize production sustainably and GIS and remote sensing coupled with 

modelling tools are indispensable for assessing, monitoring, and managing rice cultivation 

in the context of climate change. With this background, the present work has been chosen 

for the PhD research program to assess the CSM for rice under different climatic scenarios 

and suggest better management practices to achieve sustainable rice production. 

1.4. Objectives 

The objectives of the current study are to contribute to an understanding of the 

effects of different climate scenarios on the rice and how they deal or adapt with it. 
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• Establish nutrient and water recommendations for rice using field experiments and 

crop simulation model.  

• To quantify the impact of weather, soil and water on the changes in rice growth 

and yield parameters using sensitivity analysis of the simulation model.  

• To predict the rice productivity for future climate scenarios and suggest Best 

Management Practices (BMPs) for improving the productivity under different 

climatic scenarios. 
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2. Review of Literature 

2.1. Rice cultivation and its status 

Rice (Oryza sativa L.) is important grain crop that is grown all over the world, 

feeding more than half of the population. The majority of Keralites eat rice as their basic 

cuisine. Due to the population explosion, by 2035 and 2050 global demand for rice 

production will increases by 26 % and 50 % respectively. The global food demands and 

extreme climate events are likely to reduce crop yield including rice production which in 

turn threatens food security (Alauddin et al., 2020, Surendran et al., 2021). This will 

negatively impact the livelihood of Asians, especially in Kerala, India since rice is their 

principal food crop. Aside from this, there are numerous constraints involved with rice 

cultivation, namely a huge water demand (1000–2000 mm) for puddling and maintaining 

continuous flooding (Surendran et al., 2021), soil quality loss, yield loss, higher labor 

inputs, and overdosage of agrochemicals have made it expensive for several farmers, 

particularly small farmers. India's population will exceed 1400 million by the year 2025. 

Then they will require 300 million ton of food grain, compared with about 200 million ton 

today. So, food security has been a major worry for India. Water shortage, climatic 

changes, environmental calamities, and low soil fertility will all contribute to a far worse 

condition in the result, increasing crop productivity has become India's primary goal, and 

farmers are using surplus water and chemicals to achieve so (Jayakumar et al., 2023) To 

attaining maximum crop growth and grain yield farmers frequently apply excess nitrogen 

(N) fertilizers (E.g.: Urea) and water than the optimum requirement.  The extra water does 

not benefit the plant since it percolates or runs off the field. However, excessive use of 

fertilizers reduces soil fertility and disturbs soil texture in the long run. The technique of 

application, as well as the appropriate management of agrochemicals, is very vital to 

acquire the intended results without causing an environmental population (Jayakumar et 

al., 2023). Furthermore, persistent production of rice, frequently under poor soil and crop 

management techniques, results in loss of soil fertility, indicating multi-nutrient deficits 

(Dwivedi et al., 2012).  

2.1.1. Importance of rice cultivation 

 One of the essential elements of a healthy diet is cereal. Moreover, 40 % of the 

world's population considers rice to be a dependable food source, making it one of the 
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most popular cereals in the world. More than any other cereal, rice provides a good source 

of carbs, iron, calcium, thiamine, and vitamin E. Nearly 35 % of the energy and 28 % of 

the protein in rice. Additionally, those who consume rice in their diet receive nutrients and 

dietary fibre from it. The top two rice-producing nations are China and India, and Asian 

nations account for 90% of the world's rice production. In India, rice is grown on 44.5 

million ha of land, yielding 172.6 million tons of rice. Rice cultivation employs nearly 70 

% of the rural population. At present India is cultivating more than 4000 cultivars of rice. 

 

2.1.2. Rice Cultivation in India 

 In India rice has been grown under different agro-climatic region which varies in 

altitude and climate. It has been found adapted to the high mountainous regions and also 

to the below sea level regions. The average temperature required for rice cultivation is 21 

to 37 ºC and is suitable in the region with an annual rainfall of 150-300 cm. As a result, 

rice growing seasons vary across India, depending on temperature, soil, precipitation, 

water availability, and other factors. While in southern and eastern regions of the country, 

climatic conditions were found favourable hence rice cultivation can be carried out 

throughout the year. Autumn, winter, and summer are the three main growing seasons for 

rice in India, and these seasons are categorized according to when the crop is harvested. 

The precise window of sowing varies between Indian states and is largely influenced by 

weather (monsoon-rainfall) or the water from irrigation projects. Yield is also influenced 

by the period of sowing, the variety used, and other factors. Similar names for the seasons 

are given locally in accordance with local customs and culture. For example, the autumn 

rice crop is referred to as "Bhadai" in Bihar, "Virippu" in Kerala, "Aus" in West Bengal, 

"Beali" in Orissa, "Kuruvai/ kar/ Sornavari" in Tamil Nadu, and "Ahu" in Assam 

(Surendran et al., 2021). Kharif is the main growing season in the country. Rice is grown 

under rainfed conditions and irrigated conditions. Irrigated rice covers roughly 22 million 

ha of the country's total rice production area. Rainfed conditions consist of both upland 

and lowland rice production (Singh, 2009). 

 The top three rice-producing states in India as of 2020–21 is mentioned below: 

West Bengal, Uttar Pradesh, Andhra Pradesh and Punjab. These three states provide about 

36 % of India's total rice production. Thirteen percent of India's total rice production came 

from West Bengal. Of the rice produced in India, Uttar Pradesh produced 12.81 % of it 

(FAOSTAT, 2022; www.statista.com). 
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2.1.3. Rice Cultivation in Kerala  

 One of the attractive features of Kerala state is its luxurious green paddy field, even 

though the area under rice cultivation is reducing since the 1980s. However now rice 

occupies the third position when compared with other crops regarding area under 

cultivation, first two positions are handled by coconut and rubber (Thomas, 2011). Major 

rice-producing districts of Kerala are Palakkad and Alappuzha, the former is considered 

as the “Rice bowl of Kerala”. In Alappuzha, Kuttanad which is gifted with a large system 

of backwaters supports rice production.  

 In many regions of Kerala, rice cultivation has been carried out in such a manner 

that enriches certain geographical and ecological features of those regions e.g. kaipad 

fields, pokkali fields, kole fields etc. In Kerala rice productivity is less i.e. nearly 2790 kg 

ha-1 but higher than the Indian average (2424 kg ha-1).  In Kerala, the paddy area decreased 

from 8.7 lakh ha in 1975–1976 to 2.05 lakh ha in 2020–21. Paddy production fell from 

13.31 lakh ton to 6.3 lakh ton during that time. When the state produced 4.3 lakh ton of 

paddy in 2016–17, production reached its lowest point. From 1587 kg ha-1 in 1980–81 to 

3091 kg ha-1 in 2020–21, paddy production grew (DoES, 2023). However, the sharp drop 

in the area covered by paddy and the subsequent production decline cancels out the 

increase in productivity. Along with several environmental and ecological issues, the 

decrease in rice-growing land and the ensuing decrease in paddy yield have contributed to 

Kerala's problem of food insecurity. A large range of goods and services are directly and 

indirectly provided by the environment of the rice-growing agricultural wetland. Paddy 

field conversion has a lot of negative social, economic, and environmental effects. 

 

Fig.2.1. Paddy area of cultivation in Kerala during 1985 to 2022 
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Fig.2.2. Paddy production and productivity of Kerala during 1985 to 2022 

 

The diagrammatic representation of area, production, and productivity of paddy 

during 1985 to 2022 is given (Fig.2.1 & Fig.2.2). The area under cultivation reached the 

highest level in 1985-86, i.e. 6.78 lakh ha. The lowest figure was noted in the year 2016-

17, i.e. 1.71 lakh ha. Highest production was achieved in 1985-86, i.e. 11.73 lakh ton and 

the lowest level in 2016-17, i.e.4.36 lakh ton. Productivity is achieved the highest during 

2021-22 (3091 kg ha-1) and lowest values in 2006-07 (1800 kg ha-1).  

Kerala's paddy production has steadily decreased since the 1980s. Kerala's 

economic, ecological, and social development has been significantly impacted by the steep 

decline in the state's paddy-growing area and rice production. However, there have been 

encouraging signs of a rebound in Kerala's rice production over the past five years. Kerala's 

Department of Agriculture Development and Farmers' Welfare is implementing a rice 

development program with an outlay of ₹ 9510 lakh for 2023-24. The program includes 

input assistance for sustainable rice development, support for group farming activities, and 

royalty to paddy landowners. It also includes soil and root health management and 

productivity improvement, area expansion, Registered Seed Growers Programme, Seed 

Village Programme, Operation Double Kole, and group farming activities. The department 

also has other schemes to promote agriculture in Kerala, such as farm plan-based 

production, vegetable development, coconut development, spices, supply chain 

development, state crop insurance schemes, and more (keralaagriculture.gov.in; 
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keralaagriculture.gov.in; spb.kerala.gov.in; www.indiatoday.in). Paddy farmers all around 

the state are now showing a renewed sense of purpose and zeal. 

2.2. Water management strategies in rice cultivation 

Agriculture depends on a climate and any change in that alters crop productivity. 

Climate change situations include higher temperatures, precipitation changes, and higher 

atmospheric CO2 concentrations (Nazir et al., 2020). Elevated C02 accelerated rice 

development, increased leaf photosynthesis activity by 30-70 per cent and crop yield by 

15-30 per cent, depending on its environment and genetic makeup and its environment. 

Under optimum temperature conditions, a significant increment in grain yield can be 

observed in those CO2-responsive rice varieties. However, higher temperatures would 

lower the yield and quality of rice. Spikelet sterility is caused by heat waves beyond certain 

temperature/ humidity thresholds. Grain yield decreased by 10 % for every 1 °C increase 

in growing-season lowest temperature in the dry season, but the effect of maximum 

temperature on crop yield was minimal. Hence, increasing temperatures shorten the 

growth season, which results to decreasing yields, whereas elevated CO2 promotes 

enhanced yields (Erda et al., 2005). As a result, we must research water-saving methods 

to combat the effects of climate change and engage in more sustainable rice growing. 

2.2.1. Water Requirement of Rice 

The seasonal water consumption of rice fields includes water used for land 

preparation as well as water required to compensate for crop growth losses due to 

seepage, evaporation, transpiration, and percolation. The majority of the water sprayed 

during crop development is not used immediately for transpiration and so considered lost 

from fields (Dhinesh et al., 2019). Typically, water input for rice varies between 660 to 

5280 mm depending on the environmental factors, growth season, growing period length 

of the growing period, climatic conditions, soil type, and hydrological parameters 

(Tripathi, 1996; Gupta et al., 2002; Tuong & Bouman, 2003; Surendran et al., 2021). 

According to soil type and its texture, seasonal water input to rice in India was found to be 

ranging from 1566 mm to 2262 mm, in clay loam soil and sandy loam soil respectively, 

with variations due to significant percolation losses. In Kerala, the total annual water 

demand for rice ranged between 852 to 2362 mm. In rice production, the ET normally 

varies from 35 to 50 % of the total water requirement, depending on the type and length 

of the growing season. For instance, in the Thrissur District, the Triveni rice variety 
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experienced 7.42 mm per day of evapotranspiration and 17.15 mm per day of percolation, 

resulting in a total seasonal water loss (Chirayath et al., 1998). 

The increased water input in rice is mainly due to water requirements for land 

preparation and puddling, and the seepage and deep percolation losses (to groundwater) 

associated with continuous flooding. Depending on the soil type and water table, seepage 

and percolation losses might range between 25  % and 85 % of total water input (Cabangon 

et al., 2001; Dong et al., 2004). At the field level, a farmer's losses from seepage and 

percolation are frequently genuine, but at the basin scale, those losses are typically less 

significant because some water is reclaimed and used downstream (Kumar & Ladha, 2011; 

Li, et al., 2023; Huber et al., 2023). 

The traditional flooding system is extremely productive and inhibits weed 

development, but it requires a large amount of water (Nawaz et al., 2019; Bhatt et al., 

2019). It will be necessary to manage non reusable resources carefully in order to combat 

the effects of climate change on agriculture sector. India will need to take action at every 

possible level to address how climate change is affecting agricultural and food production 

(Bhattacharya, 2018; Roy et al., 2024). 

2.2.2. Water saving technologies for rice cultivation 

The agricultural sector is one of the largest consumers of water but water use in 

agriculture is often highly inefficient because only a fraction of the water is diverted for 

plant growth. Whereas the rest is drained or lost through evapotranspiration (ET). The 

exponential growth of World’s population directly demands more food and thus the 

agricultural requirement of water for irrigation is increasing. Simultaneously, there is less 

and less water that is of sufficient quality. Thus, the only choice is to produce more while 

using less water. Water-saving methods in agriculture are becoming increasingly 

significant and widespread. However, diverse approaches to water conservation include 

proper irrigation scheduling, effective irrigation practices, and the use of alternate water 

sources for irrigation. It should be emphasized that enhancing water efficiency frequently 

brings benefits that go far beyond reduced water consumption. 

Irrigation is required when plants cannot meet their water requirements through 

natural precipitation. Thus, an ideal irrigation effort seeks to cover the difference between 

a crop's actual water needs and what it can absorb through natural means. It is affected by 

all meteorological and soil conditions and cultivated plant types. Irrigation practices are 

important aspects in determining the efficiency and effectiveness of irrigation. Crops have 
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different daily water requirements and growth periods. Furthermore, crop type has a 

significant impact on irrigational water requirements. Furthermore, local climate and soil 

conditions influence crop water availability, often known as physiological dryness. It helps 

to minimize or lessen occurrences of crop irrigation with too little or too much water. The 

optimal amount of water is accessible to the plants when they need it due to careful 

irrigation scheduling that manages the soil reservoir (Shaw et al., 2023).  

Rice may be effectively cultivated with less water by utilizing resource 

conservation technology (Umesh et al., 2017; Bhatt et al., 2019; Ishfaq et al., 2020) and 

the non-conventional rice cultivation methods help in yield enhancement and water-

saving. Several water-saving technologies have been tested and distributed to improve rice 

output, including (Zhang et al., 2020a): 

a. Direct seeded rice (DSR)  

b. Alternate wetting and drying (AWD)  

c. Aerobic rice  

d. System of rice intensification (SRI) 

e. Saturated soil culture  

f. Raised-bed systems  

g. System of ground cover rice  

h. Combining shallow water depth with wetting and drying 

i. Transplanting in non-puddled soil 

j. Non-flooded mulching cultivation  

k. Intermittent dry spells 

l. Semi-dry cultivation  

DSR and AWD are attractive options among water-saving techniques and are 

practiced in various parts of the globe (Farooq et al., 2011). Nonetheless, because of 

increased water inputs and fluctuating fertilizer supplies in light-textured soils, DSR and 

AWD have not proven effective. (Chakraborty et al., 2017). Adoption of mild/ safe-AWD 

reduces total water inputs while maintaining grain output, whereas severe-AWD reduces 

total water inputs but reduces yield. Implementing AWD alone is insufficient to maximize 

benefits; instead, an integrated approach is necessary to improve resource efficiency and 

overall profitability in the farming industry. These difficulties necessitate site-specific 

technology and extension work to modify farmer perception, integrated weed management 
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strategies for weed control, and use of all resources according to soil type and farm 

condition (Ishfaq et al., 2020). The AWD system has the ability to save 23-33 % of water 

(Carrijo et al., 2017). 

Implementation of water-saving techniques in rice not only enhances paddy output 

but also promotes carbon sequestration, aids in resource conservation, and reduces 

greenhouse gas emissions (Yang et al., 2017). Climate scenarios significantly affect rice 

yield. Even with long-term overfertilization, unfavourable climates will lower yields in the 

future. The proposed water and carbon management strategy for paddy fields balances 

water conservation, maintains soil organic carbon (SOC) and steady rice production, and 

balances water use with the use of adequate organic fertilizer (Jiang et al.,2021). 

As a key adaptation strategy to sustain rice production in China, the changing 

sowing date has been considered. However, it remains unclear to what degree it can lessen 

the adverse impact of climate change on yield and whether further irrigation is needed. 

Average yield losses will be effectively compensated when the optimized sowing date is 

applied. To accomplish these, the rice-sowing date will be extended back by up to 54 days, 

and an average of 17.8-23.4 % more fresh water will be required in future periods to meet 

rice growth water requirements. Farmers in Chinese rice production zones will have 

limited sowing windows by the end of the century as heat events become more frequent. 

This study reveals that appropriate irrigation and adjustments to sowing dates may 

alleviate the harmful climate effect on China's rice production (Ding et al., 2020). 

Kavitha et al. (2020) studied on SRI technique in India which results in higher 

grain yield (17 %) coupled with substantial water saving (29 %) resulting in higher Water 

Use Efficiency (7.7 kg ha-1 mm). This approach also benefitted with higher gross income, 

net profit and  benefit cost ratio were also associated. Das et al. (2017) conducted a study 

on the modified system of rice intensification, Average rice productivity rose by 39 %, 

while employment and net returns grew by 15 % and 61 %, respectively.  Water 

consumption efficiency improved by 12 %, but water productivity increased by 59 %.  In 

another study higher rice grain yield up to 55 % was obtained with SRI (Nirmala et al., 

2021), compared to the conventional transplanting method.  The overall cost of producing 

rice decreased by 22.71 %. (Nirmala et al., 2021).  Lowest GHG emissions of 0.280 kg 

CO2 e kg-1 rice grain. Akondo et al. (2020) and Mishra et al. (2021) also practiced SRI and 

found better performance in terms of yield-contributing characteristics than conventional 
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cultivation methods in Bangladesh and Cambodia, Laos, Thailand, and Vietnam 

respectively. 

In an experiment on aerobic rice cultivation in Australia, Silwal et al. (2020) found 

that a higher leaf area index, fertile spikelets, and immediate water use efficiency during 

flowering all contributed to an increase in yield. According to Liu et al. (2019), aerobic 

lowland rice cultivars could produce a higher yield than the upland rice cultivars currently 

grown under aerobic conditions. The most vulnerable stage of the rice panicle to water 

stress was the aerobic phase, which caused a significant drop in yield for several kinds. 

According to Zaman et al. (2018), MR253 rice generated more panicles and more yield 

when grown in an aerobic environment. In comparison to continuous flooding or any other 

irrigation regime, rice productivity, water productivity, and N use efficiency were all 

increased in aerobic systems (de Borja Reis et al., 2018). 

The current water-saving irrigation method places a strong emphasis on innovative 

technology, but the scientific selection of irrigation and drainage modes has been 

hampered by the lack of research on the possibility of lower output (Sruthi & Surendran, 

2023). Although several studies have demonstrated that it is possible to generate good 

yields while conserving water, farmers lack the necessary information for these methods. 

A certain amount of yield reduction is possible since several indices, including soil 

moisture content, soil suction, and other factors, are not properly managed. This is 

particularly true when determining the lower limit of irrigation. Raising the depth of 

rainwater after a downpour can lower water consumption under the mode of water storage 

and controlled irrigation, but it may also result in crop lodging and decreased production 

(Zhang et al., 2020a). 

2.3. Pre and post scenario of the green revolution 

 After the green revolution, the productivity and yield of crops increased 

tremendously.  This was achieved by replacing the traditional varieties by genetically 

improved high-yielding and stress-resistant varieties and incorporating synthetic 

chemicals (fertilizer, pesticide, weedicide etc.). These genetically amended varieties of 

cereals had 20 % more grain yield than their former cultivars and were more receptive to 

synthetic chemicals, especially to N fertilizers (Makino, 2021). Additionally, the cropping 

intensity was also increased to 2-3 cropping seasons per year due to the short crop duration. 



Review of Literature 

20 

For instance, rice cultivars released during the green revolution, IR-8 and IR-72 required 

130 days and 100 days to mature, while conventional rice cultivars took 150–180 days 

(Davies, 2003; Buresh et al., 2021). Consequently, the production of cereals also hiked by 

174 % during 1950-1990 whereas the population expanded by 110 % globally (Otero & 

Pechlaner, 2008; Hossain et al., 2021). Hence, during this period (1960 to1985), the total 

food production and yield were doubled, and it has had a positive impact on food security 

and financial stability in many developing nations including India (Conway, 2019) and 

with the help of green revolution nations enabled to feed their increasing population.    

Fig.2.3. World-wide production of rice, maize and wheat 

 Indian agriculture did not undergo any technological advances in agricultural 

practices for several millennia before green revolution. The seeds that farmers grew had a 

genetic makeup that dates back thousands of years. Other technologies used in agriculture 

included wooden ploughs, waterwheels, and bullock carts, as well as agricultural 

operations powered by the energy of humans and animals. As a result, post-independence, 

from 1947 to 1965, the agricultural sector's inability to satisfy India's needs negatively 

impacted the development of the industrial sector. India was on the edge of a severe famine 

in the middle of the 1960s due to droughts, a lack of suitable technological advancement, 

and inadequate land reforms. Thus, such a situation was overcome with the support green 

revolution (Davies, 2003; Pathak et al., 2022). The usage of high yielding varieties (HYVs) 

of wheat and rice as well as the adoption of new agricultural practices collectively uplifted 

the growth rate of food grain output and climbed from 2.4 per cent annually before 1965 

to 3.5 per cent after 1965 (FAO, 2019). The practices of using HYV with various chemicals 
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and machinery together termed "High-yielding variety technology". However, the results 

of the green revolution reached their maximum efficiency and vigorous usage of fertilizers 

reduces the fertility of the soil.  Hence, World food production reached a point where 

further improvement is not possible (Fig.2.3) with existing methods. New areas of research 

and technologies need to be identified to overcome this situation. 

2.4. Traditional agronomic research and its limitations 

 Traditional agronomic research, such as field trials, has been and continues to be a 

credible source of information for demonstrating causal links between agricultural land 

management practices and observable measures in the real world (Durr et al., 2016; Liang 

et al., 2016). Traditional agronomic research methodologies, on the other hand, are 

becoming insufficient to meet the rate at which data is needed to drive policies and 

decision-making processes. Old-style agronomic research needs several trials of lab/ pot 

experiments followed by laborious field experiments. However, these experiments give 

only the outcomes done at specified times and locations, resulting in season- and site-

specific results. Furthermore, these studies are labor-intensive, time-consuming, and costly 

(Choruma et al., 2019) and induce delays in the data collection period. Again, testing 

season- and       site-specific recommendations for a large variety of factors over several 

years and on multiple sites is difficult (Hoffmann et al., 2018).   In order to summarize a 

management recommendation for a particular crop for a state/ country, assessing the crop 

behavior in different agro-ecological zones with the help of on-farm yield trials and multi-

location yield trials is needed. But experiments in the field are not always practical. 

Furthermore, even when and where they are possible, such studies are frequently time and 

money-consuming. It should be evident that it is difficult to examine every system on Earth 

to understand the kind of interactions that species have with one another and how these 

interactions affect community dynamics. 

 Furthermore, these trails may lack adequate spatial and temporal data to identify 

appropriate and successful management techniques. Due to the shortcomings of traditional 

field experiments, there is an urgent need for a tool/ method that allows for the rapid 

acquisition of new data and research findings, as well as the rapid dissemination of results 

to end-users in various sectors who rely on such data and results for decision-making. By 

speeding up these plant–environment processes, the desired outputs and consequences will 
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be available sooner, reducing the reliance on farm experiments for data (Kephe et al., 

2021). 

 The use of Information and Communication Technologies (ICTs) in agriculture 

and food has increased in recent years. Many examples are found in the scientific literature: 

wireless sensor networks used to monitor farms, irrigated areas, or weather conditions 

(Wang et al., 2006; Delgado et al., 2015; Mekonnen et al., 2019) new hardware and 

software developments to automate and control agricultural facilities (Voulodimos et al., 

2010; Delgado et al., 2015), CSMs, nutrient budgeting models (Surendran et al., 2016) etc. 

The expansion and penetration of computer/ mobile devices has also led to the 

development of several model agricultural applications(Molina-Martínez & Ruiz-Canales, 

2009; Jonoski et al., 2012; Fuentes et al.,2012; Delgado et al., 2015; Emeana et al., 2020). 

 Understanding, assessing, and predicting crop yield outcomes under different 

climate scenarios is critical, as are farm management practices geared toward adaptation 

and sustainability. As a result, the information necessary for agricultural decision-making 

at all levels, from farm management to adaptation measures and relief schemes, is 

increasing, and a mechanism of supplying such information in comparatively shorter time 

frames is needed (Kepheet al., 2021). Hence, technologies like CSMs must be developed 

and used effectively to project food crop yield as a function of its abiotic components like 

soil and climate conditions under diverse scenarios and time frames (Hoogenboom et al., 

2015). It is important to note that crop models cannot completely replace field experiments. 

On the other, there is a growing recognition, particularly among crop modelling experts, 

that good field trials, despite their scarcity, are critical for improving and testing crop 

models (Porter et al., 2019). With this in mind, we examine how crop models bridge the 

gap between traditional field trials and crop models. Scientists and engineers have been 

evolving more process-oriented simulation models for different crops for more than 40 

years. Now in this century CSMs are available for most of the world’s major crops. It is 

an alternative strategy to improve the effectiveness of agronomic experimentation (Kropff 

et al., 1996; Singh et al., 2005; Divya et al., 2020). With advancements in computer 

technology and accessibility, they have become a more and more valuable tool for 

absorbing the knowledge obtained from field research (Bowen et al., 2002). Because the 

simulation is based on plant and soil processes and their response to diverse environmental 

circumstances, these models emphasize process-based research (Divya et al., 2020). As a 

result, the model's output is extrapolative rather than having a site-specific net effect 
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(Divya et al., 2020). The initial model was developed by De Wit, 1965 by relating the 

photosynthetic rate of the crop to yield and thereby predicting the yield.  

2.5. Evolution of Crop Simulation Models (CSM) 

A model is a schematic representation of a system's conception, an act of mimicry, 

or a set of equations that reflect the behavior of a system, with the goal of assisting, 

understanding, and enhancing the system's performance (Ahmad & Mahdi, 2019; 

Abimbola et al., 2022) and a crop model is a computer-based programme which simulates 

crop development as a function of crop management variables, soil, and weather by using 

simplified representations of physical processes and predicts crop yield (Fig.2.4). Crop 

production is the collection of individual plant species grown in a given area to attain an 

irreversible rise in the development, size, and volume of seeds or consumables from these 

plants, which are harvested for a variety of reasons. Finally, breeders can predict future 

needs based on climate change by recreating the characteristics of the natural 

environmental system investigated on a shorter time scale with an appropriate model (O. 

Rauff & Bello, 2015). 

Crop models have been proven to be significant decision-making tools for 

assessing the effects of climate change and management methods on the productivity and 

environmental performance of different cropping systems, promoting better and more 

sustainable agriculture (Kephe et al., 2021) (Fig.2.5). These models can help you save time 

and money. The prediction accuracy of simulation models is a critical component in the 

decision-making process. CSMs are useful not only for predicting yield but also for 

quantitative analysis. They also provide an opportunity to investigate cultivar performance 

in new location before going for time-consuming and costly field experiments. Long and 

costly agronomic and modelling field studies with a large number of treatments and 

combinations could be pre-evaluated in seconds using tests on a desktop computer or 

laptop. They offer a cheaper and quicker way to explore the effects of agricultural land 

management strategies on crop production and the environment. (Choruma et al., 2019; 

Kephe et al., 2021) and demonstrate the best level of management for achieving 

economically efficient yields (Kadiyala et al., 2015a).  

Soil, atmosphere, and plants that dwell in it interact in a complex way to form the 

bio-system. A change in one element might have both positive and negative consequences. 

The farmer's primary goal is to minimize the undesired while achieving the desired result. 
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Among the various modelling methodologies, mathematical modelling allows one to 

forecast design behaviors while keeping costs to a minimum. Agricultural systems are 

essentially modified ecosystems that are extremely difficult to manage. Over the years, 

various sorts of models have been developed. 

 

Fig.2.4. Graphical representation of Crop Simulation Models 

 

Fig.2.5. Working of Crop Simulation Models 
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They can be divided into a number of categories or sorts, ranging from explanatory 

models to empirical ones, according to their functional components and prediction systems 

(Hoogenboom, 1999). In empirical models, the assessment of yield is based on direct 

descriptions of observable data that are represented as regression equations. Data are 

analysed using an empirical approach, and then an equation or set of equations are fitted 

to the data. The mechanisms that regulate the outputs are not disclosed in these models 

(Arvidsson & Håkansson, 1991; Phakamas et al., 2013). Mechanistic models, on the other 

hand, describe both the correlations between meteorological variables and crop yields as 

well as the mechanisms governing these interactions (Bannayan et al., 2003). Each 

outcome in stochastic models has a probability element associated with it. Different 

outputs are provided along with probability for each combination of inputs. These models 

specify the rate-dependent state of the model variables (Etkin et al., 2015). Quantitative 

descriptions of the mechanisms behind a behavior make up explanatory models. Such 

models quantify each component separately before integrating them into the overall 

system (Hoogenboom, 1999). The most commonly used models are the Environmental 

Policy Integrated Climate (EPIC) model (Williams, 1990; Khan & Walker, 2015), CERES-

maize (Bao et al., 2017), PM Models (Boylan & Russell, 2006), CROPGRO, Decision 

Support System for Agro-Technology Transfer (DSSAT) model (Ritchie & Otter-Nacke, 

1985; Jones et al., 1998; Jones et al., 2003; Boote et al., 2010; Hoogenboom et al., 2015), 

SALUS (Basso and Ritchie, 2015; Dzotsi et al., 2013) SORGF (Wiegand and Richardson, 

1984), APSIM- Agriculture Production Systems Simulator (Keating et al., 2003a, 2003b; 

Holzworth et al., 2014),  CERES-pearl millet model (Santos et al., 2016), CROPSYST 

(Stöckle et al., 2003, 2014), CROPWAT  (Smith, 1992; FAO, 2009), STICS (Brisson et 

al., 2003; Bergez et al., 2014).  These CSMs can incorporate soil physicochemical 

properties, water, N, carbon,  and phosphorus, and some models are able to include pests 

and damage to some crops (Batchelor et al., 1993). Most models have been built for 

specific crops and places, and they are not necessarily relevant to other regions. 

(Adejuwon, 2005; Khan & Walker, 2015). Thus, it is necessary to assess the crop models' 

applicability before introducing them to new areas.  

2.6. Crop Simulation Models used in agriculture 

Crop modelling has mostly been utilized as a decision-making tool for crop 

management in conjunction with the environment and crop physiology. Given that crop 
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development is impacted by environmental factors and crop management, it can be a useful 

tool for management decisions aimed at improving yield. The application of CSM has been 

widespread in many areas of agriculture, including generating optimum management 

practices for maximizing output, responding to shifting climatic circumstances, identifying 

pest management techniques, etc. This chapter covers the review of literature based on the 

study that has been carried out.  

 Planet Earth supports a wide range of life forms, from single-celled microbes to 

complex living beings and offers the necessary resources and products to create an 

ecosystem capable of supporting the lives in it. Air, water, and soil are the major 

components required for continuing life on earth.  Any changes that occur in these systems 

will directly influence the balance of life on earth. The earth and its climate kept on 

changing from its origin and moulded itself suitable for life. These changes happened at a 

very slow pace and took several thousand years. But now, different anthropogenic actions 

accelerate climate change which threatens the entire ecosystem. In addition to this, the 

ever-increasing population and its food demand worsen the situation.  Hence, natural 

resources that are essential for food production, such as crops, water, and nutrients, are 

now under pressure (Ungureanu et al., 2020). Hence, more cautious efforts are needed in 

the utilization of natural resources for us and for the future.  

 The world’s population is projected to rise by 2 billion people in the next 30 years, 

i.e., from 7.7 billion to 9.7 billion people on the planet in 2050 (UN DESA, 2022). Hence, 

the need for clean water and food leads to the concepts of food and water security. Since 

agriculture is a significant freshwater user, these cropping systems must make optimal use 

of the available water and other resources. Therefore, it is crucial to identify the new 

practices and technologies that might increase water and nutrient usage efficiency, lead to 

large water and other natural resource savings, and thus increase yield. 

2.6.1. Importance of CSM  

               CSMs are significant in agricultural resource management and have been used 

for over four decades to study, observe, and experiment with crop systems (Graves et al., 

2002; Nagamani & Mariappan, 2017). Crop growth simulation models are used to study 

the links between environmental and crop productivity parameters (Adejuwon, 2005; Gul 

et al., 2020). These models employ one or more arrays of differential equations throughout 
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time, typically from planting to harvest, to estimate agricultural productivity as a function 

of weather, soil conditions, and crop management (Murthy, 2004). The 1970s saw the 

introduction of crop models and their usage in agriculture, but practitioners with varying 

degrees of exposure and experience can now access a wider variety of models (Cheeroo-

Nayamuth et al., 2000). CSMs can also be utilized as DSS to evaluate the economic and 

risk consequences of agricultural managing practices. According to Zhao et al. (2016), if 

the models are validated using credible observed field data, the modelling approach can 

yield reasonably credible results for developing agricultural land management strategies 

(fig.2.6). They are critical for forecasts because they may incorporate knowledge about 

specific crop physiology gathered from years of laboratory and field trials, as well as 

provide an effective method of evaluating crop responses to climate change and different 

management scenarios. They are modules built for specific crops within each model 

(Kephe et al., 2021).  

               Each model contains modules designed for a particular crop; these modules can 

incorporate knowledge of a crop's physiology gathered over many years from field and 

laboratory experiments. They also offer a useful way to look into how crops are responding 

to climate change and different management scenarios; these modules are crucial for 

projections (Kephe, et al., 2021). 

 

Fig.2.6. Calibration and Validation of Crop simulation model 



Review of Literature 

28 

2.6.2. Crop Simulation Models used for water and nutrient management and recent 

progress  

Crop growth and physiological processes are negatively impacted by water and 

nutrient deficiency during the crop growth phase (Hsiao, 1973), which decreases yield 

(Osakabe et al., 2014). For the proper development of crops, proper nutrition irrigation 

management and  scientific scheduling are necessary, and simulation models can aid with 

this (Boggess & Amerling, 1983). Crop growth models are created to solve crop yield and 

economic variation problems in agriculture. Researchers were able to integrate different 

approaches to finding explanations to the multifaceted problem of water, nutrient, soil, 

environment and crop management when farmers faced the difficult task of managing their 

crops with limited water and poor soils in harsh and risky climates. Crop water and nutrient 

demand are influenced by a variety of factors, including climatic conditions, topography, 

lithology, soil, management practices, crop type, and so on (Rauff & Bello, 2015). 

Knowing these parameters allows for the estimation of crop-nutrient-water requirements 

and the establishment of best management practices. This allows researchers to 

comprehend the biological behavior of Plants under various situations and to implement 

effective management under these conditions to achieve the borderline yield. 

Agricultural crop water and nutrient requirements can be determined locally at the 

field level through site-specific management. In agricultural research, crop models are 

used to test scientific hypotheses, highlight information gaps, organize data, and integrate 

across various disciplines. CSMs can be used to forecast plant performance in areas where 

the plant has never been grown before or in areas where the crop has not been grown under 

ideal conditions (Murthy, 2004). Such applications are beneficial to regional development 

and agricultural planning in nations with limited resources. It can be built with varying 

degrees of intricacy. The goal of the modelling exercise determines the level of complexity 

required (Chapman et al., 1993; Matthews et al., 2002; Tittonell et al., 2010). For models 

aimed at yield prediction and model improvement, the top-down approach to model design 

is appropriate. 

The integration of a number of unrelated and opposing factors is necessary for 

decision-making. In the past ten years, decision support system (DSS) technologies have 

been developed to helping the decision-making process using the data through models to 

solve various problems, as well as with environmental and climate change decisions. These 

tools for making decisions assist the decision-maker in outlining all of the potential 
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possibilities. DSS is widely used in India for agricultural management, particularly in crop 

productivity. The Crop Environment Resource Synthesis (CERES) – Wheat DSS was used 

to simulate wheat growth in Punjab, revealing that soil water-holding capacity affects grain 

yield and water productivity. The Cropping System Model "DSSAT-CSMCERES-Wheat 

4.0" was used to predict crop yield and irrigation scheduling. 

Abimbola et al. (2022) conducted an experiment using a Hybrid-Maize model for 

different combinations of irrigation and N nutrient management practices during 2019 and 

2020. The maize variety used in this experiment was 1197-AMT. Calibrated models 

showed the relationship between total received water and other six parameters which were 

more sensitive to yields, namely, light use efficiency, maximum photosynthetic rate, 

potential kernel filling rate, number of kernels per ear growth respiration coefficient of 

grain, and observed parameter identifying the relative influence of a soil layer to uptake of 

water.  This was a novel multi-parameter approach for yield improvement which was 

coupled with real-time information. This calibrated Hybrid-Maize model can be used for 

yield prediction of management of in-season season. 

Araya et al. (2021) used the DSSAT to model the effects of cropping systems and 

water management strategies on the production of various crops. For five years, the 

treatments involved combining various cropping (wheat, barley, and chickpea) systems 

and water management techniques. Calculations were made for the yield gaps, relative 

yields, and yield variations. This case study simulation demonstrated the significance of 

combining crop rotations with water and soil conservation techniques to increase overall 

yields and make contributions to ecological intensification. 

Mao et al. (2005) found spatial patterns in crop yield, water use, and water use 

related to water management with SVAT-crop growth model. Wu et al. (2006, 2008) 

simulated climate effects on grain yield and water demand using WOFOST model. Yang 

et al. (2006) proposed methods for increasing yield with minimal irrigation water using 

DSSAT- Wheat model and  Chen et al. (2010) studied water resource efficiency and 

sustainable utilization in China using APSIM model (Chen et al., 2010). 

The relatively recent method of nutrient recommendations is based mostly on the 

crop's nutrient requirement to attain the target yield and the soil's natural nutrient supply. 

The SITE-SPECIFIC NUTRIENT MANAGEMENT (SSNM) recommendations could be 

developed solely or in conjunction with soil and plant analysis. According to Dass et al. 
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(2014), SSNM technologies and tools can improve nitrogen use efficiency, crop 

production, and crop profitability in addition to improving farm lives. APSIM, COUP, 

CERES, EPIC, CROPSYST, HERMES, DAISY, FASSET, WOFOST, MONICA, and 

STICS and are the popular CSMs used in nutrient management. The ability of APSIM 

model to forecast nutrient availability and subsequent crop growth after the addition of 

organic and inorganic sources of N and P was assessed by Probert and Dimes in 2004.  

A collection of biophysical modules in the APSIM modelling framework can be 

customized to simulate biological and physical processes in agricultural systems. 

Adiele et al.'s (2022) experiment aimed to construct and evaluate the crop model 

LINTUL-Cassava-capacity NPK's to imitate cassava biomass growth and yield under 

nutrient-limited conditions. In Nigeria, research data were collected throughout two 

successive growing seasons between 2016 and 2018 from several agro-ecologies. 

Combining the NPK  - nutrition indices allowed for the implementation of nutrient stress 

in the model. Demand and supply of nutrient equivalents were then balanced to determine 

nutrient uptake. This is the first tried-and-true model of the cassava process-based three 

macronutrients. This study deepens our understanding of N, P, and K interactions on 

cassava growth and production as well as nutrient restrictions. 

GOSSYM was CSM used by Landivar et al. (1983) to examine the yield 

differences between cotton plants with deeply lobed (okra-leaf) leaves and cotton plants 

with regular leaves under various irrigation and N fertilization conditions. Cotton with 

okra leaves often generate more fruiting sites than cotton with regular leaves. The model's 

results indicated that cotton genotypes with smaller leaves would utilize the extra 

carbohydrates for the growth of roots, stems, and flowers instead of increasing their leaf 

area. 

A comprehensive literature search was conducted in the Science Direct, Google 

Scholar, PubMed and Web of Knowledge databases using the keywords ‘Crop simulation 

models for water and nutrient management’ for a span of the last 10 years. The study was 

chosen based on the criteria that the field experiments in water and nutrient management 

conducted over the last few decades using CSM have been undertaken in a suitable 

scientific manner. There were 20 articles that fit this criterion. (Table 2.1). These field 

trials were mostly conducted in India, Pakistan, USA, China, Pakistan and European 

countries. Most of the references focused on rice, wheat, maize, pea, potato, soyabean, 

sunflower and sorghum. 
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Table 2.1. Summary of different studies on water and nutrient management using crop simulation model 

Sl. No. Model Crop Country Output Reference 

Water management 

1 CERES-Rice  Rice Pakistan Developed new irrigation regime with highest yield Ahmad et al., 2013a 

2 

SUBSTOR-

POTATO  potatoes   Spain Most suitable irrigation strategy in semi-arid regions Montoya et al., 2019  

3 AquaCrop  potatoes  Denmark. Irrigation scheduling in potato production Razzaghi et al., 2017 

4 CSCER047 – barley 

wheat, barley, 

chickpea Ethiopia 

 Crop rotations with soil and water conservation practices 

for improving overall yields and ecological intensification. Araya et al., 2021 

5 

 CSM–CERES–

Maize Maize Colorado 

Model using the FAO-56 PM technique performed better in 

terms of grain yield. Anothai et al., 2013 

6 CSM-CROPGRO Peanut Georgia 

Simulate the development of peanuts, as well as soil water 

content, for various irrigation regimes. Tojo Soler et al., 2013 

7 CROPGRO- cotton cotton  Australia 

Maximum profit and yield are different, which has 

economic and environmental implications. 

Cammarano et al., 

2012 

8 CERES rice Rice Iran 

Model is calibrated and validated to predict for irrigation 

and different densities conditions in northern Iran 

Ebrahimirad et al., 

2018 
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Nutrient management 

9 CSM-IXIM- maize Maize 
 

Indonesia, 

Philippine, 

Vietnam 

Agronomic n efficiency increased by 42 %; site-specific 

nutrient management 
Pasuquin et al., 2014 

10 EPIC Rice, Wheat, Maize China 
Bmp across different regions, cropping systems and weather 

conditions of China 
Zhang et al., 2018 

11 CERES-Rice Rice India 15 % more yield and 25 % less no3 − leaching  Prasad & Mailapalli, 2017 

12 APSIM  potatoes   Australia 
 Prediction of yield, phenology, nutrient uptake and nutrient 

leaching 
Borus et al., 2018 

13 CSM-CERES-Maize Maize China 
Simulate soil N dynamics and predict soil organic carbon 

sequestration 
Yang et al., 2013 

14 OILCROP-SUN Sunflower Pakistan 
 Identify the optimum management practices for a specific 

region 
Ahmad et al., 2013b 

15 DSSAT-CSM Wheat and Maize China 
Sensitivity analysis simulated grain yields to fertilizer n 

application rates under various soil water conditions 
Li et al., 2015 

16 CERES-Rice  Rice Pakistan 
Predicted high yield and monitory return of irrigated rice in 

the semiarid environment 
Ahmad et al., 2011 

Water and Nutrient management 
 
18 CERES-Rice Rice, Maize India Best management practices for aerobic rice and maize Kadiyala et al., 2015b 

19 CERES rice Rice Iran 
Model calibrated and validated to predict the experimental 

results of irrigation and N conditions in northern Iran 
Amiri et al., 2013 



 

 

 

2.6.3. DSS tools 

 The majority of DSS tools currently in use are relatively specific to specific 

situations, such as when to apply a fungicide to a specific crop, when to apply the next 

irrigation, or how much nitrogen fertilizer to apply to a specific crop in a specific location. 

(Jones et al., 2017). In the management of water resources, numerous DSSs have been 

created for irrigation scheduling of field crops. Numerous DSSs have been created in the 

USA by private consultancy firms (Cahn & Johnson, 2017; Montoro et al., 2011). 

CROPWAT (Smith, 1992), created by the FAO to determine the crop water requirements 

of multiple crop species, for various management situations, is one well-known and well-

established DSS for irrigation scheduling. The FAO-developed crop growth model 

AQUACROP (Steduto et al., 2009) predicts the yield response to water supply for field 

crops (Li et al., 2018).  

 The CER (a consortium of irrigation administrators) in the Emilia-Romagna region 

of Italy runs the web service IRRINET (Mannini et al., 2013; Gallardo et al., 2020), which 

offers irrigation advice for crops of numerous vegetable species utilizing the water 

balance. The Irrigation-Advisor DSS (Mirás-Avalos, 2019), which is based on weather 

forecasts and has recently been successfully developed for vegetable crops in the 

Mediterranean coast of Spain, is able to separately assess soil evaporation and crop 

transpiration. For the control of sprinkler irrigation of approximately 27 vegetable crops 

in Central Europe, the Gesenheim Irrigation Scheduling was developed in Germany 

(Olberz et al., 2018). IRRINET, ISS-ITAP, Irrigation advisor, IRRIX, GSEHEN, ProHo, 

Hydrotech are the most relevant DSSs for irrigation management of different vegetable 

crops and fruit trees 

 In order to help in nutrient (N) management of vegetable crops, a number of DSSs 

based on simulation models have been used in Europe, including N-Expert (Feller et al., 

2011, 2015) and Azofert are DSS tools that recommend N levels (Machet et al., 2017). N-

Expert, CAL-FERT program (Incrocci et al., 2013), FertiliCalc (Villalobos et al., 2020), 

and PLANET are DSS that determine fertilization schedules for N, P, and K for diverse 

vegetable species. Recommendations for N are based on anticipated yield and consider 

soil N supply. DSSs presently used that can determine the crop nutrient and irrigation 

needs for fertigated vegetable crops are VegSyst, GesCoN, FERTIRRIGERE V2.11, and 

CROPMANAGE. 
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 IRRIX DSS (Casadesús et al., 2012) and Hydro-Tech (Todorovic et al., 2016) are 

irrigation scheduling DSSs in combination with soil and plant sensors. The Spanish DSS, 

Irrigation-Advisor (Ramirez-Cuesta et al., 2018) and Australia-made IrriSAT (Car et al., 

2012) are remote-sensing based irrigation management technologies. To establish the 

analyses and outputs to address questions about the management of that specific farm's 

biophysical and socioeconomic situation, as well as the uncertainties in those estimates, 

we create a possible DSS platform that connects various models, databases, analysis, and 

information synthesis tools in a user-friendly interface. 

2.7. Crop simulation models used for Rice: special emphasis on DSSAT 

International Benchmark Sites Network for Agrotechnology Transfer (IBSNAT) 

developed a Decision Support System for Agrotechnology Transfer (DSSAT) with an 

international network of scientists to enable the use of crop models in a system. The first 

version of DSSAT was released in 1989 it is a group of separate applications that work 

together. The development of DSSAT was initially motivated by the requirement to 

integrate information on soil, weather crops and management for making better decisions 

in transferring production technology from one region to other regions with different soil 

and climatic conditions (IBSNAT, 1993). This Software assists users in creating databases, 

comparing simulation results with observations, and deciding whether to make changes to 

the models in order to increase accuracy (Uehara, 1989; Jones et al., 1998). Additionally, 

tools included in DSSAT enable users to simulate crop management alternatives across 

several years to evaluate the hazards related to each option (Jones et al., 2003). The current 

DSSAT version is 4.6.1, which includes models of 20 crops drawn from the former 

DSSAT CROPGRO and CERES models. Numerous models have been created to predict 

rice growth, including the ORYZA1 model developed by Kropff et al. (1994), DSSAT 

CERES-Rice model designed by Singh et al. (1993), SIMRIW model developed by Horie 

et al. (1992), TRYM by Williams et al. (1994), VSM by Kobayashi (1994), RICAM by Qi 

et al. (1993), a model to predict rice-weed competition by Graf et al.(1990) and InfoCrop 

model by Aggarwal et al., 2006a, b. Each model has a unique set of underlying 

assumptions and complexity due to its unique objective(s).  ORYZA2000 and CERES-

Rice are the popularly used crop models for rice. 

The APSIM model was designed to mimic different crop sequences, residue/ tillage 

techniques, and field management strategies (Keating et al., 2003a). Because of its roots 
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in dryland cropping applications, it was previously unable to replicate processes associated 

with the long-term flooded or saturated soil conditions found in rice-based systems. To 

overcome this problem, the rice crop components of the ORYZA2000 rice model were 

added, and the APSIM soil water and nutrient modules were updated to include 

descriptions of SOC and N dynamics under anaerobic circumstances. An eco-

physiological model known as ORYZA2000 can simulate rice growth and development 

for a specified yield using different N fertilizer rates and planting density in a rice 

production system. This model can be used explore the impacts of rice genotype, N 

management, and their interactions on yield for optimal crop management (Yuan et al., 

2017). 

The WARM rice model is utilized within the agricultural yield forecasting system 

of the European Commission. The model is appropriate for forecasting rice yields on 

regional, national, and international scales due to WARM's resilience and accuracy, low 

input requirements, and implementation of modules for simulating biophysical phenomena 

that greatly influence the year-to-year yield variance. 

The DSSAT system includes the CERES-Rice generic and dynamic simulation 

model (Godwin & Jones, 1991; Singh, 1994; Hoogenboom et al., 1995; Godwin & Singh, 

1998; Ritchie et al., 1998; Jones et al., 2003). It includes a thorough explanation of crop 

growth in ideal, nitrogen- and water-limited circumstances. Despite only being partially 

explained in many papers, the concept is relatively popular (Timsina & Humphreys, 2003). 

Typically, experimental data from many sites or from more than one season were used just 

once to calibrate and evaluate CERES-rice. Model evaluations typically do not include any 

or very few quantitative goodness-of-fit factors and are instead restricted to graphical 

comparisons of simulated and measured crop growth characteristics (Bouman & van Laar, 

2006). 

2.7.1. Crop simulation models used for rice yield  

Busato (2015) determined the essential group of input variables and verified the 

simulation model (IDEF3 modelling scheme). The operational parameter prediction error 

was determined to be extremely low, ranging from 2.59 % to 3.12 %, based on 

measurements collected during validation. When compared to the actual practice of 

harvesting a full operating width, the simulated model practiced selective harvesting at a 

reduced operating width. It was discovered that harvesting at a smaller operational width 
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greatly boosted capacity (up to 7 %), especially when the system performance was 

constrained by the capacity of the available transport units.  Su et al. (2017) integrated 

developmental stage and yield prediction methods to create a support vector machine-

based open crop model (SBOCM) for rice. Models could predict the rice yield and 

developmental stage for perennial simulation and one-year rice predictions within its 

limits, while not being a crop physiology simulation model. Future integration with 

significant social and economic elements has the potential to increase prediction precision 

and applicability. 

Using long-term (more than 30 years) meteorological data, Yin & Struik (2017) 

examined the crop model GECROS for rice in tropical, subtropical, and temperate regions 

to assess several biochemical factors for yield enhancement.  All biochemical techniques 

benefited crop mass production and were higher in the presence than in the absence of 

drought, and under the current climate than in the climate forecasted for 2050. 

Gumel’s (2017) study used the Ceres rice model v4.6.1.0 to study the seasonal 

impact of temperature and rainfall on rice yield. The model accurately predicted rice yield 

with an RMSPE of 8.9 % and a D- Index of 0.99. The study found that temperature 

increases led to a loss in yield, while rainfall variations had both positive and negative 

effects 

The findings of the Jha et al. (2019) study show that averaging the simulated yield 

using individual members does not ensure superior yield prediction, in contrast to the 

traditional ensemble averaging strategy frequently employed in seasonal climate 

forecasting. The study utilized the Cropping System Model-CERES-Rice and 28 years' 

worth of daily hindcasts from the coupled forecast system model version 2 (CFSv2) SPS. 

Li et al. (2020) assessed the rice yield with CERES-Rice and ORYZA crop models for two 

widely grown varieties using a 34-year database in the Mississippi Delta region. Because 

ORYZA used lower cardinal temperatures, CERES-Rice more accurately predicted the 

length of growth than that model did. The accuracy of ORYZA was enhanced and 

systematic error was decreased with a rise in base and ideal temperatures. Following that, 

both models performed similarly when it came to estimating the length of the growing 

season and the production of rice for most locations and years. Although CERES-Rice 

projections were more responsive to years with reduced solar energy, neither model was 

especially good at simulating the detrimental effects of extreme heat or cold. According to 
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these findings, both models can be used to investigate the typical response of various rice 

cultivars in the Mississippi Delta region for decision-support studies incorporating the 

current climate scenarios. 

The genetic coefficients for rice were calibrated and evaluated by Phakamas et al. 

(2013) for Thailand. The new coefficient values can be used to calculate solar radiation 

from air temperature data for all sites in Thailand and other Southeast Asian environments 

with similar climates and successfully used to yield predictions. Jha et al. (2022) estimated 

genetic coefficients of two rice genotypes in the Philippines, namely, inbred PSB Rc82 

and hybrid Mestizo 20, for the model CERES-Rice for predicting best phenology and 

yield, using parameter estimation methods such as Genotype Coefficient Calculator 

Generalized Likelihood Uncertainty Estimation, and National Microcomputer Genetic 

Association) (Noisy Monte Carlo Genetic Algorithm. When a crop model is used to test 

the performance of a new rice cultivar, it is critical to estimate its genetic coefficients. 

2.7.2. Crop simulation models used for water management in rice crop 

Water shortage in many rice-growing locations, combined with rising global food 

production demands, is driving research into enhanced water usage efficiency and 

modified agricultural techniques in rice-based cropping systems. Cropping system models 

that have been thoroughly validated and reflect interactions between soil water and nutrient 

dynamics, crop growth, climate, and management can help in the evaluation of innovative 

agricultural practices. 

 Confalonieri & Bocch (2005) calibrated and validated the CropSyst model for rice 

growth in Northern Italy from 1989 to 2002 under flooded conditions. The model 

improved yields by considering the thermal profile, which is strongly influenced by 

flooding water at mid-latitudes. Confalonier et al. (2009) evaluated the WARM model for 

rice growth simulation in China and Italy, demonstrating its robustness. Gaydon et al. 

(2012) improved the APSIM model against various rice-based cropping systems, soil 

types, management practices, crop species, varieties, and sequences. Maniruzzaman et al. 

(2015) calibrated and validated the AquaCrop model for rice crop growth modelling under 

different irrigation water regimes at the Bangladesh Rice Research Institute. The FAO 

AquaCrop model was able to forecast rice growth and yield with acceptable accuracy 

under varied water regimes. The CERES-Rice model was calibrated by Ebrahimirad et al. 

(2018) in Iran's semi-Mediterranean climate during the 2014 and 2015 cropping seasons 
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under various densities and water management choices. In both calibration and evaluation, 

the observed and anticipated planting densities for rice exhibited good agreement. 

Akinbile et al. (2020) used CROPWAT to estimate crop water requirements and 

AQUACROP and CERES models were calibrated and validated for upland rice's response 

to various irrigation schedules in Nigeria for two seasons 2015 and 2016. Five different 

ET treatments were used on NERICA 4. Results revealed that when grain and biomass 

yields were simulated about irrigation schedules, there were substantial discrepancies 

between the models. While both CERES and AQUACROP somewhat overestimated 

grains and biomass yields, CERES slightly underestimated the leaf area index (LAI). 

While CERES had the highest grain yield accuracy, AQUACROP had the highest biomass 

yield accuracy and slightly overestimated canopy cover, making it a useful tool for 

calculating water needs and ET. In the simulation of rice grain and biomass yield, the 

models demonstrated great performance and accuracy. 

With experimental data collected over a ten-year period (2006–2015) at the 

CIMMYT–BISA (Borlaug Institute for South Asia) research farm in Pusa, Bihar, Jha et 

al. (2020) calibrated and validated the DSSAT CERES–Rice model and developed genetic 

coefficients for the Rajendra Mahsuri rice variety. The goal of the study is to determine 

the effects of water stress on crop productivity and the optimal management practices to 

increase rice yield. The model showed that water stress reduced rice yield by 24 %, 33 %, 

and 43 %, respectively, during the vegetative, mature, and reproductive phases. Several 

optimum management strategies like transplanting date (June), crop row spacing (15-25 

cm), crop residue application rate (2500 kg ha-1), and planting depth (2–4 cm) were 

identified for the highest yield. 

2.7.3. Crop simulation models used for nutrient management in rice crop 

Aggarwal et al. (1997) used the ORYZA-1 model to investigate the yield potential 

of IR72 (check cultivar) with three levels of N management: Agronomic recommendations 

for high yield potential, as well as growth-rate-driven N uptake, were implemented in 

breeder screening plots. The results showed that the cultivar has a high yield potential that 

can be enhanced with better N management and less yield for the level of management 

that breeders typically use. As a result, even if genotypes have higher yield potential traits, 

they will be unable to express them due to poor nutrient management. 



Review of Literature 

 

39 

Swain et al. (2007) calibrated and evaluated the CERES–Rice model for cultivar 

IR 36 cultivated at Cuttack, Orissa. He predicted the phenological events accurately and 

simulated yield at various levels of N and found it in close agreement with actual yield. 

By using field experimental data from Kharagpur, India, Swain & Yadav (2009) calibrated 

and thoroughly evaluated the crop simulation model CERES-rice for medium and long-

duration varieties. The CERES-Rice model predicted increased yield variability for the 

Swarna variety compared to the IR-36 and Lalat verities under rainfed conditions in 

Kharagpur, India, using the past 27 years (1974–2000) of weather data. Under ideal water 

and nutrient conditions, rice grain production rose by up to 6 % with a 100ppm increase 

in atmospheric CO2. The yield of the IR 36 and Lalat types decreased with a 20 °C increase 

in average air temperature, but the yield of the long-lasting variety increased. However, 

under ideal input management conditions, the variety Swarna with superior climate change 

tolerance than the medium duration varieties had the best mean yield. 

For evaluating the impact of N fertilizer rates and split N fertilizer application on 

rice yields grown in paddy fields that were irrigated with reclaimed wastewater, Jeong et 

al. (2014) calibrated and validated the DSSAT model in Suwon, Gyeonggi-do, central 

Korea. According to the findings, the ideal N fertilizer rate for paddy fields of rice that are 

irrigated with reclaimed wastewater is thought to be 20 to 50 per cent less than the typical 

fertilizer rate (SFR). It was shown that changing the split N fertilizer application rate was 

sufficient to produce the desired rice yield and reduced the amount of N fertilizer needed 

by an extra 10 to 20 kg ha-1. 

Yuan et al. (2017) calibrated ORYZA (v3) model to simulate yields under different 

N rates, planting densities, dynamics of crop biomass, leaf area index seasonal yield, and 

seedlings per hill, using historical weather data from 1986 to 2015 but slightly over-

estimated leaf N concentration. Gaydon et al. (2012) simulated the CERES-Rice model to 

sustain soil organic C and soil N-supplying capability in rice-based cropping systems. It is 

demonstrated that the performance of simulations of long-term rice cropping systems with 

and without the inclusion of organic inputs differs significantly, and this helps explore 

sustainability concerns related to management change in rice-based cropping systems. 

2.7.4. Crop simulation models used for water and nutrient managements in rice crop 

Rice growth and development are simulated by Bouman & van Laar (2006) using 

the ORYZA2000 model for water and N management. Lowland rice's growth and 
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development are simulated using ORYZA2000 (Bouman et al., 1996) for potential 

production, water, and N restrictions. It is evaluated that the crop is well protected from 

pests, diseases, and weeds in each of these production scenarios and that yields are not 

affected. In Bouman & van Laar (2006), data collection of five field tests with irrigated 

rice was conducted at IRRI between 1991 and 1993. Even though the simulated LAI 

exceeded the measured values, particularly at low N application levels, ORYZA2000 can 

be utilized in the field of N fertilizer studies and to research the best N application regimes. 

Future model upgrades will draw on the generated database and quantitative goodness-of-

fit parameters. 

Ahmad et al. (2011) evaluated CERES-Rice's ability to simulate the growth and 

development of Basmati-385 rice under irrigated conditions in Pakistan. They conducted 

field trials from 2000-2001, analyzing 52 scenarios using historical weather data. The 

model was found to replicate rice growth and production with an average error of 11 % 

between simulated and observed yield. This strategy has proven to be an efficient way to 

manage N and optimize density for high yield and financial return. It will support the 

production of rice. 

Amiri et al. (2013) evaluated the CERES rice model under various N and water 

regimes in northern Iran during 2005- 2007. Results showed that predictions were in good 

agreement with observed yields, total dry matter yields and N uptake. The CERES rice 

model can be used in northern Iranian environments for studies on nitrogen and irrigation 

(Darikandeh et al., 2023). 

The root zone modelling approach and simulation with the HYDRUS-1D model 

were used by Lama et al. (2014) to assess the potential recharge and nitrate leaching below 

the root zone of rice crops. According to the verified results, 55.5 % of the applied water 

percolated beneath the root zone. Volatilization, denitrification, plant uptake, and leaching 

losses in the 120 cm deep soil profile were calculated as 24.0, 18.9, 109.0, and 28.5 kg N 

ha-1, respectively. Nitrate discharge was equal to 23.7 % of additional fertilizer. Different 

fertilizer application rates over the recommended dose were used to create various nitrate 

leaching scenarios. The assessment of nitrate leaching under the root zone under various 

fertilizer input situations for rice cultivated in similar hydroagro-climatic zones may be 

done using these scenarios, which revealed an increasing tendency with increasing 

fertilizer rates. 
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Using the DSSATCERES-Rice model, Alejo (2020) evaluated the effects of 

climate change on aerobic rice production. For calibration and validation, actual data from 

four cropping seasons at two sites were used. Results demonstrated that DSSAT-CERES-

Rice was capable of simulating aerobic rice production accurately. Rice output was 

negatively impacted by changes in seasonal rainfall and temperature, particularly during 

dry seasons. By the end of the twenty-first century, crop improvements could drop from 

83 % to 53 % and yield declines could rise from 150 % to 177 % as a result of climate 

change. A variety of aerobic rice farm crop and nutrient management strategies, as well as 

other climatic and soil variables, might be evaluated using the obtained set of genetic 

coefficients. The long-term projections for aerobic rice production could serve as a guide 

for decision- and policy-makers when developing long-term programs and plans for 

climate change adaptation and mitigation. 

2.7.5. Crop simulation models used for climatic change effects in rice crop 

Saseedran et al. (2000) calibrated and validated the CERES-Rice v3 model which 

accurately predicts rice production in Kerala State, India's tropical and humid 

environment. When examining how climate change is affecting the state's rice 

productivity, the Jaya variety is employed. The findings of this study showed that, under 

the anticipated climate change scenario used for the study, an increase in rice yields (under 

rainfed circumstances) is possible in the state of Kerala by the middle of the next century. 

Additionally, due to the increase in temperature brought on by the buildup of greenhouse 

gases in the atmosphere, crop duration was seen to be decreasing in every region in the 

state. The best times to transplant rice were determined using the probability of rainfall 

events calculated using ClimProb, and using the target yields predicted by the CERES-

Rice v3.0 (Saseendran et al., 1998). The best times to transplant under rainfed conditions 

were between the 23rd and 26th week for more than one rice cropping system per year and 

between the 26th and 32nd week for a rainfed monocrop. 

 Basak et al. (2010) evaluated the impact of climate change on the production of 

two kinds of Boro rice using the DSSAT model. For 12 locations (districts) in Bangladesh, 

the yield of the Boro rice varieties BR3 and BR14 have been simulated for the years 2008, 

2030, 2050, and 2070. Due to climate change, the model projected considerable yield 

losses for both kinds of boro rice; for both rice varieties, average yield reductions of over 

20 % and 50 % were expected for the years 2050 and 2070, respectively. Increases in solar 
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radiation and CO2 concentration have been found to improve rice yield to some amount, 

but their impact is not as great as that of temperature, which reduces yield when daily 

temperatures rise. It has also been discovered that variations in rainfall patterns during the 

growing season have an impact on rice output and water requirements. It has been 

discovered that rising temperatures and sun radiation shorten the time that rice varieties 

spend in physiological maturity. Additionally, model findings imply that climatic change 

may make rice production more susceptible to transplanting date. The DSSAT modelling 

method might be helpful for analyzing the effects of management techniques and climate 

change on various rice types and other crops. 

Oteng-Darko (2012) simulated the yield of rice under various climate change 

scenarios in Ghana by using the CERES-rice model which was calibrated and evaluated. 

Weather data of eighteen years was used to run the model. He concluded that the model 

was sensitive to various weather parameters like temperature, rainfall, solar radiation and 

CO2 concentration and these have an effect on rice yield. An increase or decrease of 

temperature by 4 °C caused a reduction in yield by 34 % when compared to the base 

scenario of 2006. The CERES-Rice model in the DSSAT was used to study the impact of 

climate change on rice and for further development of adaptation policies to maintain rice 

production over the western zone of Tamil Nadu. From the study, it was shown that rice 

yield was expected to decrease by 4 to 56 % with an increase in temperature by 1 to 5 °C 

from normal during various dates of planting i.e. June 1st to July 15th (Bhuvaneswari et al., 

2014). 

In order to comprehend the impact of climatic variability on rice-wheat 

productivity over 5 selected areas during the previous 25–30 years and the fluctuation 

observed in the Indo-Gangetic Plains, Subash & Mohan (2012) simulated rice-wheat 

system yield using DSSAT-CSMv4.5. Except for Hisar, none of the sites experienced a 

major shift in rainfall throughout the growth seasons for either wheat or rice. Based on a 

comparison of observed and simulated rice and wheat production, it can be seen that there 

is a high degree of agreement between them. This is significant at the P 0.05 level for all 

sites except Samastipur. Mishra (2013) studied the spatial variability of rice and wheat 

yield in the Indian Ganga Basin using DSSAT. The studies found that under projected 

climate (using regional climate models) showed a decrease in the yield of rice and wheat 

in the upper and middle Indian Ganga Basin during the 2011-40 periods.  
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The productivity trends in rice due to climatic variability were simulated by Bemal 

et al. (2013) using DSSAT for the eastern agroclimatic zone of Haryana during the period 

of 1978- 2008 and compared this with the on-farm productivity. According to the results, 

increasing the minimum temperature by 0.5 °C from the average (1977–2008) would have 

a detrimental influence on simulated rice output, however increasing the maximum 

temperature by up to 1 °C would allow for increased yield. 

Nyang’Au et al. (2014) validated the DSSAT- Ceres model for rice growth during 

the 2011 cropping season for IR 2793-80-1 and Basmati 370 cultivars under the System 

of Rice Intensification in Mwea and Western Kenya, determined the Genetic coefficients 

for rice crop and conducted sensitive analysis for irrigation schemes. According to the 

study, increasing both maximum temperature and minimum temperatures has an impact 

on grain yield. Increased atmospheric CO2 concentration and solar radiation resulted in 

increased grain yield under SRI and concluded that the Kenyan weather affects rice 

productivity under SRI . 

Dias, (2016) used a validated DSSAT model to forecast the rice yield for the Yala 

season in the mid-centuries and a decreasing trend of yield was observed along with a 

reduced growth period. The effect of altering the planting window on rice production was 

simulated by Azdawiyah et al. (2016) using DSSAT under different climate conditions up 

to 2080 year. The meteorological data was generated from PRECIS by Malaysian 

Meteorological Services. To analyze the effects of weather trends on yield, the calibrated 

model predicted the yield output under the expected weather circumstances. The results 

showed that seasonal total rainfall and daily sun radiation averages have the biggest effects 

on annual crop production. The findings indicate that altering the planting date enhanced 

rice production during the major season, however shifting the planting date lowered rice 

production during the off-season. 

 Ray, (2018) studied the effect of changing climate on the yield of the Swarna rice 

variety through sensitivity analysis in the CERES rice model in the Keonjhar district of 

Odisha and it was found that an increase in both maximum temperature and minimum 

temperature has a negative impact on the yield of rice. Kant et al. (2018) experimented 

with three rice varieties CAU-R1, Shahsarang-1 and Lumpnah-1 at Umiam, Meghalaya 

and concluded that the DSSAT- CERES rice model can be used for predicting the yield of 

the varieties considered under the study, even then calibration may be done for close 
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prediction of yield and phenophases. It was found that the model successfully predicted 

yield at different levels of nitrogen. Chaudhari et al. (2019)  studied in the south Gujarat 

region where they evaluated the impact of temperature and CO2 on rice growth and yield 

using DSSAT. He observed that a rise in temperature by 1-2 °C leads to a reduction in 

yield by 3.25 % to -9.47 % while a decrease in temperature by 1 to 2 °C leads to an increase 

in yield by 5.93 %. Islam, (2021) conducted an experiment to study the DSSAT-CERES 

rice model simulation of upland rice yield under different temperatures. Results showed 

that a moderate temperature of 28 °C gave the highest simulated yield while a maximum 

temperature of 32 °C gave the least simulated yield. 

2.7.6. Crop Simulation Model Limitations 

 Despite the advancement of a few irrigation technologies, both GIS-based and 

without integration with GIS, remote sensing, and yield mapping, are not popular among 

farmers and irrigation specialists due to the complexity involved in numerous parameters 

and temporal data. Running point-based crop models at limited range within a field is one 

way to get around spatial resolution, as is using geospatial technologies to apply models 

to regions with similar plant responses. Analyzing the geographical and temporal patterns 

of vegetation indices with the help of Unmanned Aerial Vehicles (UAVs) enables the 

collection of timely information on soil and crop variability (Ehmke, 2013; Lu et al., 

2022a). With this data with yield mapping analyses, crop models may be built to identify 

regions of the field that are stable through time and space. As a result, new sensors, 

communication technologies, and algorithms for providing geographical inputs for 

precision farming, as well as statistical and model-based analyses, are assisting in 

overcoming the barrier of spatially variable data availability. Furthermore, most models 

are unable to predict changes in climate variability on a local scale, as well as the frequency 

of extreme occurrences such as storms and droughts. Despite the fact that changes in 

climatic variability, such as increases in the frequency of drought and storms, could have 

a large impact on crop yields, GCMs have yet to be able to make trustworthy projections 

(Oteng-Darko et al., 2013; Corbeels et al., 2018). Because crop models are not universal, 

the user must select the best-suited model for his experimental purpose. As a result, 

estimates are used to analyses the potential implications of climate change. Furthermore, 

most models are unable to predict changes in climate variability on a local scale, as well 

as the frequency of extreme occurrences such as storms and droughts. Furthermore, 

agricultural models reflect systems for which some components' behavior is not fully 
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known or regulated, and differences between model output and real-world systems cannot 

be completely explained (O. Rauff & Bello, 2015) . Crop models, as a result of a lack of 

understanding of natural processes and computer power limitations, are unable to provide 

reliable estimates. Another limitation of these models is that they do not simulate on real-

time basis, and some are not user-friendly.  

The model validation process is difficult since it requires testing multiple 

hypotheses at the same time. Field data is frequently insufficient for conclusive validation 

because characteristics and driving factors are derived from site-specific conditions. Soil 

heterogeneity and variances in measured metrics are caused by husbandry practices and 

soil properties. Crop data captures soil heterogeneity and seasonal environmental factors. 

The model's success is determined by the quality of its input data, which frequently 

includes enormous volumes of data on above-ground crop growth and development. 

Accurate meteorological data is necessary for simulation models, and sampling errors can 

cause data inconsistencies. The ideal crop model would physically and biologically explain 

correlations between variables and universally applicable real-world behavior, but this is 

difficult due to the complexity of biological systems and unknown activities. Obtaining 

precise system characteristics and input data for the crop environment is a major job (Jame 

& Cutforth, 1996; O. Rauff & Bello, 2015).  

Statistical, Mechanistic, Deterministic, Stochastic, Dynamic, Static, and 

Simulation models are used to evaluate and predict crop growth and production. Crop 

growth models are an effective tool for predicting how climate change would affect crop 

yield and growth. These models can be used for a wide range of agricultural problems. 

Human resource competence must be strengthened, and proven simulation models must 

be built all around the world. Model development and deployment as a research tool can 

aid in the discovery of knowledge gaps, allowing for more efficient and targeted study 

design. Models based on adequate physiological data can be extrapolated to alternate 

cropping cycles and locales, allowing for the assessment of temporal and geographical 

variability. The effectiveness of most models is unknown because they are either untested 

or undertested. It is true that developing models is simpler than testing them. Many 

agronomists are baffled by the situation. They are discouraged by the complexity of the 

models, the absence of model testing, and the unavoidable errors that arise during such 

testing. Hence, crop models' efficacy in agronomy has been significantly questioned. 
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Unfortunately, some of the misunderstanding arises from people who believe that 

crop modelling will solve all of agriculture's problems and that crop models can be applied 

to every environment. More training is needed because most agronomists are unfamiliar 

with crop growth modelling and systems-approach research. A model that has been 

thoroughly calibrated and tested can be used to conduct research that saves time and money 

while simultaneously making a significant contribution to the creation of sustainable 

agriculture that fulfils the world's food demands. 

2.8. Post-harvest rice field management: special emphasis on GHGs emissions 

According to Smith et al. (2014), the production of rice accounts for between 9 and 

11 % of greenhouse gas emissions in the agricultural sector globally. According to Sistani 

et al. (2011), Linquist et al. (2012), and Carlson et al. (2016), carbon dioxide (CO2), 

methane (CH4), and nitrous oxide (N2O) are the main greenhouse gases (GHGs) released. 

In rice farming, methane emissions are very important. As a result of their 28 and 265 

times greater warming potentials than CO2 (Smith et al., 2014; Belenguer-Manzanedo et 

al., 2022), methane and N2O have a greater effect on global warming. According to Naser 

et al. (2019), CH4 may predominate the crop's net greenhouse gas content, especially in 

rice paddies. One of the primary drivers of CH4 production is flooding circumstances 

during rice farming (Neue et al., 1996). 

Temperature and moisture have important roles in regulating soil organic matter 

and rice straw decomposition, which contributes to GHG emissions. Increases in 

temperature are associated with increased OM decomposition and carbon emissions 

(Huang et al., 2015; Tang et al., 2016; Zhang et al., 2020b). Soil moisture determines 

oxygen diffusion and substrate mobility (Agehara & Warncke, 2005). In flooded soils, 

anaerobic conditions promote lower mineralization rates (Li et al., 2021). Studies on the 

interaction effect of moisture and temperature on rice straw breakdown and organic matter 

mineralization have been undertaken, but the majority are under controlled conditions 

(Devêvre & Horwáth, 2000; Benbi & Khosa, 2014; Lu et al., 2021).  

Gummert et al. (2020) evaluated how mechanized post-harvest processes affected 

energy efficiency, income, and greenhouse gas emissions in small rice farms in Myanmar's 

Ayeyarwaddy delta. Results reveal that mechanical procedures boost net revenue by 30-

50 % over traditional practices, reduce post-harvest losses, and improve rice quality. The 

study also highlights the importance of combined harvesting and flatbed dryer and 



Review of Literature 

 

47 

hermetic storage in post-harvest management, providing valuable information for 

policymakers in South and Southeast Asia. 

Martínez-Eixarch et al. (2021) studied the Mediterranean rice agrosystem (Ebre 

Delta, Catalonia) aimed to improve the accuracy of the CH4 budget in paddy rice fields. 

The study evaluated the cumulative and temporal pattern of CH4 emissions and conducted 

multi-variate analyses. Results showed that the fallow season, which is often neglected, is 

the most significant source of CH4 emissions. The main regulating factors in the growing 

season were positively associated to water level and plant cover, while soil redox was 

adversely related. The study emphasizes the importance of measurement programs 

covering the entire crop field cycle for effective mitigation strategies based on straw and 

water management. 

Belenguer-Manzanedo et al. (2022) evaluated the impact of flooding and straw 

incorporation timing on greenhouse gas exchanges in the post-harvest of paddy rice 

cultivation in the Ebro delta area of Spain. A field experiment showed that non-winter 

flooding and late straw incorporation strategies reduced greenhouse gas emissions by 

206% compared to conventional post-harvest management. Avoiding winter flooding 

reduced CH4 emissions significantly, while delay straw incorporation prevented CH4 and 

CO2 emissions. The study concluded that post-harvest management affects net global 

warming potential without compromising sequestration budget.  

2.9. Rice yield prediction in relation with changing climate scenarios 

To observe traditional rice cultivation practices and collect data on crop yields, 

input use, and labour requirements. The paper presents the results of the study, including 

the benefits and challenges of traditional rice cultivation in Kerala. The authors highlight 

the importance of traditional rice cultivation practices for maintaining the ecological 

balance of the region, preserving traditional knowledge and cultural heritage, and 

providing sustainable livelihoods for farmers.  The authors also discuss the challenges 

faced by traditional farmers in the region, including the lack of government support and 

incentives for traditional farming practices, the availability and affordability of inputs, and 

the competition from commercial rice production. Overall, the study provides a valuable 

contribution to the understanding of traditional rice cultivation practices in Kerala and the 

importance of maintaining these practices for the sustainability of the environment and the 

livelihoods of farmers in the region. The study highlights the need for greater support and 
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recognition of traditional farming practices and the integration of traditional knowledge 

and modern science in sustainable agricultural development.  

Roy & Saha (2018) aimed to assess the land suitability for paddy cultivation in the 

Hinglo River basin of eastern India using the Analytic Hierarchy Process (AHP). The 

authors collected data on various physical, chemical, and biological parameters of soil and 

water, as well as climatic conditions, and then used AHP to prioritize and weight the 

criteria based on their relative importance. The authors identified four different land 

suitability classes, ranging from highly suitable to not suitable, based on the final AHP 

scores. The results of the study can be useful for decision-makers and farmers to identify 

the most suitable areas for paddy cultivation in the Hinglo River basin, and to plan 

appropriate land use practices to maximize the yield and minimize the environmental 

impact. Overall, the study demonstrated the effectiveness of using AHP for land suitability 

assessment, especially in areas where the availability of data is limited.  

Saaty et al. (2001) study the basic concepts and principles of the AHP, such as the 

fundamental scale of measurement, pairwise comparisons, and the use of matrices to 

represent decision problems. Saaty then discusses the four main steps in the AHP process: 

modelling the decision problem, structuring the decision hierarchy, making pairwise 

comparisons, and synthesizing the results. The study also presents several applications of 

the AHP in different fields, such as engineering, business, and social sciences. Saaty 

emphasizes the flexibility and versatility of the AHP and how it can be adapted to different 

decision problems and contexts.  

Duc (2006) investigated the use of GIS and the Analytic Hierarchy Process (AHP) 

for land-use suitability analysis in Vietnam. The study aimed to identify the most suitable 

land use types for an area in central Vietnam based on various criteria, such as slope, soil 

type, and land cover. The study used a combination of AHP and GIS to generate a 

suitability index for each land use type. The AHP was used to determine the relative 

importance of each criterion and to assign weights to each criterion based on their relative 

importance. The GIS was used to analyse the spatial distribution of each criterion and to 

create a suitability map for each land use type. The results showed that the most suitable 

land use type for the study area was agroforestry, followed by fruit orchards and vegetable 

gardens. The study also found that slope and soil type were the most important criteria in 

determining land use suitability in the study area. Overall, the study demonstrates the 
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effectiveness of using GIS and AHP for land-use suitability analysis, which can help 

decision-makers in identifying the most appropriate land-use types for a given area based 

on a set of criteria. 

Al-Hanbali et al. (2021) conducted a study on land suitability analysis for paddy 

fields in Tanzania using a GIS-based analytical hierarchy process. The research aimed to 

identify the potential areas for rice cultivation by integrating various factors such as 

climate, soil, topography, and land use. The study used a multi-criteria decision analysis 

approach to determine the weightage of each factor and to create a suitability map for rice 

cultivation. The results showed that 32 % of the total area was highly suitable for rice 

cultivation, while 44 % of the area was moderately suitable. The study also identified some 

areas that were unsuitable due to environmental constraints. The research findings provide 

valuable insights for policymakers and agricultural planners to improve rice production in 

Tanzania by targeting suitable areas for cultivation. The use of a GIS-based analytical 

hierarchy process can also be applied to other regions to assess land suitability for other 

crops.  

Robertson & Oinam (2023) aimed to develop a rice suitability map in a river 

catchment using the Analytic Hierarchy Process (AHP) approach. They collected data on 

various criteria such as topography, soil, climate, and water availability, and used AHP to 

weigh and rank these criteria based on their importance for rice cultivation. The authors 

then combined the rankings to generate a rice suitability map for the study area. The results 

showed that soil was the most important criterion for rice cultivation, followed by water 

availability, climate, and topography. The suitability map generated using AHP showed 

that the majority of the study area was highly suitable for rice cultivation, with some areas 

having moderate or low suitability. The authors suggest that this approach could be useful 

for land-use planning and decision-making related to rice cultivation. Overall, the study 

provides a useful example of how AHP can be applied to assess land suitability for specific 

crops and highlights the importance of considering multiple criteria when making land-

use decisions.  

Orhan et al. (2021) aimed to assess the site suitability and map the areas suitable 

for rice cultivation in the delta plain of Turkey using multi-criteria decision analysis based 

on fuzzy analytic hierarchy process (FAHP) and technique for order of preference by 

resemblance to ideal solution under semi-humid ecological conditions. The study 
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considered several criteria, including soil, climate, topography, hydrology, and land use, 

and assigned weights to each criterion based on the FAHP. The TOPSIS method was used 

to rank the sites based on their suitability for rice cultivation. The study found that the 

highest-ranked sites were located in the western and northern parts of the study area, while 

the lowest-ranked sites were located in the south and east. The results showed that the 

proposed MCDA approach using FAHP and TOPSIS can effectively assess the suitability 

of different sites for rice cultivation, which can be useful for decision-making in 

agricultural planning and land-use management. 

  Chandrakala et al. (2019) present a land suitability evaluation study for major crops 

in the tropical humid region of Kerala, India. The study aimed to identify the most suitable 

land for each crop and provide guidance for farmers in crop selection and management. 

The paper begins by discussing the importance of land suitability evaluation in crop 

planning and management. The authors then describe the study area and the data sources 

used, including soil, topography, and climate data. The authors explain the methodology 

used for land suitability evaluation, which involved the integration of various data sources 

in a GIS platform. The authors used fuzzy logic-based analytical hierarchy process (AHP) 

to develop a land suitability index for each crop based on multiple criteria, including soil 

properties, topography, and climate. The paper presents the results of the land suitability 

evaluation for major crops in the study area, including paddy, coconut, banana, rubber, 

and black pepper. The authors identified the most suitable land for each crop and provided 

guidance for farmers in crop selection and management. The authors also discussed the 

limitations and implications of the study. The authors noted that the study was limited by 

the availability and quality of data, and the need for more detailed data in certain areas. 

However, the study provides valuable guidance for farmers and policymakers in crop 

planning and management, which can help improve agricultural practices and increase 

crop yields in the region.  

Shanmugapriya et al. (2019)  provides an overview of the use of remote sensing in 

agriculture. The authors reviewed various studies that have applied remote sensing 

techniques for monitoring crop growth, yield prediction, crop mapping, and detection of 

crop stress. The paper begins by discussing the importance of agriculture and the need for 

improved agricultural practices to meet the growing demand for food. The authors then 

describe the basic principles of remote sensing and the types of sensors used for 

agricultural applications, including optical, thermal, and radar sensors. The authors review 
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several studies that have used remote sensing for crop monitoring and yield prediction. 

They discuss the use of vegetation indices to monitor crop growth and detect stress. The 

authors also describe the use of thermal sensors to detect water stress in crops. The paper 

also discusses the use of remote sensing for crop mapping and classification. The authors 

review studies that have used optical and radar sensors to map crops and estimate crop 

acreage. They also discuss the use of hyperspectral sensors for crop classification. Finally, 

the paper discusses the potential of remote sensing for precision agriculture. The authors 

describe how remote sensing can be used to guide site-specific management practices, 

such as variable rate application of inputs. They also discuss the use of unmanned aerial 

vehicles (UAVs) for high-resolution remote sensing. 

Ajith et al. (2017) aimed to estimate rice acreage in Thanjavur, Tamil Nadu, India, 

using Landsat 8 OLI images and GIS techniques. The authors used supervised 

classification to extract rice paddies from the images and then calculated the rice acreage 

using the classified image and ground truth data. The accuracy assessment showed an 

overall accuracy of 89.6 % and a kappa coefficient of 0.88, indicating good classification 

performance. The authors concluded that the use of remote sensing and GIS techniques 

can provide accurate and timely information on rice acreage for efficient planning and 

management of agricultural activities. Overall, the study provides valuable insights into 

the application of remote sensing and GIS in rice acreage estimation.  

Ayehu et al. (2019) explore the use of Geographic Information Systems (GIS) and 

multi-criteria decision analysis (MCDA) techniques for assessing land suitability for rice 

production in Ethiopia. The study involves the use of various criteria, such as soil 

properties, climate, and topography, and a weighted overlay analysis to generate suitability 

maps for rice cultivation. The results indicate that about 23 % of the study area is highly 

suitable for rice cultivation, while 40 % is moderately suitable. The study also highlights 

the importance of considering both physical and socio-economic factors in land suitability 

assessments. Overall, the study demonstrates the potential of using GIS and MCDA 

techniques for effective land suitability analysis for agricultural land use planning. 

Kasampalis et al. (2018) conducted a comprehensive review of the contribution of 

remote sensing to crop models. The study aimed to evaluate the state-of-the-art research 

on the integration of remote sensing data with crop models for improved agricultural 

management practices. The authors analysed various types of remote sensing data, such as 
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optical, thermal, and radar data, and their application in crop models. The study also 

reviewed different crop models, including statistical, process-based, and machine-learning 

models, and their integration with remote sensing data. The authors highlighted the 

benefits of using remote sensing data in crop models, such as providing a large-scale and 

synoptic view of crop conditions, improving the accuracy and efficiency of crop 

modelling, and enabling the monitoring of crop growth and yield. The study also identified 

several challenges in integrating remote sensing data with crop models, such as the 

complexity of the models, the need for accurate calibration and validation, and the 

availability and quality of remote sensing data. Overall, the study demonstrated the 

significant potential of integrating remote sensing data with crop models to enhance crop 

productivity and food security. The authors also suggested future research directions, such 

as the integration of multiple sources of remote sensing data and the development of more 

accurate and efficient crop models.  

Myneni & Williams (1994) investigated the relationship between the Fraction of 

Absorbed Photosynthetically Active Radiation (FAPAR) and the Normalized Difference 

Vegetation Index (NDVI). The authors used data from the Advanced Very High-

Resolution Radiometer (AVHRR) to study the relationship between FAPAR and NDVI in 

several ecosystems. They found that FAPAR and NDVI are highly correlated in most 

vegetation types, but the relationship between the two indices is affected by the presence 

of non-photosynthetic vegetation, such as bare soil or snow. The authors concluded that 

FAPAR and NDVI can be used as complementary measures of vegetation activity, with 

FAPAR providing a more accurate estimate of photosynthetic activity and NDVI 

providing a more sensitive measure of vegetation greenness. The study provides important 

insights into the use of remote sensing data for monitoring vegetation dynamics and 

ecosystem processes. 

Pazhanivelan et al. (2022) attempted to predict spatial rice yield using multiple 

linear regression analysis, a semi-physical technique, and assimilating SAR satellite-

derived data with the DSSAT crop simulation model.  The study utilized SAR data, land 

surface temperature, rainfall, and crop phenological data to estimate the rice yield. The 

results of the study showed that the semi-physical approach using SAR and land surface 

temperature as inputs provided the highest accuracy in estimating rice yield. The study 

also showed that the assimilation of SAR data into the DSSAT model improved the 

accuracy of the model in predicting rice yield. Overall, the study demonstrates the potential 
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of using SAR data in combination with crop models to accurately estimate rice yield in 

spatially explicit locations.  

Chaurasiya et al. (2017) proposed a semi-physical approach for sugarcane yield 

modelling using remotely sensed inputs. The study was conducted in the sugarcane-

growing region of Maharashtra, India. The proposed approach combined spectral 

vegetation indices, meteorological data, and a sugarcane growth model to estimate 

sugarcane yield. The study found that the proposed approach could accurately estimate the 

sugarcane yield with an R2 value of 0.88. The authors concluded that the semi-physical 

approach can be used as an effective tool for sugarcane yield estimation and monitoring. 

The study highlights the potential of using remote sensing and sugarcane growth models 

for yield forecasting and management in sugarcane cultivation.  

Rugira et al. (2020) used the Decision Support System for Agrotechnology 

Transfer (DSSAT) CERES-Maize model to identify the best irrigation management and 

date of sowing for improving maize yield in northern China. The study involved field 

experiments conducted over two growing seasons with six treatments of different sowing 

dates and irrigation regimes. The results showed that the best sowing dates were from April 

25 to May 5 and that the optimum irrigation regime was 75 % of field capacity during the 

vegetative stage and 70 % during the reproductive stage. The study also found that using 

this optimal combination could increase maize yield by up to 16.5 %. Overall, the study 

demonstrates the potential of using DSSAT CERES-Maize to identify optimal 

management strategies for improving maize yield in different regions. Ahmad et al. (2018) 

developed a method for forecasting spring maize yield in Faisalabad, Punjab, Pakistan, 

using remote sensing and crop modelling. The model yield prediction results were more 

accurate than remote sensing, with an RMSE of 255 kg ha-1. 

Scaria & Vijayan (2015) present a study of the spatio-temporal changes in the 

cropping pattern of paddy fields in Kerala state, India, with a focus on the Palakkad district. 

The study aimed to identify the patterns of change in the cropping intensity and 

diversification in the paddy fields and the factors influencing these changes. The study 

begins by providing an overview of the agricultural practices in Kerala and the importance 

of paddy cultivation in the state's economy. The authors then describe the study area and 

the data sources used, including satellite images, topographic maps, and field surveys.  
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The authors explain the methodology used for the study, which involved the use of 

remote sensing and GIS techniques to analyse the spatio-temporal changes in the cropping 

pattern of paddy fields in the Palakkad district. The authors also conducted field surveys 

to validate the results of the remote sensing analysis and identify the factors influencing 

the changes in the cropping pattern. The paper presents the results of the study, including 

the changes in the cropping intensity and diversification in the paddy fields in the Palakkad 

district between 1973 and 2011. The authors identified a significant decline in the cropping 

intensity and a shift towards diversification in the paddy fields during this period. The 

authors also identified the factors influencing these changes, including the availability and 

affordability of labour, the profitability of different crops, and the changes in land use 

policies and regulations. The authors discuss the implications of the study for sustainable 

agricultural development in the region, including the need for policies and interventions 

to promote the sustainability of paddy cultivation and maintain the ecological balance of 

the region. The study demonstrates the potential of remote sensing and GIS techniques for 

analysing and monitoring changes in agricultural practices and provides valuable insights 

for policymakers and researchers in sustainable agricultural development.  

Raju et al. (2022) focuses on the use of Sentinel-2 data and GIS techniques for 

mapping rice areas in the Palakkad district of Kerala, India. The study aimed to provide 

accurate and timely information on rice areas for efficient crop management and decision-

making. The paper begins by discussing the importance of rice cultivation in Kerala and 

the need for accurate and up-to-date information on rice areas. The author then describes 

the study area and the data sources used, including Sentinel-2 satellite imagery and field 

data collected from the district agriculture office. The author explains the methodology 

used for rice area mapping, which involved preprocessing of the Sentinel-2 data, including 

atmospheric correction, radiometric correction, and cloud masking. The author then used 

supervised classification techniques in GIS to map rice areas in the study area. The paper 

presents the results of the study, including the accuracy assessment of the rice area map. 

The author reports an overall accuracy of 92 % and a kappa coefficient of 0.88, indicating 

a high level of agreement between the classified map and the ground truth data. The author 

also discusses the implications of the study for rice crop management and decision-

making. The accurate and up-to-date information on rice areas provided by the study can 

help farmers and policymakers make informed decisions on crop management, irrigation, 

and fertilizer application. Overall, the paper provides a valuable contribution to the use of 
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remote sensing and GIS techniques for rice area mapping in Kerala. The study 

demonstrates the potential of Sentinel-2 data and GIS techniques for accurate and timely 

crop mapping, which can help improve agricultural practices and decision-making in the 

region.     

Saseendran et al. (2000) conducted a study on the effects of climate change on rice 

production in Kerala, India. The authors used simulation models to predict the impacts of 

climate change scenarios on rice production in the region. The study focused on two major 

rice-growing districts of Kerala and considered two climate change scenarios (A1B and 

A2) for the period from 2010 to 2099. The authors found that both scenarios resulted in an 

increase in temperature and a decrease in rainfall, which negatively affected rice 

production. The study also predicted a decline in rice yield by up to 16 % under the A2 

scenario and up to 10 % under the A1B scenario. The authors highlighted the importance 

of developing adequate adaptation methods to reduce the negative effects of climate 

change on rice production in the region. The study emphasizes the need to recognize the 

possible effects of climate change on agriculture, as well as the need for suitable actions 

to meet the difficulties that climate change presents.  

Nguyen (2016) reviews the impacts of climate change on rice production and food 

security, with a focus on Southeast Asia. The paper begins by providing an overview of 

the importance of rice as a staple food in the region, and then discusses the various ways 

in which climate change is expected to affect rice production, including changes in 

temperature, rainfall patterns, and extreme weather events. The paper then goes on to 

review a range of studies that have attempted to model the impacts of climate change on 

rice production, including studies that use CSMs and remote sensing data. The author notes 

that while these studies have identified a range of potential impacts, there is still 

considerable uncertainty regarding the magnitude and timing of these impacts. The paper 

also discusses some of the potential adaptation measures that could be implemented to 

help mitigate the impacts of climate change on rice production and food security, including 

improved water management, crop breeding programs, and the development of new 

cropping systems. Overall, the paper provides a useful overview of the potential impacts 

of climate change on rice production and food security in Southeast Asia and highlights 

the importance of developing effective adaptation measures to help farmers and 

communities cope with these impacts. 
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The comprehensive literature analysis concludes by highlighting the critical 

importance of rice agriculture on an international, Indian, and regional scale—with a 

particular emphasis on the Keralan context. The adoption of innovative water and nutrient 

management practices, coupled with the integration of cutting-edge Crop Simulation 

Models (CSM), emerges as a promising avenue for optimizing cultivation strategies. The 

incorporation of CSMs not only facilitates enhanced prediction of rice yields in future 

scenarios but also aids in the development of sustainable and efficient management 

practices. Moreover, the review highlights the demanding need for suitability mapping and 

robust post-harvest management strategies in paddy fields to minimize losses and ensure 

food security. In core, the synthesis of literature emphasises the multifaceted dimensions 

of rice cultivation, calling for a holistic approach that combines technological 

advancements, predictive modelling, and sustainable practices to ensure the resilience and 

productivity of rice ecosystems at local and global scales.  
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3. Materials and Methods 

Field experiments on various rice water and nutrient management strategies were 

conducted from 2018 to 2023 to study the “Application of crop simulation models for 

water and nutrient management on growth, and productivity of rice under different 

climate scenarios”. A detailed description of various materials used, experimental 

protocols, procedures and methodology adopted in the present study are described in this 

chapter.  It has been planned into seven numbers of experiments. 

3.1. Experiment -1        

Assessing the influence of nutrient management and method of irrigation on four different 

rice cultivars    

The first experiment was designed to evaluate the effect of different levels of 

nutrient management and methods of irrigation on four different rice varieties, commonly 

cultivated in Kerala on different rice growth parameters and the methodology for this 

experiment is being detailed hereunder. 

3.1.1.  Design and Layout 

In general, rice grows during three distinct seasons: Viruppu, Mundakan, and 

Puncha. The first agricultural season, Viruppu or autumn spans from April - May to 

September - October. Mundakan or winter is the second harvest, lasting from September 

- October to December - January. Puncha is the third crop, which starts in December-

January and lasts till March-April. The experimental design was a randomized block 

design conducted during the Mundakan season of 2018 (September 2018- January 2019) 

with four different rice varieties, viz., Jyothi (V1), Jaya (V2), Kanchana (V3), and Uma 

(V4) in the lysimeter boxes of the Land of Water Management Research Group at Centre 

for Water Resources Development and Management (CWRDM), Kunnamangalam, 

Kozhikode, Kerala, India. Paddy seeds were procured from the Regional Agriculture 

Research Station in Pattambi, Kerala.  Each experimental subplot was a 6 m2 rectangle 

box with 2 m width and 3 m length. The treatments that were attempted are given the Table 

3.1. Treatments consist of (1) method of irrigation, which consists of (a) water-logged/ 

flooded (I1) and (b) alternate wetting and drying (AWD) (I2); and (2) nutrient management 

practice treatment, which consists of applying (a) Absolute control (No NPK application) 

(N1), (b) 100 % recommended dose of NPK (N2), and (c) 120 % recommended dose of N 



Materials and Methods 

 

60 

and 100% P & K application (N3). The recommended dose of fertilizers (NPK) was 

applied as per the package of practice of Kerala Agricultural University (KAU 2016) to 

each treatment. 

Table 3.1. Experiment 1- treatment details 

Treatments 

Irrigation Nutrient levels 

I1- Water logged/ flooded N1- Absolute control (No NPK application) 

I2- Alternate Wetting and 

Drying (AWD) 

N2- 100 % Recommended dose of NPK application 

N3- 120% Recommended dose of N and 100% P&K 

application 

All the cultural and crop management practices were adopted as per the package 

of practices of Kerala Agricultural University (KAU, 2016). Initially Land preparation was 

carried out as per the standard procedure (Fig.3.1) and transplantation of 25-day-old 

seedlings (Fig.3.2) were conducted per the recommendations of package of practices of 

the Kerala Agricultural University (KAU, 2016). carried out according to the treatments. 

The experiment comprised twenty-four treatments with three replications and was 

conducted in puddled soil (Fig.3.3 & Fig.3.4). 

 

Fig.3.1. Preparation of experimental plot-Initial stage 
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Fig.3.2. Transplantation of seedlings to experimental plots 

 

 

Fig.3.3. Experimental field for assessing the influence of nutrient management and 

method of irrigation on four different rice cultivars 



Materials and Methods 

 

62 

 

Fig.3.4. Experiment 1- diagrammatic representation of experimental field 

(I1- water logged/ flooded irrigation, I2- alternate wetting and drying (AWD) 

irrigation, N1- 0 % application of the recommended dose of nutrients, N2- 100 % 

application of the recommended dose of nutrients through inorganic fertilizers, N3- 

120 % of the recommended dose of nutrients through inorganic fertilizers, (V1-

Jyothi, V2- Jaya, V3- Kanchana and V4- Uma) 

 

3.1.2. Description of the varieties used 

Jyothi, Jaya, Kanchana and Uma were the four varieties used in this field experiments 

(Fig. 3.5 & Table 3.2). 

Fig.3.5. Nursery of four different rice varieties used in this experiment 

(V1-Jyothi, V2- Jaya, V3- Kanchana and V4- Uma) 
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Table 3.2. Characteristics of rice varieties used for experiments 

Variety Duration (Days) 
Bran colour, 

grain type 
Characteristics 

Jyothi 

(PTB 39) 

Short duration 

(110-115) 

Red, 

Long & bold 

Moderately tolerant to brown 

plant hopper and blast, 

vulnerable to sheath blight 

Appropriate for transplanting, 

direct seeding and special 

systems of Kole and Kuttanad 

Jaya Medium duration 

(120-125) 

White, 

long & bold 

High yield potential, very 

vulnerable to brown plant 

hopper and other pests 

Kanchana 

(PTB 50) 

 

Medium duration 

(105-110) 

Red, 

Long & bold 

Suitable for Kole and Kuttanad 

areas. 

Resistant to blast, blight stem 

borer and gall midge.   

Uma 

(MO 16) 

 

Medium duration 

(120-135) 

 

Red, 

Medium & bold 

 

Non lodging, resilient to gall 

midge and  brown plant hopper, 

bold Biotype-5. Dormancy up 

to 21 days. 

                                                                        (Source: KAU, 2016) 

Jaya is a medium-duration variety, which has a growth period of 120-125 days 

Jaya has been developed from a cross between Taichung (Native) 1 and T-141 at all local 

photosensitive varieties of rice found in Orissa. Jaya has been grown all over India during 

the kharif and rabi seasons under irrigated conditions. Jaya has great production potential 

but is vulnerable to brown plant hopper (BPH) and other pests. 

Jyothi or PTB 39 is a short-duration variety cultivated in Kerala during all the 

three seasons and is a short duration variety of 110-115 days growth period. Moderately 
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resistant to BPH and blast disease and prone to sheath blight; ideal for transplanting, direct 

seeding, and special systems of Kole and Kuttanad regions. It has wider adaptability. It is 

highly suited to wetland areas. It has been developed from the cross between PTB-10 and 

IR 8. 

Kanchana (PTB39) is a short-duration variety which has a duration of 105- 110 

days. It has been developed from the cross between Jajati and Mehsuri in 1993. These are 

tall in nature and resistant to blast, blight and stem borer. Appropriate for all three paddy 

crop seasons of Kerala 

Uma (MO 16) is a semi-dwarf rice variety with medium duration. The cultivation 

period ranges from 115-120 days in the Puncha season and 120- 135 days for the Virippu 

(autumn) season. The Kerala Agricultural University developed this variety which is iron 

and zinc rich.  The variety has Non-lodging, BPH-resistant, and GM Biotype-5. Seed 

dormancy might last up to three weeks. Variety is suitable for three seasons, particularly 

the additional Virippu crop season in Kuttanad. This is one of the most common rice 

varieties used in the State of Kerala, which currently takes up more than 60 % of the State's 

rice land and more than 80 % of the land in Kuttanad (Devika et al., 2006). 

3.1.3. Climatic parameters 

Different climatic parameters namely, minimum temperature, maximum 

temperature, maximum relative humidity, minimum relative humidity, rainfall, solar 

radiation, and pan evaporation were measured throughout the crop period from the 

meteorological observatory of CWRDM. 

3.1.4. Soil Characters 

Soil samples were randomly gathered from experimental fields, encompassing 

two distinct depths: 0 to 15 cm and 15 cm to 30 cm. Subsequently, these samples 

underwent analysis to determine their physicochemical attributes, along with the available 

concentrations of nitrogen (N), phosphorus (P), and potassium (K), employing the 

methods outlined below. The collected samples were subjected to shade-drying, followed 

by pulverization and sieving through a 2 mm sieve, and then analysed for selected 

available nutrients in the soil science laboratory of CWRDM. 
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Soil Physicochemical properties 

3.1.4.1. Field capacity and wilting point  

The soil pore size determines how much water is retained in the soil under certain 

pressures. A certain amount of water will drain from a saturated soil when pressure is 

applied, and this process will continue until the pores have a diameter equivalent to the 

pressure. An important aspect of the soil is its equilibrium moisture content. Field capacity 

and wilting point moisture, respectively, are the amounts of moisture retained at 

equilibrium when a saturated soil is subjected to pressures of 1/3 and 15 bar. 

Field capacity refers to the soil's capacity to retain water once excess liquid has 

been removed and the downward movement of water has slowed. This characteristic is 

often quantified as a percentage of the soil's dry weight. Field capacity represents the 

maximum amount of water available to plants, ensuring optimal absorption of essential 

nutrients and moisture. To determine field capacity, a pressure plate apparatus, comprising 

an air compressor, pressure line, pressure chamber, and porous ceramic plate, was 

employed (Richards and Fireman, 1943). This apparatus applied a suction of -1/3 

atmosphere to a saturated soil sample to estimate the FC. The permanent wilting point 

(PWP) designates the minimum soil moisture required by a plant to prevent wilting. Once 

a plant depletes its water supply, it reaches the permanent wilting point, typically 

occurring at 15 bars. Despite some residual water in the soil at this stage, the roots 

encounter difficulty in extracting it, leading to the plant's inability to sustain turgor 

pressure and subsequent wilting and this is also estimated with pressure plate apparatus.  

Procedure 

Initially, the rubber rings were positioned on the porous ceramic plate, with 

multiple ceramic plates available for different pressures. Subsequently, the porous plate 

containing soil and the rubber rings was placed in a plastic tray filled with distilled water, 

allowing it to soak overnight. Approximately 25 g of sieved soil, passed through a 2 mm 

standard sieve, was then carefully placed into the rubber ring, levelled to the rim with a 

knife, and saturated with distilled water. Following this, the porous plate containing the 

prepared soil was introduced into the pressure chamber and connected to the extractor's 

outlet tube. The air compressor was linked to a power source, and upon activating the 

motor, the pressure inside the chamber was raised to the required level (1/3 bar for field 

capacity and 15 bars for wilting point moisture). Upon reaching equilibrium, the air 
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compressor and pressure line were turned off. Subsequently, excess pressure was released, 

and the extractor was opened to remove the pressure plate. The soil samples were then 

transferred into an aluminium tin, and their weight was measured. The samples were 

placed in an oven at 60 °C for three days, after which their remaining weight was 

measured. The available water content was then calculated based on the initial and final 

weights (R, 2002). 

Calculation 

 Field capacity 

Wt. of wet soil + aluminium tin = x g 

Wt. of oven dry soil + aluminium tin  = y g 

Wt. of empty aluminium tin   = z g 

��
�� �����
�� = ����� ���� ��� �� ���� ���
����
�ℎ� �  ���� ��� ��
�  ! 100 
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"'$%&  ! 100 

Wilting point 

Wt. of wet soil + aluminium tin = x g 

Wt. of oven dry soil + aluminium tin  = y g 

Wt. of empty aluminium tin   = z g 

(
���
�� ��
�� = ����� ���� ��� �� ���� ���
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                                     =
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3.1.4.2. Soil pH 

The soil pH was identified using a 1:2.5 ratio soil-water suspension with glass 

electrode (Jackson ,1973) using an EUTECH pH & electrical conductivity meter (model 

number PC 510; serial number: 2237098). 

3.1.4.4. Soil organic carbon 

Soil organic carbon was measured using the Chromic acid wet digestion method 

(Walkley & Black, 1934). 
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Principle 

In the presence of concentrated H2SO4, chromic acid oxidizes the organic carbon 

present in organic materials. When potassium dichromate and H2SO4 mix, nascent oxygen 

is produced, which reacts with carbon to form CO2. By producing heat of dilution, the 

H2SO4 makes it simple to digest organic material. Chromic acid is only used in a limited 

amount for oxidation. By back titrating with 0.5N ferrous sulphate or ferrous ammonium 

sulphate and using diphenylamine indicator, the surplus chromic acid left unused by the 

organic matter is identified.  

2K2Cr2O7 + 8H2SO4    → 2K2SO4 + 2Cr2(SO4)3 + 8 H2O + 6 (O) 

3C + (O)  → 3CO2 

Materials required 

(i). 1N Potassium dichromate, (ii). Diphenylamine indicator, (iii). 0.5N ferrous sulphate 

or ferrous ammonium sulphate, (iv). Concentrated H2SO4, (v). Phosphoric acid 

(Orthophosphoric acid 85 %), (vi) Conical flask 500 ml and (vii). Burette. 

Procedure 

A 500 ml conical flask was loaded with 0.5 g of soil after it had been passed through 

a 0.2 mm sieve. then 10 ml of 1 N K2Cr2O7 was added, and the flask was thoroughly 

stirred. Then, 20 ml of concentrated H2SO4 was added, and the mixture was gently rotated 

for 1 minute to ensure that the reagent had completely contacted the soil. Add 200 ml of 

water, 10 ml of phosphoric acid, and 1 ml of the diphenylamine indicator after 30 minutes. 

Then 0.5 N of ferrous ammonium sulphate was added to the solution as a titrant. As the 

titration progresses, the colour changes from a dark green at first to a turbid blue. The 

colour abruptly changed to a bright green at the endpoint. Simultaneously perform a blank 

titration (without soil) and noted the volume of 0.5 N ferrous ammonium sulphate 

consumed for the blank. 

Calculation  

Wt. of soil sample taken = 0.5 g  

Vol. of 1N potassium dichromate (K2Cr2O7) used  = 10 ml 

Vol. of 0.5 N ferrous ammonium sulphate ((NH4)SO4.FeSO4) 

 used for the blank titration = X ml  
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Volume of 0.5N ferrous ammonium sulphate ((NH4)SO4.FeSO4)  

used for ample titration = Y ml 

X ml of FeSO4 reduces 10 ml 1N potassium dichromate (K2Cr2O7)  

 Therefore Y ml of ferrous ammonium sulphate ((NH4)SO4.FeSO4) 

 reduces  = 
,
- x 10 

Hence actual quantity of 1N potassium dichromate (K2Cr2O7 ) used 

for oxidation of organic matter = 10- (10xY/X) ml 

1ml of 1N K2Cr2O7 = 0.003 g of C 

Therefore 10-(10 x Y/X) ml of 1N K2Cr2O7 =10 – (10 x 
,
- ) x  0.003 g 

This is present in 0.5 g of soil 

Organic carbon present in 100 g of soil  =10 – (10 x , 
-) x 0.003 x .//

/.1  

3.1.4.5. Available nitrogen 

The amount of soil available nitrogen in soil sample was determined by 

alkaline permanganate method (Subbiah & Asija, 1956). 

Principal 

Alkaline permanganate is added in excess to a known weight of soil, then the 

mixture is distilled. The nascent oxygen generated by KMnO4 in the presence of NaOH 

oxidizes the organic matter already present in the soil, releasing ammonia in the process. 

This released ammonia is taken up by a 2 % double-indicator boric acid solution, which 

then transforms it into ammonium borate. This ammonium borate was titrated against 

H2SO4 reference standards. 

          2KMnO4   →  3O + K2O + 2MnO2 

 Organic matter  →  release of R.NH2 

 R.NH2 + H2O  → R.OH + NH3 

Materials required 

(i) 0.32 % KMnO4 solution (3.2 g of KMnO4 dissolved in 1 litre distilled water), (ii) 2.5 

% NaOH solution (25 g of NaOH dissolved in litre of distilled water), (iii) 2 % boric acid 

(20 g of boric acid dissolved in 1 litre of distilled water), (iv) N/50 H2SO4, (v) Double 
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indicator (Bromocresol green (0.5g) and methyl red (0.1g) dissolved in 100 ml of ethyl 

alcohol), (vi) Distillation assembly, (vii) Burette and (viii) Beaker 100 ml. 

Procedure 

20 g of soil was weighed and placed into a distillation flask. The soil was then 

moistened with 30 ml of distilled water. 100 ml of freshly made 0.32 percent KMnO4 and 

100 ml of 2.5 % sodium hydroxide (NaOH) were added to the soil in the distillation flask. 

Kept a 100 ml beaker with 20 ml of 2 % boric acid below the condenser's delivery end in 

the distillation set, and collected the freed ammonia in the boric acid. Distillation should 

continue until no ammonia is present in the discharge. After that, N/50 sulfuric acid 

(H2SO4) used to titrate the ammonia gathered in the boric acid. 

Calculation 

 Wt. of soil sample taken   =  20 g 

 Vol. of N/50 H2SO4 consumed  = X ml (Titre value) 

 1 ml of N/50 H2SO4     = 0.00028 g Nitrogen 

 X ml of N/50 H2SO4     =  0.00028 x X g N 

 Nitrogen present in kg ha-1   = 
/.///23 "4& 2 ) ./5

2/   

3.1.4.6. Available phosphorous 

The amount of available phosphorus (P) from acidic soil (pH > 7) was determined 

by Bray 1 method (Bray & Kurtz, 1945). 

Principle 

Monocalcium phosphate and other acid soluble forms of P are extracted using 

Hydrochloric acid (HCl) and NH4F. The fluoride ion has the unique ability to mix with 

Al3+ and Fe3+ ions in acidic solutions, releasing the P that these ions were holding in the 

soil. The amount of accessible P that has been released into the soil solution is estimated 

calorimetrically. 

3NH4F + 3HF + AlPO4  = H3PO4 + (NH4)3AlF6 

 3NH4F + 3F + FePO4   = H3PO4 + (NH4)3FeF6 



Materials and Methods 

 

70 

Materials required 

(i). 0.5 M NaHCO3 (pH 8.5): 42 g of NaHCO3 dissolved in 1 litre of water, (ii).  Darco G. 

60 or activated carbon (free of phosphorous), (iii). Ascorbic acid,  

(iv). Reagent A   

a.  Dissolve 12 g of ammonium molybdate in 250 ml of distilled water. 

b.  Dissolve 0.291 g of antimony potassium tartrate in 100 ml of water. 

c.  Prepare 1000 ml of 5N H2SO4 (138 ml of conc.H2SO4 made up to 1 litre). Mix 

the above three reagents well and make up the volume to 2 litres. 

(v). Reagent B 

∗ 1.056 g of ascorbic acid dissolved in 200 ml of reagent A. (prepare reagent B freshly 

every time).  

(vi).  Shaking bottle 100 ml, (vii) Mechanical shaker, (viii) pipette, (ix). volumetric flask 

25 ml (x) Filter paper No.40, and (xi). photoelectric colourimeter. 

Procedure 

A 5 g of soil was weighed and placed in a 100 ml polythene shaking bottle. 50 ml 

of Bray No.1 extractant was added. For one minute, the contents were shaken in a 

reciprocatory mechanical shaker. Whatman No. 40 filter paper was used to filter the 

contents. Concurrently, I ran a blank. Pipette 5 ml of the filtrate into a 25 ml volumetric 

flask and add 4 ml of reagent B to make up the volume to 25 ml. Shake the contents for 

colour development and use a spectrophotometer (UV- Vis Spectrophotometer, model: 

Evolution 201, serial number: 5A4T146001) to detect the colour intensity at 660 nm. 

 Weight of the soil taken   =  20 g 

 Volume of N/50 H2SO4 used              = X ml (Titre value) 

 1 ml of N/50 H2SO4     = 0.00028 g Nitrogen 

 X ml of N/50 H2SO4     =  0.00028 x X g N 

 In 20 g of soil, this is present.  

 Therefore, N present in kg ha-1  = 
/.///23 "4& 2 ) ./5

2/   
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Preparation of standard curve 

Primary standard 

Potassium dihydrogen phosphate (KH2PO4) is dried at 40 0C and 0.2195 g of it is 

dissolved in 400 ml of distilled water. Then 25 ml of 1N H2SO4 is added and volume made 

up to 1000 ml. This gives 50 ppm of P. The addition of H2SO4 enhances the storage life of 

the standard solution. 

Secondary standard 

100 ml of the 50 ppm stock solution is diluted to 1000 ml. This gives 5 ppm of P. 

From these ten concentrations of P were prepared (Table 3.3). 

Table 3.3. Various dilutions of concentrations from P stock solution for preparing 

standard curve 

Concentration 

required 

Volume to be pipette out from 

5 ppm stock solution 

Volume to be 

made up to 

0.1 ppm 

0.2 ppm 

0.3 ppm 

0.4 ppm 

0.5 ppm 

0.6 ppm 

0.7 ppm 

0.8 ppm 

0.9 ppm 

      1.0      ppm 

0.5 ml 

1.0 ml 

1.5 ml 

2.0 ml 

2.5 ml 

3.0 ml 

3.5 ml 

4.0 ml 

4.5 ml 

5.0 ml 

25 ml 

25 ml 

25 ml 

25 ml 

25 ml 

25 ml 

25 ml 

25 ml 

25 ml 

25 ml 

(Source: rvskvv.net) 

5 ml of Bray No.1 extractant was added to the P solutions. 4 ml of reagent B was 

added. Distilled water was used to make up a volume of 25 ml. Filled the photoelectric 

colourimeter with the contents and recorded the percent transmittance.  Draw the curve by 

plotting the % transmittance against the concentration of P. The concentration of P in the 

soil extract was determined using this standard curve. 
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3.1.4.7. Available potassium  

The neutral n ammonium acetate (N NH4OAc) is used to extract the available 

potassium in the soil. With a flame photometer, the potassium content of the soil was 

measured (Stanford & English, 1949). 

Principle 

The K ions in the exchange sites are replaced with NH4
+ which releases K+. The 

concentration of K ions in the solution is then determined using Flame photometer. 

Materials required 

(i). 1N ammonium acetate (neutral in pH): Dissolve 77 g of AR grade ammonium acetate 

(CH3COONH4) in 1000 ml of distilled water. Adjust the pH to 7.0, (ii). Injection vials, 

(iii).  Filter paper No.40, (iv). Funnel and (v). Flame photometer. 

Procedure 

5 g soil was transferred to a 100 ml shaking bottle. 25 ml of 1N ammonium acetate 

was added, and the contents were shaken for 5 minutes in a mechanical reciprocating 

shaker. Whatman no.40 filter paper was used to filter the contents. Feed the filtrate into 

the flame photometer, record the reading, and then use a standard curve to calculate the 

available K content. 

Calculation 

 Weight of soil taken     = 5 g 

 Volume of extractant used     = 25 ml 

 Flame photometer reading    = T 

 Concentration of K in the standard curve for T = X ppm 

        =  X microgram/ml 

        =  X/ 106 g/ml 

 Therefore in 25 ml of solution   =  X/106 x 25 g 

 This is the amount of K present in 5 g of soil 

 Therefore, available K in soil in kg ha-1  =  
4

./5 x 
21 
1  x 2 x 106 
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Preparation of standard curve 

 

 Dissolved 1.907 g of AR grade KCl in one litter of water. The resulted 1000 ppm 

of K (1000 mg/ ml). 100 ml of 1000 ppm K is diluted to one litre which gives 100 ppm K. 

From this main stock solution, nine standards ranging from 10 to 100 ppm was prepared 

(Table 3.4). 

Recorded the flame photometer reading for the above K solutions and plotted the 

meter reading against the corresponding concentration of K. Used this standard curve for 

finding out the concentration of K in the soil extract. 

Table 3.4. Various dilutions of concentrations from potassium stock solution for 

preparing standard curve 

Concentration 

required 

Volume to be pipette out from 

100 ppm stock solution 

Volume to be 

made up to 

10 ppm 

20 ppm 

30 ppm 

40 ppm 

50 ppm 

60 ppm 

70 ppm 

80 ppm 

90 ppm 

10 ml 

20 ml 

30 ml 

40 ml 

50 ml 

60 ml 

70 ml 

80 ml 

90 ml 

100 ml 

100 ml 

100 ml 

100 ml 

100 ml 

100 ml 

100 ml 

100 ml 

100 ml 

 (Source: rvskvv.net) 

3.1.5. Irrigation 

The AWD approach involved periodically flooding a rice field to a depth of 

approximately 5 cm, allowing the field to dry until the water level reached a specific 

moisture threshold, i.e., 30 % soil moisture (fixed as per the site requirement), before 

reinitiating flooding (Fig.3.6a). In the initial stages, during the vegetative phase, the field 

was flooded to a depth of 3 cm and allowed to dry until the moisture content fell below 

the designated threshold. Subsequently in the next stages, the field was flooded again, this 

time to a depth of 5 cm. This cyclic irrigation pattern, alternating between flooded and 

non-flooded drying cycles, persisted throughout the rice crop growing season. However, 
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an exception was made one week before to one week after flowering, during which a 

ponded water depth of 5 cm above the soil was maintained to prevent water stress, a 

condition that could lead to significant yield losses. The AWD cycle was sustained beyond 

the flowering stage, extending into the grain filling and ripening phases. The soil moisture 

was permitted to decrease to 30 % before initiating the next flooding, referred to as 'Safe 

AWD irrigation' (Bouman et al., 2007). In this experimental field, we standardized the 

interval between two irrigations in the AWD method to 3 days until the appearance of soil 

cracks (see Fig.3.7). The duration between irrigations was contingent on factors such as 

soil type, rainfall, weather conditions affecting ETC (crop evapotranspiration), soil 

moisture levels, and the growth stage of the rice crop. 

The ideal conditions for rice development are often those that involve constant 

flooding of water (Fig.3.6b). Water levels should start out at about 3 cm after transplanting 

and progressively rise to 5–10 cm (depending on the height of the plants). They should 

stay there until the field is emptied 7–10 days before harvest. 

a 

 

b 

 

Fig.3.6. Lysimeter setup for (a) AWD and (b) Flooded/ water-logged irrigation methods 

 

Fig.3.7. Cracks appeaser in the soil between two irrigation events in the AWD 

irrigation method 
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3.1.6. Crop management 

3.1.6.1. Application of manures and fertilizers 

  During the time of land preparation, farm yard manure (FYM) was applied to the 

field at a rate of 5000 kg ha -1. Fertilizers were applied to the crop as per the 

recommendation in the package of practices (KAU, 2016). For medium duration 110 N: 

45 P2O5: 45 K2O kg ha-1 has been recommended. The recommended doses of fertilizers 

were applied using fertilizers like urea for N, mono ammonium phosphate (MAP) for P 

and muriate of potash (MUP) for potassium (K). 131.93 g of Urea for N2 treatment and 

158.32g for N3 treatment were applied in the experimental plot in three different stages of 

paddy growth, first during the basal preparation, then during the tillering stage and then 

during the panicle initiation stage. N1 treatment had no N input hence, the rest of the 

nutrients i.e. phosphorus and potassium were applied in all experimental plots according 

to recommendations (see Table 3.5).  The entire dose of P, a half dose of potassium was 

given as basal application while the remaining half dose potassium was top dressed during 

panicle the initiation stage. The detailed nutrient distribution in the experimental plot is in 

Table 3.5. 

Table 3.5. Nutrients distribution in the experimental plot 

Treatment 

Urea (g) MAP (g) MOP (g) 

BA AT API BA AT API BA AT API 

N2 43.98   43.98 43.98 44.26  - - 22.5 - 22.5 

N3 52.77 52.77 52.77 44.26  - - 22.5 - 22.5 

     SSP (g)     

N1 - - - 205.00 - - 22.5 - 22.5 
 

Where, N1- 0 % N application of the recommended dose of nutrients through inorganic 

fertilizers; N2- 100 % N application of the recommended dose of nutrients through 

inorganic fertilizers: NF3- 120 % N application of the recommended dose of nutrients 

through inorganic fertilizers; MAP- Mono ammonium phosphate; MOP- Muriate of 

potash; SSP- Single Super Phosphate; BA- Basal application; AT- At tillering; API- At 

panicle initiation 
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3.1.6.2. After planting 

To control the weeds a hand-weeding was carried out After transplanting hand 

weeding was practiced throughout the crop period. Proper control measures through 

Integrated pest management -IPM (Nimbicidin, Pheromone trap, and mixture of chilly, 

ginger, pepper, and a sticking agent like soap) were undertaken to protect the crop from 

pests and diseases. All 19 (19N: 19P: 19K) was sprayed at 0.1 % twice a week up to two 

months after transplanting. 

3.1.7. Observations 

Field observations were taken in the three different growth stages of the crop, i.e., 

tillering, flowering, and maturity. In order to take the observations three plants have been 

selected randomly from each plot avoiding the border plants at different developmental 

stages of rice, i.e., tillering (30 days after transplanting (DAT)), flowering (60DAT), and 

maturity (105 DAT) and tagged. Biometric, physiological and yield parameters of these 

plants were observed. 

 Biometric characters 

3.1.7.1. Plant height 

Plant height at regular intervals was noted using a meter scale in centimetres. The 

height of the plants from the base/ above the ground level to the tip of the longest leaf has 

been recorded for all five observational plants in each plot. 

3.1.7.2. Number of tillers 

The total number of tillers were counted from the base and expressed as numbers. 

3.1.7.3. Leaf area index 

 The leaf area of the flag leaf was found out by direct method using the given 

formula by measuring the length and maximum width (middle portion) of the flag leaf. 

Also measured by the graphical method by sketching the outline of the leaf on graph paper 

and calculated its area (Tanko & Hassan, 2016).  

LAI = L × W × K × No. of leaves plant$.
Land area occupied by plant  

Where, L - Length of leaf (cm)                 

K - Correction factor (0.75)  
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W - Width of leaf (cm) 

3.1.7.4. Number of panicles  

The number of panicles per plant were counted. 

3.1.8. Determination of water input  

Total water input was measured in both water management treatments. Total water 

input comprised both irrigation and rainfall. In both treatments, irrigation water volume 

was inputted to each plot by adding the water supplied through the irrigation pipeline, 

while rainfall data were collected from the CWRDM meteorological yard. If there is 

enough rain, the demand for daily watering can be reduced. There is no need for further 

irrigation when there has been adequate rainfall and the land has acquired moisture from 

the rain. As a result, rain can immediately contribute to water conservation. When rainfall 

effectively hydrates the soil, the need for extra irrigation water is reduced. This can result 

in less overall water input on rainy days. 

(���� ���
��"%& = ����� 
���� 
� O� ����P − ����� 
���� 
� R(S �����P(���� 
���� 
� O� �����P × 100  
3.1.9. Statistical analysis 

Statistical analysis such as two-factor ANOVA and post-hoc (Fisher’s Least 

Significant Difference- LSD) were accomplished using GRAPES software (Gopinath et 

al., 2021). Wherever the treatment differences were significant, the critical difference was 

worked out at a 5 per cent and 10 per cent probability level. The non-significant treatment 

difference is denoted by NS. 

3.2. Experiment -2        

Evaluation of nutrient management and method of planting on crop productivity of aerobic 

rice and estimating the water saving in aerobic using FAO-CROPWAT model 

This experiment was designed to evaluate different nutrient management practices 

and methods of planting with respect to aerobic rice production in addition, an attempt was 

made to quantify the water saving under aerobic rice and the methodology for this 

experiment is detailed hereunder. 
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3.2.1.  Design and Layout  

The experiment was carried out during the Viruppu season of 2019 with 

randomized block design (RBD) on direct planted and transplanted aerobic rice with the 

Uma rice cultivar in the experimental field of Land and Water Management Research 

Group Division at Centre for Water Resources Development and Management 

(CWRDM), Kunnamangalam, Kozhikode, Kerala, India (Fig.3.8). The Regional 

Agriculture Research Station in Pattambi, Kerala, provided the rice seed. Before the 

experiments, soil chemical analysis was done to determine the soil physicochemical 

properties. The treatments that were attempted are given the Table 3.6. It consisted of (1) 

method of planting, which consists of (a) Direct Seeding Rice (DSR) - P1, a system of rice 

growing in which rice seeds are sown directly in fields without going through a nursery 

stage or being transplanted, and (b) transplanting – P2; and (2) nutrient management 

practice treatment, which consists of applying (a) 125 % of inorganic fertilizers -T1, (b) 

100 % of inorganic fertilizers -T2, and (c) 100 % of organic manures -T3. Twenty-five 

days old seedlings were transplanted with a spacing of 20 cm x 15 cm in the experimental 

plots.   The recommended dose of fertilizers (NPK) was applied to the plots as per the 

treatment schedule (KAU, 2016). All the local cultural and management practices were 

adopted as per the package of practices of Kerala Agricultural University (KAU, 2016). 

The experiment comprised six treatments with six replications and was conducted in non-

puddled soil.  

Table 3.6. Experiment 2- treatment details 

Treatments 

Method of planting Nutrient levels 

P1- Direct seeding of rice (DSR)   T1 – 125 % of inorganic fertilizers 

P2- Transplanted T2 – 100 % of inorganic fertilizers 

 T3 – 100 % of organic manures  
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Fig.3.8. Experiment 2 - diagrammatic representation of experimental field 

(T1 – 125 % of inorganic fertilizers, T2 – 100 % of inorganic fertilizers and T3 – 

100 % of organic manures) 

3.2.2. Variety 

Uma (MO 16) is the rice variety used in this experiment. Detailed procedure is 

already explained section 3.1.2. 

3.2.3. Climatic parameters. 

Different climatic parameters namely, minimum temperature, maximum 

temperature, rainfall, minimum relative humidity, maximum relative humidity, solar 

radiation, and pan evaporation were measured throughout the crop period from the 

meteorological observatory of CWRDM. 

3.2.4. Soil Characters 

Soil samples were randomly gathered from experimental fields, encompassing 

two distinct depths: 0 to 15 cm and 15 cm to 30 cm. Subsequently, these samples 

underwent analysis to determine their physicochemical attributes, along with the 

available concentrations of nitrogen (N), phosphorus (P), and potassium (K), employing 

the methods outlined below. The collected samples were subjected to shade-drying, 

followed by pulverization and sieving through a 2 mm sieve, and then analysed for 

selected nutrients. 
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Soil Physicochemical properties 

3.2.4.1. Bulk density 

Bulk density, also known as apparent density, is the ratio of soil mass to total 

volume, including air space and organic elements. It is calculated using the oven dry 

weight of a unit volume of soil and represented in mg m-3. The soil's bulk density is 

assessed by taking a disturbed chunk of soil with a cylindrical core (Gupta & 

Dakshinamoorthy, 1981). The bulk density was calculated as the volume of the core and 

the weight of the soil by using the following formula. 

Principle 

The bulk density and percent pore space are calculated using the apparent and 

actual volumes of soil measured by adding a known amount of water to a measuring 

cylinder containing a weighed quantity of soil. 

Materials required 

(i). Measuring cylinder (100 ml) with a glass stopper and (ii). Balance. 

Procedure 

Weighed 20 g of soil sample and gently tapped the cylinder to transfer small 

quantities at a time to a 100 ml measuring cylinder with a glass stopper. Noted the volume 

when the soil has been entirely transported. Using a pipette, add 50 ml of water around the 

walls of the cylinder until the entire soil mass is completely soaked. After that, the final 

volume of soil was noted. Keep the cylinder with soil and water undisturbed for at least 30 

minutes to allow the entire pore area to fill with water and then final volume of soil plus 

water was recorded. 

Calculation 

          Weight of the soil sample           =  W (20) g 

Volume of the soil taken    = V1 ml   

Volume of water added     =  V2 ml 

Volume of soil + water     = V1+V2 ml 

Volume of soil + water at the end of experiment      = V3 ml 
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Pore space volume     = (V1+V2) - V3 ml 

Per cent pore space      = 
(TU+TV) - TW 

TU   x 100 

Bulk density      = 
XY.Z[ \Z]^
_Z^.Z[ \Z]^ g/cc 

3.2.4.2. Particle density  

Particle density and total porosity are measured through the cylinder method 

(Gupta & Dakshinamoorthy, 1981). Porosity is that fraction of soil volume excluding pore 

space. For a detailed procedure is explained in section 3.2.4.1. 

`���
��� ����
�� =  abcdef gh feb igcj
kgcj lgjmnb$ogpb iqrsb lgjmnb                                 

3.2.4.3. Field capacity  

Field capacity is the soil's ability to retain water once extra liquid has been removed 

and the velocity of downward movement has slowed. It is often expressed as a percentage 

of the soil's dry weight. Field capacity is the maximum amount of water that can be used 

by plants since it provides the best absorption of nutrients and water. A pressure plate 

apparatus was used to apply a suction of -1/3 atmosphere to a saturated soil sample in order 

to determine field capacity. Detailed procedure is already explained section 3.1.4.1.  

3.2.4.4. Permanent wilting point 

The minimum amount of water in the soil that a plant needs to avoid wilting is 

known as the PWP.  When a plant runs out of water, it reaches the permanent wilting point, 

which is typically at 15 bars. Even though there is still some water in the soil at this point, 

the roots are finding it challenging to draw it up. Detailed procedure is already explained 

section 3.1.4.1. 

3.2.4.5. Soil pH 

Soil pH was measured using 1:2.5 ratio soil-water suspension with the glass 

electrode (Jackson ,1973) using the Eutech pH & electrical conductivity meter (model 

number PC 510; serial number: 2237098). 
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3.2.4.6. Soil organic carbon 

Soil organic carbon was measured through a chromic acid wet-digestion method 

(Walkley & Black, 1934). Detailed procedure is already explained section 3.1.4.4. 

3.2.4.7. Available nitrogen 

The amount of available soil nitrogen in the soil sample was determined by 

the alkaline permanganate method proposed by Subbiah & Asija, 1956 (As described in 

section 3.1.4.5). 

3.2.4.8. Available phosphorous 

The amount of available soil P from the soil was extracted with  

Bray I extractant (0.025 N HCl + 0.03 N NH4F) Blue colour was developed using ascorbic 

acid as reductant and the colour intensity was measured at 660 nm with a 

spectrophotometer (UV- Vis Spectrophotometer, model: Evolution 201, serial number: 

5A4T146001) (Bray & Kurtz, 1945) (As explained in section 3.1.4.6). 

3.2.4.9. Available potassium  

Neutral ammonium acetate (N NH4OAc) was used to extract the available 

potassium in the soil. The soil available potassium concentration was measured in a flame 

photometer (Stanford & English, 1949). Detailed procedure is already explained section 

3.1.4.7.  

3.2.5. Crop management 

3.2.5.1. Application of manures and fertilizers 

  During the time of land preparation, FYM was applied to the field at a rate of 5000 

kg ha -1. Fertilizers were applied to the crop as per the recommendation in the package of 

practices (KAU, 2016). For medium duration 110 N: 45 P2O5: 45 K2O kg ha-1 has been 

recommended. The recommended doses of fertilizers were applied using fertilizers like 

urea for N, mono ammonium phosphate (MAP) for P and muriate of potash (MUP) for K. 

Urea was applied in the experimental plot in three different stages of paddy growth, first 

during the basal preparation, then during the tillering stage and then during the panicle 

initiation stage.  The entire dose of P and a half dose of potassium was given as basal 

application while the remaining half dose potassium was top dressed during the panicle 

initiation stage. For organic manure, slight adjustments were made concerning P and K so 
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that N application was common as per the treatments. The detailed nutrient distribution in 

the experimental plot is in Table 3.7. 

Table 3.7. Nutrients distribution in the experimental plot 

Treatment 

Urea (g) MAP (g) MOP (g) 

BA AT API BA AT API BA AT API 

T1 54.98 54.98 54.98 55.33 - - 28.13 - 28.13 

T2 43.98 43.98 43.98 44.26 - - 22.5 - 22.5 

 Compost Organic NPK (ml) 

T3 420.00 420.00 420.00 0.75 0.75 0.75 

 

Where, T1- 125 % of inorganic fertilizers; T2- 100 % of inorganic fertilizers; T3- 100 % 
of organic manures; MAP- Mono ammonium phosphate; MOP- Muriate of potash; BA - 
Basal application; AT - At tillering; API - At panicle initiation    
 

3.2.5.2. After planting 

To control the weeds a hand-weeding was carried out. After transplanting hand 

weeding was practiced throughout the crop period. Proper control measures through 

Integrated pest management -IPM (Nimbicidin, Pheromone trap, and mixture of chilly, 

ginger, pepper, and a sticking agent like soap) were undertaken to protect the crop from 

pests and diseases. All 19 (19N: 19P: 19K) was sprayed at 0.1 % twice a week up to two 

months after transplanting.  

3.2.6. Observations 

Field observations were taken in the three different growth stages of the crop, i.e., 

tillering, flowering, and maturity. In order to take the observations five plants have been 

selected randomly from each plot avoiding the border plants at four different 

developmental stages of rice, i.e., tillering (30th day), flowering (50th day), maturity (85th 

day) and harvest (115th day) were tagged. Biometric, physiological and yield parameters 

of these plants were observed. 
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Biometric characters 

3.2.6.1. Plant height 

Plant height at regular intervals was noted using a meter scale in centimetres. The 

height of the plants from the base/ above the ground level to the tip of the longest leaf has 

been recorded for all five observational plants in each plot. 

3.2.6.2. Number of tillers 

The total number of tillers was counted from the base and expressed as numbers. 

3.2.6.3. Grain yield 

At the harvest grain yield of each plot has been recorded in kg ha -1. 

3.2.7. Irrigation using FAO-CROPWAT 

 Using FAO - CROPWAT (Fig.3.9) software, irrigation requirements and 

schedule were created for all three-rice growing season of Kerala, including for both 

aerobic and anaerobic cropping. Equation (1) illustrates how the FAO Penman-Monteith 

approach (Doorenbos & Kassam 1979; Allen et al., 1998; Surendran et al., 2015, 2017) 

was used to compute the irrigation quantity.    

 

Fig.3.9. Home page of FAO CROPWAT software 
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ETo = 0.408v"w� − x& + Υ 900{ + 273 �2"�i − �i&
v + Υ"1 + 0.34 �2&  

…… (1) 

ETo- Reference crop evapotranspiration (mm day-1) 

Rn - Net radiation at the crop surface (MJ m-2 day-1) 

G - Soil heat flex density (MJ m-2 day-1) 

T- Mean daily air temperature at 2m height (oC) 

u2 - Wind speed at 2 m height (ms-1) 

es- Saturation vapour pressure (Kpa) 

ea- Actual vapour pressure 

es-ea- Saturation vapour pressure deficit (Kpa) 

∆ − Slope vapour pressure curve [ Kpa (oC)] 

γ − Psychrometric constant [ Kpa (oC)] 

 

 The climatic parameters used for the determination of ETo are maximum 

temperature and minimum temperature in oC, maximum relative humidity and minimum 

relative humidity in %, wind speed in km/day, solar radiation/ sunshine hours in hr, 

latitude, longitude and altitude (in m) observed from the CWRDM meteorological 

observatory of experimental filed. ET0 was determined for every ten days during the entire 

experimental period using long-term historic climatic data (1983 to 2019). Crop 

evapotranspiration (ETC) per decade is calculated by multiplying ET0 by the crop 

coefficient values (Kc) taken from available published data (Surendran et al., 2017). The 

total water requirement was calculated as per equation 2.  

(w =  |{s + R���
���
�� }������ + ~���
�� �����    --- (2) 

Where,  WR –Water Requirement of crops 

 ETC - Crop Evapotranspiration 

 Special needs – such as land preparation in the case of paddy  

Percolation water losses for anaerobic and aerobic rice were assigned as 6 mm/day 

and 2 mm/day, respectively (Surendran et al., 2017). In addition, 300 mm and 200 mm of 

water required for the land preparation activities for anaerobic and aerobic rice, 

respectively. According to equation 3, net irrigation demand, also known as net irrigation 

requirement (NIR), was calculated by deducting the amount of crop water required from 
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the effective rainfall obtained during the crop growth period and, if any, groundwater 

contribution.   

��w = (w − |w − x� …….  (3) 

Were,    ER- Effective rainfall 

Ge –Ground water contribution from water table (not considered in the calculation 

as this is negligible) 

 The amount of rainfall that is effectively utilized by the crop is known as 

effective rainfall, or ER (Peff). After a heavy rainfall, some water is lost by surface runoff 

and deep percolation. Therefore, CROPWAT 8.0 provides four methods—a set 

percentage, reliable rain, empirical formula, and USDA Soil Conservation Service 

methods to account for losses resulting from runoff or percolation. The USDA Soil 

Conservation Service approach was chosen for this investigation. 

b̀hh = ǹg�fe  ! "125 − 0.2 ! ǹg�fe&/125  �� ǹg�fe  ≤ 250P 

b̀hh = 125 + 0.1 ! ǹg�fe   �� ǹg�fe > 250P 

Were,  

 Pmonth = Monthly rainfall and  

 Peff= Effective rainfall  

3.2.8. Simulating the water saving of aerobic rice  

 Simulation research was done to estimate the water-saving benefits of aerobic rice 

farming compared with conventional flood rice growing i.e. anaerobic rice cultivation. 

Using the CROPWAT model, the net irrigation needs and total crop water requirement for 

each of all three rice-growing seasons of Kerala were determined. The Virippu season/ 

Autumn season is the first crop season, which starts in April - May and extends up to 

September – October. The second season is the Mundakan season/ Winter season, which 

starts in September - October and extends up to December - January. The third crop season 

is the Puncha season/ Summer season, which starts in December - January and extends up 

to March – April. Data sets pertaining to rice farming, such as the total area planted with 

rice, and the amount of rice produced, etc. of Kozhikode districts for the past thirty years 

were collected from the Department of Economics and Statistics data (DoES, 2023). The 

FAO CROPWAT model 8.0 was utilized to determine the total water need based on the 

area under rice cultivation, considering both aerobic and flooded conditions, as previously 
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mentioned. (Surendran et al., 2017).  Based on the assumption that the flooded area has 

been converted to an aerobic farming method, these data were compared with respect to 

water saving. 

3.2.9. Statistical analysis 

Statistical data analysis - two-factor ANOVA and post hoc (LSD) were carried out 

using average values, and standard error using GRAPES software (Gopinath et al., 2021). 

Wherever the treatment differences were significant, the critical difference was worked 

out at a 5 per cent and 10 per cent probability level. The non-significant treatment 

difference is denoted by NS. 

3.3. Experiment -3        

Assessing the different levels of water and nutrient application on growth and productivity 

of rice under aerobic cultivation 

This third experiment was designed to evaluate the effect of different levels of 

water and nutrient management practices on aerobic rice yield. During the field 

experiment, the leaf rolling phenomenon was observed in some patches of the 

experimental plot irrespective of the irrigation treatments carried out. Hence, a brief study 

was conducted to identify the management strategies for the leaf-rolling issue in paddy 

and to understand its leaf-rolling behaviour under different moisture-absorbing mediums. 

The detailed methodology for this experiment is detailed hereunder. 

The experimental design was a randomized block design (RBD) conducted 

during the summer (Puncha) season of 2020 (January to April), on aerobic rice with the 

Uma rice variety in the field of Land and Water Management Research Group Division at 

the CWRDM, Kunnamangalam, Kozhikode, Kerala, India. The Regional Agriculture 

Research Station in Pattambi, Kerala, provided the rice seed. The first one is the experiment 

we planned to evaluate irrigation and nutrient management practices under aerobic rice and 

during the experiment, we noticed a leaf-rolling phenomenon in the plots. Hence, to 

understand the leaf rolling pattern and effective soil moisture management practices a sub-

experiment was held with a set of moisture absorbent media mixed with the soil as 

treatments. The third experiment was conducted to analyse the leaf rolling with soil alone 

and along with moisture absorbent media and recovery pattern using videography in a pot 

culture experiment. The details of individual experiments are described hereunder. 
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3.3.1.  Field experiment 

3.3.1.1. Design and Layout 

The first experiment has a randomized block design (RBD). Different irrigational 

and nutrient management were attempted (Table 3.8). Two irrigation management 

practices were selected. They were 1. 100 % ETC (I1) and 2. 120 % ETC (I2). Three 

different nutrient management practices were opted for. These were comprised of 1. 75 % 

recommended dose of N and 100% P & K application of inorganic (IO) fertilizers(T1); 2. 

100 % recommended dose of NPK application of inorganic (IO) fertilizers (T2); 3. 125 % 

recommended dose of N and 100% of P & K application  application of inorganic (IO) 

fertilizer (T3). A recommended dose of fertilizers (KAU, 2016) was applied and the exact 

quantities of nutrients were applied to the individual treatments based on the nutrient 

content present in the inorganic fertilizers. The dosage was applied at three stages, 1/3 % 

dose at bed preparation, 1/3 % dose of N at maximum tillering stage and the remaining 1/3 

% dose at panicle initiation stage, as per the package of practices recommendations of 

KAU. All the cultural and management practices were adopted as per the package of 

practices of Kerala Agricultural University (KAU, 2016). The experiment comprised six 

treatments with five replications and was conducted in puddled soil. According to the 

package of practices recommendation the field has been ploughed well to bring fresh 

nutrients the surface and to incorporate the stubbles. After that, the land was puddled and 

then the experimental field was divided into plots as per the layout of the field (Fig.3.10). 

Nursery was maintained near to the experimental field (Fig.3.11) and transplanting was 

done on the twenty-first day of plating (Fig.3.12 & Fig.13) as per the spacing 

recommended (20 cm X 10 cm) in the package of practices (KAU, 2016) (Fig.3.14). 9.5 

m2 (2.5 m X 3.8 m) was the area of each plot. 

Table 3.8. Experiment 3- treatment details 

Treatments 

Irrigation levels Nutrient levels 

I1- 100 % ETC T1 - 75 % Recommended dose of N and 100% P & K application 

I2- 120 % ETC T2 - 100 % Recommended dose of NPK application  

 T3 – 125 % Recommended dose of N and 100% of P & K application  



Materials and Methods 

 

89 

3.3.1.2. Climatic parameters. 

 Different climatic parameters namely, minimum temperature, maximum 

temperature, rainfall, minimum relative humidity, maximum relative humidity, solar 

radiation, and pan evaporation were measured throughout the crop period from the 

meteorological observatory of CWRDM. 

 

 

 

Fig. 3.10. Experiment 3- diagrammatic representation of experimental field 

(I1- 100 % ETC ; I2- 120 % ETC ; T1    - 75 % of N application of inorganic 

fertilizers; T2 - 100 % N application of inorganic fertilizers; T3    - 125 % N 

application of inorganic fertilizers) 
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Fig.3.11. Nursery maintenance of rice for the transplantation 

 

 

 

Fig.3.12. Images of seedling and transplantation of seedling from nursery to 

experimental field. 
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Fig.3.13. Transplanted experimental field  

         

 

Fig.3.14. Experiment plot at tillering stage 

3.3.1.3. Soil Characters 

soil samples were collected from experimental fields at random for a depth of 0 

to 15 cm and 15 cm to 30 cm and analysed for physio-chemical characteristics as per the 

standard methods mentioned below.  
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3.3.1.3.1. Soil pH 

Soil pH was measured using 1:2.5 ratio soil-water suspension with a glass electrode 

(Jackson ,1973) using the Eutech pH & electrical conductivity meter (model number PC 

510; serial number: 2237098). 

3.3.1.3.2. Soil organic carbon (SOC) 

SOC was measured through the chromic acid wet digestion method (Walkley & 

Black, 1934). Detailed procedure is already explained section 3.1.4.4. 

3.3.1.3.3. Available nitrogen 

The amount of available soil nitrogen in the soil sample was identified by the 

alkaline permanganate method (Subbiah & Asija, 1956). Detailed procedure is already 

explained section 3.1.4.5. 

3.3.1.3.4. Available phosphorous 

The amount of available P from the soil was extracted with Bray I extractant (0.025 

N HCl + 0.03 N NH4F) Blue colour was developed using ascorbic acid as reductant and 

the colour intensity was measured at 660 nm with a spectrophotometer (UV- Vis 

Spectrophotometer, model: Evolution 201, serial number: 5A4T146001) (Bray & Kurtz, 

1945). Detailed procedure is already explained section 3.1.4.6. 

3.3.1.3.5 Available potassium  

Neutral normal ammonium acetate (N NH4OAc) is used to extract the available 

potassium in the soil. The soil available potassium concentration was read in a flame 

photometer (Stanford & English, 1949). Detailed procedure is already explained section 

3.1.4.7. 

3.3.1.4 Crop management 

3.3.1.4.1. Application of manures and fertilizers 

  During the time of land preparation, FYM was applied to the field at a rate of 5000 

kg ha -1. Fertilizers were applied to the crop as per the recommendation in the package of 

practices (KAU, 2016). For medium duration 110 N: 45 P2O5: 45 K2O kg ha-1 has been 

recommended. The recommended doses of fertilizers were applied using fertilizers like 

urea for N, mono ammonium phosphate (MAP) for P and muriate of potash (MUP) for 
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potassium (K). Urea was applied in the experimental plot in three different stages of paddy 

growth, first during the basal preparation, then during the tillering stage and then the during 

panicle initiation stage.  The entire dose of P and a half dose of potassium were given as 

basal application while the remaining half dose of potassium was top dressed during the 

panicle initiation stage. For organic manure, slight adjustments were made concerning P 

and K so that N application was common as per the treatments. The detailed nutrient 

distribution in the experimental plot is in Table 3.9. 

Table 3.9. Nutrients distribution in the experimental plot 

Treatment 

Urea (g) MAP (g) MOP (g) 

BA AT API BA AT API BA AT API 

T1 32.99 32.99 32.99 44.26 - - 22.5 - 22.5 

T2 43.98   43.98 43.98 44.26  - - 22.5 - 22.5 

T3 54.98 54.98 54.98 44.26  - - 22.5 - 22.5 

 

Where, T1 - 75 % of N application of inorganic fertilizers; T2 - 100 % N application of 
inorganic fertilizers; T3 - 125 % N application of inorganic fertilizers; MAP- Mono 
ammonium phosphate; MOP- Muriate of potash; BA - Basal application; AT   - At tillering 
API - At panicle initiation    
 

3.3.1.4.2. After planting 

 To control the weeds a hand-weeding was carried out. After transplanting hand 

weeding was practiced throughout the crop period. Proper control measures through 

Integrated pest management -IPM (Nimbicidin, Pheromone trap, and mixture of chilly, 

ginger, pepper, and a sticking agent like soap) were undertaken to protect the crop from 

pests and diseases. All 19 (19N: 19P: 19K) was sprayed at 0.1% twice a week up to two 

months after transplanting. 

3.3.1.4.3. Irrigation using FAO-CROPWAT 

Irrigation was scheduled with the help of FAO- CROPWAT software. Detailed 

procedure is already explained section 3.2.7. 
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3.3.1.4.4. Observations 

Field observations were taken in the three different growth stages of the crop, i.e., 

tillering, flowering, and maturity. In order to take the observations five plants have been 

selected randomly from each plot avoiding the border plants at four different 

developmental stages of rice, i.e., tillering (30th day) and maturity (85th day) were tagged. 

Biometric, physiological and yield parameters of these plants were observed. 

 Biometric characters 

3.3.1.4.4.1. Plant height 

Plant height at regular intervals weas noted using a meter scale in centimetres. The 

height of the plants from the base/ above the ground level to the tip of the longest leaf has 

been recorded for all five observational plants in each plot. 

3.3.1.4.4.2. Number of tillers 

Total number of tillers was counted from the base and expressed as numbers. 

Yield parameters 

3.3.1.4.4.3. Number of panicles/ tiller 

The number of panicles per plant was counted. 

3.3.1.4.4.4. Panicle length/ tiller 

Panicles from each plot were selected at random and the length of the panicles 

was measured from the point of attachment on the stem to the tip of the panicle and 

expressed in cm. 

3.3.1.4.4.5. Number of spikelets/ panicle 

 The number of spikelets in a panicle was recorded after harvesting. The panicles 

are collected randomly from the five observational plants. 

3.3.1.4.4.6. Number of hollow spikelets/ panicle 

 The number of hollow spikelets in a panicle was recorded after harvesting. The 

panicles are collected randomly from the five observational plants. 
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3.3.1.4.4.7. Number of filled grains/ panicle 

The number of filled grains in a panicle was recorded from panicles that were 

collected randomly from the five observational plants. 

3.3.1.4.4.8. Weight of Thousand grains 

 Cleaned, dry 1000 grains were counted and then the weight of 1000 grains were 

observed in grams. 

3.3.1.4.4.9. Straw yield 

 Straw obtained during the harvest time was dried and then the dry weight was 

recorded in kg ha -1. 

3.3.1.4.4.10. Harvest Index 

The harvest index was calculated by using the following formula and expressed in 

percentage (Beadle, 1987).  

������� 
���! "%& =   x��
� �
����
����
��� �
��� x 100  
Where, Biological yield = Grain yield + Straw yield 

3.3.1.4.4.11. Grain yield 

 At the harvest grain yield of each plot has been recorded in kg ha -1. 

Physiological observations. 

3.3.1.4.4.12. Chlorophyll content 

Measured 1g of finely chopped plant sample, placing it in a clean mortar. 

Subsequently, the tissue was finely ground to a pulp by adding 20 mL of 80 % acetone. 

After centrifugation at 5000 rpm for 5 minutes, the resulting supernatant was carefully 

transferred to a 100 mL volumetric flask. The residue underwent additional grinding with 

20 mL of acetone, followed by centrifugation, and the supernatant was combined with the 

previously collected solution. This process was iterated until the residue attained a 

colourless state. 

The mortar and pestle were meticulously washed with 80 % acetone, and the 

resulting clear washings were gathered in the volumetric flask. The volume was adjusted 
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to 100 mL using 80 % acetone, and the absorbance of the solution was measured at 645, 

663, and 652nm against a blank of the solvent (80 % acetone). Subsequently, the quantity 

of chlorophyll in the extract was calculated using the provided equations, expressed in 

milligrams of tissue: 

P� �  Oℎ�����ℎ��� � = 12.7"R���& − 2.69"R��1& � �1000 � ( 

P� �  Oℎ�����ℎ��� � = 22.9"R��1& − 4.68"R���& � �1000 � ( 

{���� Oℎ�����ℎ��� = 20.2 "R��1& − 8.02 "R���& � �1000 � ( 

Where,  A = Absorbance at specific wavelengths 

  V = Final volume of chlorophyll extract in the 80 % acetone solution 

  W = Fresh weight of tissue extracted. 

3.3.1.4.4.13.  Photosynthetic rate 

 The photosynthetic efficiency of each plant was taken using the LSI-SD portable 

photosynthetic system (ADC Bio Scientific Ltd, Hoddesdon, UK, serial number: 34336) 

after one month of the plantation. Measurements were taken on a bright sunny day on fully 

expanded uppermost leaves from 9:00 to 11:30 am (Fig.3.15). Due to the inconvenience 

plants with smaller leaves and poor growth were not considered for study. 

 

Fig.3.15. Measuring the photosynthetic rate of paddy using LSI-SD portable 

photosynthetic system 
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3.3.2. Leaf rolling experiment 

Understanding the leaf rolling of Paddy and exploring its management options under 

aerobic rice 

During the field experiment, the leaf-rolling phenomenon was observed in some 

patches of the experimental plot (Fig.3.16). After observation, a second experiment was 

planned, and these plots were again subdivided and a few soil amendments as moisture 

absorbents were applied to understand the changes in the leaf rolling pattern. Hence to 

understand the same, different moisture-absorbent growing media such as cocopeat, 

compost, sawdust and vermiculite were incorporated into the different micro plots of size 

(2 * 2 m) and replicated five times to understand the effect along with the control. 

Fig.3.16. Leaf rolling in the experimental field 

Observations 

3.3.2.1. Soil water content   

Volumetric Soil Water Content (SWC) (%) was measured using a soil moisture 

probe (Procheck Decagon Devices (Digital), Model no; PC4597, Made: USA). The 

experimental data were statistically analysed by analysis of variance method as suggested 

by Panse & Sukhatme (1954). 
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3.3.2.2. Relative water content  

Water potential serves as a valuable indicator of the energy state of plant water and 

is particularly beneficial for understanding transport within the soil–plant-atmosphere 

continuum. It stands out as the most suitable gauge of water status when considering the 

physiological implications of cellular water deficiency. The process involved the 

collection and tagging of fresh samples from the newest and fully expanded leaves. These 

leaves were carefully cut into undamaged, small pieces, with each piece weighing 0.5 g on 

a precision weighing balance. Subsequently, the samples were immersed in water-soaked 

tubes for a 4-hour duration, allowing the determination of the turgid weight. After water 

absorption, the samples were transferred to Petri dishes and subjected to oven-drying at 80 

°C for a full day, 24 hours, facilitating the determination of the dry weight. The Relative 

Water Content (RWC) was then calculated using the provided equation. 

w(O = � � − ���� − �� �  ! 100 

Where,           RWC= relative water content 

 fw= fresh weight; 

  dw= dry weight 

 tw= turgid weight 

3.3.2.3. Membrane leakage  

Assessing the extent of cell membrane damage caused by water stress can be 

conveniently gauged by measuring the leakage of electrolytes from the cells. Cell 

membranes represent one of the primary focal points affected by various plant stresses, 

and it is widely acknowledged that preserving their integrity and stability in the face of 

water stress is a crucial factor contributing to the overall drought tolerance of plants. To 

determine membrane leakage, fresh samples of leaves were collected in a polythene bag 

and labelled for each treatment. According to treatment samples were cut into 1 cm2 size 

and weighed 0.5 g gave in weighing balance. Weighed samples were placed in test tubes 

containing distilled water for 4 hrs and initial EC was measured by a conductivity meter. 

After this, the solution was placed in a hot water bath at 110 0C for 30 minutes. Later final 

EC was measured by a conductivity meter.  The EL was defined as follows: 

�} = �}1}2�  ! 100 
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Where,     ML = Membrane Leakage 

  L1=initial conductivity 

  L2= Final conductivity 

3.3.2.4. Spectral reflectance measurements to understand the water stress 

Reflectance measurements were conducted using the ASD FieldSpec4 

spectroradiometer (manufactured by ASD - Analytical Spectral Devices, Boulder, CO, 

USA) at distinct physiological stages of rice growth, including tillering, flowering, and 

maturity. This instrument is specifically engineered for field applications, designed to 

capture visible and near-infrared (VNIR) as well as short-wave infrared (SWIR) spectra. 

Compact, field-portable, and precise, the spectroradiometer boasts a spectral range of 350–

2500 nm and an impressive data collection speed of 0.2 seconds per spectrum. Data were 

taken at a height of approximately 0.9 m above the canopy cover with a 25° field of view. 

Polytetra flouroethylene (PTFE) Spectralon reference panels were initially used to 

calibrate the apparatus. Each plot of spectral reflectance profiles ranges from 350 to 2500 

nm, and each set of observations is obtained by averaging seven to twelve measurements. 

The spectral acquisition software (RS3) was employed to control the ASD's operation, 

receive, and store the transmitted spectral data. Subsequently, data obtained from the 

instrument underwent processing using View SpecPro (version 6.2) software for splice 

correction, and the mean was calculated for different samples. For further analysis, various 

vegetative and water indices were computed using standard references, and the specific 

details are presented in Table 3.10. 

Table 3.10. Different vegetation indices worked out in this study 

Index Abbreviations Formulation Reference 

Normalized Difference 

Vegetation Index 

NDVI ρNIR − ρRed 
ρNIR +  ρRed 

Rouse et al., 1973 

Generalized Difference 

Vegetation Index 

GDVI ���w − �x���� 
���w +  �x���� 

Wu, 2014 

 

Leaf Area Index LAI 0.45*eNDVI Boegh et al., 2002 

Vegetation Index VI �810/�560 Inoue et al., 2008 
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Ratio Vegetation Index/ 

Simple Ratio 

RVI ���w/�w�� Barati et al., 2011 

Green Ratio Index GRI �830/�550 Inoue et al., 2008 

Direct Vegetation Index DVI ���w– �w�� Tucker, 1979 

Transformed Vegetation 

Index 

TVI (NDVI+0.5)1/2 Dw et al., 1975 

Green Chlorophyll Index CI(G) "���w/�x����& − 1 Gitelson et al., 2005 

Red-edge Chlorophyll 

Index 

CI(R) � ���w�w������� − 1 
Ahamed et al., 2011 

Structure Insensitive 

Pigment Index 

SIPI �800 − �445 
�800 −  �680 

Penuelas et al.,1995 

Infrared Percentage 

Vegetation Index 

IPVI (NDVI+1)/2 Crippen et al., 1990 

Normalized Difference 

Water Index 

NDWI �870 − �1260 
�870 +  �1260 

González-Fernández 

et al., 2015 

 

3.3.3. Pot culture experiment 

Based on the results from the leaf rolling experiment, a pot culture experiment was 

also conducted. In this, based on the moisture absorbent growing media selected from the 

field were subjected to a pot culture experiment. These two different combinations of media 

and irrigation treatments (Field soil in combination with cocopeat (T1), Field soil alone 

(T2) with water stress and without water stress for both the combinations (T3) were taken 

as treatments. Thirty-day-old paddy seedlings were transplanted into pots and allowed to 

be established. These potted plants were irrigated for their successful establishment initially 

and later the water stress was introduced.  One set of pots was maintained under flooded 

conditions and in the other set water stress was imposed by withholding the irrigation. In 

this experiment, the process of leaf rolling and how it was withdrawn by the plants, i.e. 

recovery to normalcy were also observed and video graphed using Sony Cybershot DSC -

HX400V camera (Model No: 4958944 and Make: China) (Fig.3.17). 
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3.3.4. Statistical analysis 

Statistical analysis such as t-test and two-actor ANOVA and post hoc (LSD) were 

accomplished using average values, and standard error using GRAPES software (Gopinath 

et al., 2021) and Pearson’s correlation analysis was carried out using R software between 

yield and yield parameters and between spectral indices, RWC and ML Wherever the 

treatment differences were significant (t-test), the critical difference was worked out at a 5 

per cent probability level. The non-significant treatment difference is denoted by NS. 

 

 

Fig.3.17. Screenshot from the experimental video showing the recovery time of 

different treatments 

 (T1- Field soil in combination with cocopeat in water stressed condition, T2- Field 

soil alone with water stressed condition and T3- Field soil alone without water stress) 
 

3.4. Experiment – 4 

Assessing the influence of different organic management practices on farmer’s paddy 

yield 

The fourth experiment was done in the farmers’ field and was to assess the effect 

of different organic management practices and the detailed methodology for this 

experiment is being detailed hereunder. 
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3.4.1.  Experimental layout 

An experiment was conducted during the Mudakan season of 2020 on transplanted 

seedlings of rice with Karuna as the variety in the farmer’s field at Peringalam, Kozhikode, 

Kerala. Twenty days- seedlings were transplanted in a farmer’s field (Fig.3.18 & Fig.3.19).  

Five treatments were attempted which comprised different nutrient management practices 

viz., P1- Application of basal nutrients only (FYMs); P2- Application of compost with 

basal nutrients and P3- Application of Azolla with basal nutrients, P4- Application of both 

compost and Azolla with basal nutrients, and C- Farmer’s traditional management 

practices (Table 3.11).  The recommended dose of fertilizers and FYMs were applied 

(KAU, 2016). All the cultural and management practices were adopted as per the package 

of practices of Kerala Agricultural University (KAU) combined with farmers’ practices. 

Every regional custom and management approach was incorporated into the Kerala 

Agricultural University's (KAU) practice package. The P and K levels in organic manure 

were slightly adjusted to ensure that nitrogen application was consistent with the 

treatments. There were five treatments and four replications in the experiment. Irrigation 

requirement was monitored by canal irrigation in which the field was always maintained 

under flood conditions. 

 

 

Fig.3.18. Data collection from the farmer’s field  
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Table 3.11. Experiment 4 - treatment details 

Treatments 

P1- Application of basal nutrients only (FYMs) 

P2- Application of compost with basal nutrients 

P3- Application of Azolla with basal nutrients 

P4- Application of both compost and Azolla with basal nutrients 

C- Farmer’s traditional management practices 

 

 
Fig.3.19. Experiment 4- diagrammatic representation of experimental field 

 (P1- Application of basal nutrients only; P2- Application of compost with basal 

nutrients and P3- Application of Azolla with basal nutrients, P4- Application of both 

compost and Azolla with basal nutrients, and C- Farmer’s traditional management 

practices) 

3.4.2. Variety 

Karuna (PTB 54) is a long-duration (140-145 days) rice variety that was selected 

for this experiment. It has a good yield response to low fertilizer regimes hence the cultivar 

is popular among Malabar farmers. The variety is known for its multiple resistance towards 

pets and is tolerant to metal iron toxicity.  It is best suited to the second season. 
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3.4.3. Climatic parameters 

 Different climatic parameters namely, minimum temperature, maximum 

temperature, minimum relative humidity, rainfall, maximum relative humidity, solar 

radiation, and pan evaporation were measured throughout the crop period from the 

meteorological observatory of CWRDM. 

3.4.4. Soil Characters 

Soil samples were randomly gathered from experimental fields, encompassing 

two distinct depths: 0 to 15 cm and 15 cm to 30 cm. Subsequently, these samples 

underwent analysis to determine their physicochemical attributes, along with the 

available concentrations of nitrogen (N), phosphorus (P), and potassium (K), employing 

the methods outlined below. The collected samples were subjected to shade-drying, 

followed by pulverization and sieving through a 2 mm sieve. The resulting soil material 

was then analysed to quantify the levels of the specified available nutrients. 

 Soil physicochemical properties 

3.4.4.1. Field capacity  

Field capacity denotes the upper limit of water utilization by plants, offering optimal 

absorption of nutrients and water. The determination of field capacity involves employing 

a pressure plate apparatus, which applies a suction of -1/3 atmosphere to a saturated soil 

sample. A comprehensive procedure for this determination has been elaborated in section 

3.1.4.1. 

3.4.4.2. Permanent wilting point 

The minimum amount of water in the soil that a plant needs to avoid wilting is 

known as the PWP.  When a plant runs out of water, it reaches the permanent wilting point, 

which is typically at 15 bars. Even though there is still some water in the soil at this point, 

the roots are finding it challenging to draw it up. Detailed procedure is already explained 

section 3.1.4.1.  

3.4.4.3. Soil pH 

Soil pH was assessed using a 1:2.5 ratio soil water-suspension with the glass 

electrode (Jackson, 1973) using an Eutech pH & electrical conductivity meter (model 

number PC 510; serial number: 2237098). 
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3.4.4.4. Electrical Conductivity (EC)  

Soil-water suspension of a 1:2.5 ratios was used for measuring electrical 

conductivity. It is measured with a Conductivity Bridge and expressed in dSm-1 (Jackson, 

1973) using an Eutech pH & electrical conductivity meter (model number PC 510; serial 

number: 2237098). 

3.4.4.5. Soil organic carbon 

Soil organic carbon was determined through a chromic acid wet digestion method 

(Walkley & Black, 1934). Detailed procedure is already explained section 3.1.4.4. 

3.4.4.6. Available nitrogen 

The amount of soil available nitrogen in the soil sample was determined by 

alkaline permanganate method (Subbiah & Asija, 1956). Detailed procedure is already 

explained section 3.1.4.5. 

3.4.4.7. Available phosphorous 

The amount of available P from the soil was extracted with Bray I extractant (0.025 

N HCl + 0.03 N NH4F) blue colour was developed using ascorbic acid as reductant and 

the colour intensity was measured at 660 nm with a spectrophotometer (UV- Vis 

Spectrophotometer, model: Evolution 201, serial number: 5A4T146001) (Bray & Kurtz, 

1945). Detailed procedure is already explained section 3.1.4.6. 

3.4.4.8. Available potassium  

Neutral normal ammonium acetate (N NH4OAc) is used to extract the available 

potassium in the soil. The soil available potassium concentration was read in a flame 

photometer (Stanford & English, 1949). Detailed procedure is already explained section 

3.1.4.7. 

3.4.4.9. Available micronutrients 

For determining the amount of accessible Zn, Cu, Mn, and Fe using an atomic 

absorption spectrophotometer, diethylenetriaminepentaacetic acid (DTPA) was utilized as 

an extractant. 

Principle 

DTPA forms stable complexes with Zn, Cu, Fe, and Mn. Its capacity to complex 

each of the micronutrient cations is 10 times its atomic weight. 
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Materials required   

(i). DTPA 0.005 M, (ii). CaCl2 2H2O – 0.01M solution and (iii). Triethanolamine: 0.1 M 

solution.  

The DTPA extractant solution was prepared by dissolving 13.3 ml of TEA, 1.967 

of AR grade DTPA and 1.47 g of CaCl2 in 100 ml of distilled water. The contents were 

allowed for some time so that the DTPA would dissolve and then diluted to about 900 ml. 

The pH of the solution was adjusted to 7.3 + 0.05 with 1:1 HCl by stirring and the volume 

made up to 1 litre. 

Preparation of standard solution 

Zinc: 

In a beaker, 5 ml of 1:5 H2SO4 was added after 0.439 g of AR grade ZnSO4.7H2O 

had been dissolved in 200 ml of glass distilled water. The volume was made up when the 

contents were transferred to a one-litter volumetric flask. The result was 100 ppm of zinc. 

Working standards of 0, 0.1, 0.2, 0.4, and 0.6 g/ml (ppm) solutions were created from this 

stock solution. 

Iron: 

100 ppm of Fe solution was prepared when 0.702 g of AR grade ferrous ammonium 

sulphate was dissolved in 5 ml of 1:5 H2SO4 and built up to 1 litre. This stock solution was 

used to prepare working standard concentrations of 0, 1, 2, 4, and 6 ppm. 

Manganese: 

Potassium permanganate of AR grade weighed 0.288 g, and 300 ml of distilled 

water was used to dissolve it. This was mixed with 20 ml of concentrated H2SO4 and heated 

to 60 0C. Oxalic acid was then added drop by drop to the mixture to make it colourless. 

The mixture was cooled and built up to 1 litre, producing a stock solution with 100 ppm. 

Working standards of 0, 1, 2, 4, 6, and 8 ppm were created from the stock solution. 

Copper: 

100 ppm of copper was obtained from 0.392 g of AR grade CuSO4.5H2O dissolved 

in glass distilled water and made up to 1 litre. Working standards for solutions at 0, 1, 2, 

4, and 6 ppm were created from the stock solution. 
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For each nutrient, created a standard curve using the working standard solutions. 

Plotted the values of absorbance against concentrations and estimated the nutrient 

concentration mentioned below: 

∗ 10 g of the soil sample, which had been air dried, was placed in a 150 ml conical 

flask with 20 ml of the DTPA extractant solution and shaken for 2 hours in a 

horizontal shaker. 

∗ Filtered through Whatman no.40 filter paper. 

∗ Calculate the concentration of each micronutrient in the sample using the standard 

curve and the measurement of the filtrate from the atomic absorption 

spectrophotometer. 

Critical levels: Zn 1.2 ppm, Cu 0.72 ppm, Fe 3.7 ppm (non-calcareous soil) 6.3 ppm 

(calcareous soil) Mn 2.0 ppm. 

3.4.4.10. Available boron 

Principle 

Boron is extracted using hot water and then treated with azomethine-H, which joins 

with boron to create a stable complex at a pH of 5.1. 

Materials required 

(i). Buffer solution: 250 g of ammonium acetate and 15 g of EDTA disodium salt dissolved 

in 400 ml of water to which 125 ml of glacial acetic acid was added, (ii). Azomethine - H 

reagent: 0.45 g of azomethine- H dissolved in 100 ml of 1 % L-ascorbic acid (prepared 

afresh) (iii). Conical flask 250 ml, (iv.) Volumetric flask 25 ml and (v). Spectrophotometer. 

Standard boron solution 

0.570 g of AR grade boric acid (H3BO3) dissolved in 1 litre of distilled water to 

100 ppm boron solution. From this stock solution prepared working standards of 0, 0.05, 

0.1, 0.2, 0.4, 0.6, and 0.8 ppm solutions by dilution. 

2 ml of a series of standard solutions were transferred to 25 ml volumetric flasks. 

Added 2 ml of the Azomethine-H reagent solution and 2 ml of the buffer solution. Then 

vigorously shook and let stand at room temperature for 30 minutes. Fill the container with 

water, then use a spectrophotometer to measure the amount of colour generated at 430 nm. 
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Take an absorbance reading for a range of concentrations between 0 and 1 ppm. Plot the 

concentrations versus absorbance on a semi-log paper to create a standard curve. 

Estimation of boron in soil sample 

∗ 25 g soil sample, 50 ml of water, and 0.5 g of activated charcoal were transferred to 

a conical flask. 5 minutes of boiling followed by an immediate filtering via No. 42 

filter paper. 

∗ Pipetted out 5 ml of the filtrate to a 25 ml volumetric flask and added 4 ml of buffer 

and 4 ml of Azomethine - H reagent and allowed it to stand for 1 hour for colour 

development and make up the volume. 

∗ Calculate the boron content by measuring the colour intensity with a 

spectrophotometer at 430 nm and using the standard curve as a guide 

3.4.4.11. Calcium and Magnesium 

Principle 

The Versenate technique was used to estimate calcium and magnesium. 

Magnesium (Mg) and Calcium (Ca) are complexed by EDTA in the following order: Mg 

first, then Ca. Ca is first calculated using a Murexide indicator at pH 12 with sodium 

hydroxide present. Then, Ca + Mg are calculated using Eriochrome black-T at pH 10 with 

a buffer solution containing ammonium hydroxide and chloride of ammonium. 

Materials required 

(i). 0.02N EDTA, (ii).10 % sodium hydroxide, (iii). Ammonium chloride - ammonium 

hydroxide buffer solution, (iv). Murexide indicator, (v). Eriocohrome Black-T indicator, 

(vi)Litmus paper, (vii). Porcelain basin, (viii). Burette and (ix). Pipette. 

Procedure 

∗ 10 ml of sesquioxide filtrate was poured into a porcelain bowl.  

∗ Drop by drop,  added ammonium chloride-ammonium hydroxide butter solution to 

balance the acidity, then added an extra 5 ml to keep the pH at 10. 

∗ A few drops of the Eriochrome black-T indicator solution were then added, and the 

colour was titrated with 0.02N EDTA until it turned sky blue. 
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Calculation 

Weight of soil sample taken = W g 

Volume of HCl acid extract prepared = 500 ml 

Volume of HCI acid extract pipette out for  

R203 estimation =  50 ml 

Volume of R203 filtrate made up to = 250 ml 

Volume of R203 filtrate pipette out for  

calcium estimation = 10 ml 

Volume of 0.02N EDTA used for Ca + Mg = a ml 

Volume of 0.02N EDTA used for Ca alone  = b ml 

Volume of 0.02N EDTA used for Mg alone = (a-b) ml 

1 ml of 0.02N EDTA  = 0.0004 g Ca or 0.00024 g Mg 

% of Ca on moisture free basis  =  0.0004 x b x
21/
./  x 

1//
1/   x 

.//
�  x .//

".//$�& 

% of Mg on moisture free basis     = 0.00024 x (a-b) x
21/
./ x 

1//
1/  x 

.//
�  x .//

".//$�& 

(M = Moisture percentage of the soil) 

3.4.5. Observations 

Field observations were taken in the four different growth stages of the crop. In 

order to take the observations five plants have been selected randomly from each plot 

avoiding the border plants at different developmental stages of rice, i.e., tillering (30th day), 

flowering (60th day), maturity (85th day) and harvest (110th day) were tagged. Biometric, 

physiological and yield parameters of these plants were observed. 
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Biometric characters 

3.4.5.1. Plant height 

Plant height at regular intervals was noted using a meter scale in centimetres. The 

height of the plants from the base/ above the ground level to the tip of the longest leaf has 

been recorded for all five observational plants in each plot. 

3.4.5.2. Number of tillers 

Total number of tillers was counted from the base and expressed as numbers. 

3.4.5.3. Leaf area index 

The leaf area of the flag-leaf was found out by direct method using the given 

formula by measuring the length and maximum width (middle portion) of the flag leaf. 

Also measured by the graphical method by sketching the outline of the leaf on graph paper 

and calculated its area.  

LAI = L × W × K × No. of leaves plant$.
Land area occupied by plant  

Where,               L - Length of leaf (cm)                 

K - Correction factor (0.75)  

W - Width of leaf (cm). 

3.4.5.4. Number of panicles  

The number of panicles per plant was counted. 

3.4.5.5. Root length 

Each plot had five hills, which were meticulously removed without significant 

root damage. The root length of each plant was quantified by measuring from the base 

to the tip of the longest root and reporting the measurement in centimetres. 

3.4.5.6. Yield 

At the harvest grain yield of each plot has been recorded in kg ha -1. 

3.4.6. Statistical analysis 

A one-way ANOVA (analysis of variance) was conducted and the significant 

difference level was expressed at the p < 0.01 and 0.05 probability levels and non-
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significant treatments are denoted as NS (Gopinath et al., 2021). Pearson’s correlation 

analysis was carried out using R software between yield and soil characters. 

3.5. Experiment -5        

Assessing the effect of different water and straw management practices on decomposition 

and GHG emission in post-harvest rice fields 

The next experiment was conducted at the IRTA experimental station (40°42′27.5” 

N 0°37′59.8″E) in the Ebro Delta, Spain as a part of CLIFF-GRADS scholarship 

programme (The Climate, Food and Farming, Global Research Alliance Development 

Scholarships Programme is a joint initiative of the CGIAR Research Program on Climate 

Change (CCAFS) low emissions development flagship and Global Research Alliance 

(GRA) on Agricultural Greenhouse Gases and Mitigate+: Research for Low Emissions 

Food Systems (Mitigate+). The experiment was conducted to assess the different post-

harvest field management to lower greenhouse gas (GHG) emissions. The field experiment 

was started in post-harvest 2017 and has been running for 5 years, up to post-harvest in 

2022. The data collection was comprised of the post-harvest seasons of 2022 and the pre-

growing season of 2023 (Table 3.12). 

Table 3.12. Experiment 5- Details regarding the experimental period and rice 

cultivation cycle 

Seasons Time period 
Water condition 

in WFL 

Water condition 

in NFL 

Pre-growing 2022 Jan – Apr 2022 Dry Dry 

Post-harvest 2022 Oct– Dec 2022 Flooded Dry 

Treatment 

Water management Timing of straw incorporation 

WFL- Winter flooding   

NWF - non-winter flooding  

ESI - Early straw incorporation 

LSI – Late straw incorporation 
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3.5.1 Design and Layout 

The experimental design was a split-plot two-factor design with three replicates, 

where the main plots represented the water management and the subplots represented the 

timing of straw incorporation management during post-harvest seasons i.e., winter 

flooding (WFL) vs non-winter flooding (NWF) and early (ESI) vs late (LSI) straw 

incorporation. WFL-ESI is representative of the conventional post-harvest management 

practice in Ebro Delta rice fields. The experiment was laid out in two adjacent 

experimental fields of 106×10 m each (subplots: 53×10 m) (Fig. 3.20). Every plot had its 

own water input, allowing for autonomous irrigation management. The experimental plots 

were cultivated following the standard management of the rice-growing area (Belenguer-

Manzanedo et al., 2022). 

Irrigation was done with the help of the irrigation community in Ebro Delta, 

Catalonia. During the growing season, paddy fields were flooded (deep of water layer, 7-

10 cm deep) until 2 weeks before harvest and managed similarly irrespective of the post-

harvest treatments following the standard management practices of the region in the Ebro 

delta. Soil water level and temperature were continuously monitored throughout the 

experimental period. 

   

 

 

 

 

 

 

 

 

 

 

Fig.3.20. Experiment 5- diagrammatic representation of experimental plot 

 (NWF ESI- Non winter flooding with early straw incorporation; NWF LSI- Non 

winter flooding with late straw incorporation; WFL ESI- Winter flooding with early 

straw incorporation; WFL LSI- Winter flooding with late straw incorporation) 
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 In post-harvest management, NWF plots, the fields were allowed to naturally drain 

after the harvest by drainage channels, constructed in between the two main plots to avoid 

water seepage from the flooded field. In ESI plots, straw was incorporated into soil by 

mechanically ploughing in November month (04/11/2022). Whereas in LSI, the straw was 

mixed in late December (14/12/2022). 

3.5.2 Straw/ litter/ mesh bag experiment 

  

Fig.3.21. Coarse and find litterbags in the flooded post-harvest paddy field of late 

straw incorporation management field 

 

To investigate the difference in straw decomposition in experimental fields, rice 

straw/ litter bags were incorporated into the soil. The straw used in this study was obtained 

from the previous growing season after harvest. Each litter bag comprised of 10g of small 

(5-7 cm) straw pieces evenly distributed in 15 cm x 20 cm bags of two mesh sizes: (fine, 

20 µm x 20 µm and coarse, 5 mm x 5 mm). A total of 12 pairs (1 fine & 1 coarse) of straw 

bags were prepared, and 3 pairs were buried into the soil, at 5 cm -10 cm depth and 10 cm 

apart from each other, at three random points in each treatment (Fig.3.21). 

Rates of straw decomposition were assessed in the 2022 post-harvest season while 

loss of straw weight in both post-harvest seasons in 2022 and in the 2022 growing season.   

3.5.2.1. Assessment of mass loss 

 In ESI management fields, straw bags were buried on the 4th of November of 2022 

in the post-harvest period. Whereas in LSI fields, straw bags were left on the aboveground 

of the fields to simulate the natural conditions of straw and on 14th December 2022, they 

were buried inside the soil and retrieved after 116 days. In the growing season of 2022, 

straw bags were buried in the four different management fields before seeds sowing (in 

June 2022) and retrieved them after 120 days of incorporation, just before harvest.  
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Retrieved straw bags were shade-dried and cleaned without disturbing the straw 

inside. Then straw from the bags was taken out and kept for drying in the oven at 60 0C 

for 3 days (Schmidt et al., 2016a) and measured the remaining weight and calculated the 

percentage mass loss from each bag. 

`��������� P��� ���� "%& = ��
�
�� ��
�ℎ� − �
��� ��
�ℎ���
��� ��
�ℎ� !100 

3.5.2.2. Assessment of straw decomposition rates 

To determine the decomposition rates of each treatment, we have conducted a 

series of litter bag experiments with different extraction times. This was conducted during 

the post-harvest season of 2022.  There was total five different extractions (E1, E2, E3, 

E4, & E5) from each treatment for both coarse and fine mesh bags with nine replications. 

In early straw incorporation (ESI) management, all the litter bags were buried on the same 

day (on 6th October 2022) and retrieved after 5, 10, 25, 60 and 138 days. In late straw 

incorporation (LSI) management, all the litter bags were kept on the surface of the paddy 

field on the same day as in ESI and buried inside the soil after 55 days (30th November 

2022), coinciding with the straw input operation in the field. Thereafter, litter bags were 

retrieved after 4, 11, 19 and 83 days after burial.  

 Retrieved straw bags were shade-dried and cleaned. After cleaning straw from the 

bags was taken out and kept for drying in the oven at 60 0C for 3 days (Schmidt et al., 

2016b) and measured the remaining weight and plotted against the time period also 

estimated the decomposition rate constant k, as an exponential function of remaining 

weight decomposition curve (Keuskamp et al., 2013). 

� = �$�f + � 

3.5.3.  Greenhouse gas sampling 

In the present experiment, GHG sampling from the post-harvest season of October 

2022 – February 2023 was monitored. Using the lightweight transparent chamber and the 

sampling technique proposed by Altor & Mitsch (2008), greenhouse gas emissions were 

measured. A square-based polyvinyl chloride (PVC) chamber with dimensions of 0.35 m 

width, 0.35 m breadth, and 0.74m height and a volume of 0.093 m3 made up the chambers 

(Fig.3.22). To prevent gas exchange while samples were being taken, rubber septa were 

used to seal two openings for thermometer and syringe insertion. Foams were used to cover 

the chamber's foundation, allowing it to be placed without disturbing the paddy fields. In 
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the non-flooded condition (dry), the foam was removed, and chambers were gently 

covered on the ground with moist towels without any opening at the base to prevent gas 

exchange with its atmosphere. Throughout the whole study period, measurements were 

taken weekly per triplicate in each treatment. 

Fig. 3.22. Greenhouse gas sampling chambers in post-harvest paddy fields (left - 

non flooding management field and right - flooding management field) 

The syringe was flushed initially to mix headspace air before gas samples were taken. A 

30 ml sample of gas was then collected and transferred over pressured to glass vacuum 

12.5 ml vials (Labco Ltd., Buckinghamshire, UK). For each replication, gas samples were 

taken four times, once every ten minutes, as To, T1, T2, and T3. With each sample of a 

gas, the chamber's air temperature was recorded. Utilizing a gas chromatograph, the 

Agilent 8860 GC System (Agilent USA) measured the concentration of CH4 gas 

(Belenguer-Manzanedo et al., 2022). 

A linear regression between gas concentration and time was used to calculate gas 

emission rates. Since the pressure was maintained constant through a tube connecting the 

headspace to the outside, the ideal gas law was used to adjust each sample's gas 

concentration for the rise in temperature in the chamber's headspace. According to 

Martnez-Eixarch et al. (2018, 2021), only significant linear regressions (P0.05 and R2 

>0.80) were accepted to reflect changes in gas emission, and non-significant regressions 

were used to represent zero emission rates. 

3.5.4. Statistical analysis 

Statistical analysis (a two-way ANOVA) was conducted using R software. Tukey's 

Honest Significant Different (HSD) post-hoc test (P <0.05) was conducted to identify the 

statistically significant treatments. 
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3.6. Experiment -6        

Calibration and validation of crop simulation model -DSSAT and temperature sensitivity 

analysis 

This experiment was conducted to understand the application of the crop 

simulation model, DSSAT, for water and nutrient management on the yield of rice under 

different climatic scenarios and to understand the impact of temperature on rice yield with 

sensitivity analysis using DSSAT model.  The results of this study are detailed hereunder. 

3.6.1. DSSAT- CERES-Rice model 

 DSSAT- CERES (Crop Estimation through Resource and Environment Synthesis) 

model is a Windows-based crop simulation model (DSSAT version 4.0) (Fig.3.23.) An 

input-output data-sharing format-compatible set of crop simulation models has been 

created and integrated into a computational software program known as the DSSAT 

(Decision Support System for Agro-technology Transfer) Model. CERES- Rice model can 

be used in a wide range of research problems like the effect of irrigation, nitrogen, the 

impact of environmental conditions, yield gap analysis, the effect of climate change on 

rice production. Above all, the major objective of this model is to support farmers by 

recognizing the problems which limit yield and to study thrust areas which improve the 

cropping system. In this experiment, we give the input data including weather data, soil 

data and crop management data. This experiment mainly focuses on the impact of method 

of planting and nutrient management on rice production in Kerala.  

 

Fig.3.23. Home page of DSSAT CERES-Rice model software 
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3.6.1.1. Input files and experiment data files  

 Input files and experiment data files required to run the CERES-Rice model are 

given in Table 3.13. 

Table 3.13. Input files of DSSAT- CERES-Rice model 

Internal file name Description Name  

 

Experiment 

FILEX Experiment details file for a specific study. 
Encompassed within are data sets 
pertaining to various aspects, including 
treatment variables, field conditions, crop 
management parameters, and controls 
utilized for simulation. 

CWRDM19.RIX 

 

 

Weather and 
soil 

FILEW Meteorological data recorded daily at 
CWRDM station over a year and is 
included in the dataset. 

CWRDM20.WTH 

FILES The dataset contains soil profile data 
obtained from a set of experimental sites, 
specific to a particular institute. 

SOIL.SOL 

 

 

 

 

Crop and 
cultivar 

 

FILEC The dataset includes cultivar/variety 
coefficients tailored for a specific crop 
species, such as rice, within the framework 
of the 'CERES' model, version 046. 

RICER047.CUL1 

FILEE The dataset comprises ecotype-specific 
coefficients designed for a particular crop 
species, like rice, within the context of the 
'CERES' model, version 046. 

RICER046.ECO1 

FILEG The dataset includes crop-specific 
coefficients tailored for a particular model, 
such as rice coefficients for the 'CERES' 
model, version 046. 

RICERO46.SPE1 

 

 

Experiment 
data files 

FILEA The dataset comprises average values of 
performance data derived from a rice 
experiment. These values are intended for 
comparison with summary results 
generated by a model. 

CWRDM20.RIA 

FILET The dataset encompasses time-course data, 
presented as averages, derived from a rice 
experiment. These data are employed for 
graphical comparisons between measured 
and simulated time-course results. 

CWRDM20.RIX 
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These names adhere to a standardized naming convention, where the initial two 

spaces are designated for the crop code, the subsequent three characters represent the 

model's name, and the final three characters signify the model version.  

3.6.1.1.1. General information 

Basic data about the experiment and experimental site are needed for the successful 

running of the model, which is presented in Table 3.14 (Fig.3.23). 

 

Fig.3.24. DSSAT screen showing general information regarding the experiment 

Table 3.14. General information of the experiment in DSSAT software 

Variable Input 

Experiment name Assessment of method of planting and nutrient level 

Institute code CW 

Site code 12 

Year 2019 

Experimental number 5 

Crop Rice 

People Sruthi P, Dr U Surendran 

Address Kunnamangalam, Kozhikode, Kerala, India 

Site CWRDM 
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3.6.1.1.2 Weather file 

Latitude, longitude, geological location, elevation from the sea level and climatic 

conditions of the experimental area are required to create the weather file.  Date (Year 

Day-of-Year Format (yyddd)), maximum temperature (T max in oC), minimum 

temperature (T min in oC), rainfall (mm), Relative humidity (RH), wind speed (m/s), Total 

daily sunshine hours (hrs), and SPARD (Total daily solar radiation in MJ/M2/d) of the 

experimental site for the crop duration was recorded and uploaded in as weather file in the 

weatherman tool of DSSAT software as monthly mean data of the above-mentioned inputs 

(Fig.3.25). 

3.6.1.1.3. Soil file 

S Build, which generates a soil file, was used to produce the soil profile. The soil 

samples of the experimental site were collected from the field, and they underwent 

physical and chemical analysis in the lab. These data were entered into the software after 

creating the soil profile. To run the CERES-Rice model, this data is used to create the soil 

file (SOIL.SOL). 

 

Fig.3.25. Monthly mean data of Weather file generated in Weather Man Module of 

DSSAT 
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3.6.1.1.4.  Crop management file 

All the crop-related inputs for the model’s simulation are contained in this file. It 

contains all information regarding the primary conditions and characteristics of the 

experimental field, including the experiment name, site code, year of conduct, participants, 

address, plot size, plot spacing, plot layout, harvest area, method, weather station details, 

field ID, drainage type, soil name, surface texture, depth, irrigation, and water management 

details, inorganic nitrogen conditions, planting details, fertilizer details, chemical 

application, and organic fertilizer. 

3.6.1.1.5. Cultivar 

For this investigation, the Uma cultivar of rice was chosen from among the many 

cultivars. 

3.6.1.1.6. Planting 

 In the planting data window of model requires details regarding the following:  

planting date DD/MM/YYYY), emergence date, (DD/MM/YYYY), planting method, 

plant population at seeding (plants, m-2), planting distribution, plants population at 

emergence (plants, m-2), row spacing (in cm), row direction (degree from North) and 

planting depth (in cm) (Fig.3.26). 

 

Fig.3.26. DSSAT window showing planting details 



Materials and Methods 

 

121 

3.6.1.1.7. Irrigation 

 This window of the DSSAT models required the management details about 

different irrigation treatments as level 1, level 2, and so on depending on the number of 

irrigation treatments. It also required daily data on the amount of irrigated water with the 

mode of irrigation.  

3.6.1.1.8. Fertilizer 

 This window of the DSSAT models (Fig.3.27) required the management details 

about different nutrient (N) treatments as level 1, level 2, and so on depending on the 

number of treatments with the quantity of nutrients supplied with each fertilizer application 

(N, P, K, and Ca) in kg ha-1.  

 

Fig.3.27. DSSAT window showing fertilizer application details 

3.6.1.1.9. Treatment 

 This window of the DSSAT models carries the summary matrix of the different 

water and nutrient managements adopted for this experiment (Fig.3.28). 
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Fig.3.28. DSSAT window showing treatments details 

3.6.1.1.10. Simulation options 

 This window of the DSSAT models carries different simulation options with 

respect to management, methods, and output regarding the prediction of yield for the 

experiment (Fig.3.29). 

 

Fig.3.29. DSSAT window showing simulation options details 
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3.6.1.1.11. Genetic coefficients 

 The calibration method made use of data from the experimental field for the 2019–

2020 experimental year. Genetic coefficients are adjusted via model parameterization and 

calibration, and simulated results are then contrasted with actual values. The DSSAT-

CERES-Rice model's developmental stages, which were derived irrelatively, are caused 

by genetic coefficients. 

3.6.1.1.12. GENCALC 

 The Decision Support System for Agrotechnology Transfer (DSSAT) interface's 

Genetic Coefficient Calculator (GENCALC), a software program, was used to estimate 

the genetic coefficients for the rice cultivar for crop growth and then to calibrate the 

CERES-Rice model. There are eight different coefficients available for rice cultivars 

(Table 3.15). 

Table 3.15. Genetic coefficients available for rice cultivar 

Coefficients Explanations 

P1 Time from seed emergence to the end of juvenile phase (expressed as growing 

degree days (GDD) in ◦C). 

P2O Critical photoperiod or the longest day length (in hours) 

P2R extent to which phasic development leading to panicle initiation is delayed 

(GDD in ◦C) 

P5 time period from grain filling to physical maturity (GDD in ◦C) 

G1 Maximum spikelet number coefficient 

G2 Maximum possible single grain weight (g) under ideal growing conditions 

G3 Scalar vegetative growth coefficient for tillering relative to the IR64 tillering 

coefficient. 

G4 Temperature tolerance is the scalar coefficient 
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3.6.1.2. Output files 

 After all the anticipated files were created, the model was then run for all the 

treatments. Output files given by the models which are useful for the users are given in 

Table 3.16. 

Table 3.16. Output files of DSSAT-CERES-Rice model 

Internal file name Description File name 

OUTO Overview of inputs and major crop and 

soil variables. 

OVERVIEW.OUT 

OUTS Summary information: crop and soil 

input and output variables; one line for 

each crop cycle or model run. 

SUMMARY.OUT 

SEVAL Evaluation output file (simulated vs. 

observed). 

EVALUATE.OUT 

OUTWTH Daily weather Weather. OUT 

OUTM Daily management operations output 

file. 

MgmtOps. OUT 

ERRORO Error messages ERROR.OUT 

OUTINFO Information output file INFO.OUT 

OUTWARN Warning messages WARNING.OUT 

 

3.6.1.3. Model calibration and evaluation 

Calibration is the process of making arbitrary changes to parameter/ coefficient 

values in a model to match data from the real experiment. This is done by adjusting the 

genetic coefficients. Calibration of genetic coefficient CERES-Rice model has been done 

with the maximum available data. Common tools of statistics like Root Mean Squared 

Error (RMSE), Normalized Root Mean Square Error (nRMSE), Mean Bias Error (MBE), 
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correlation coefficient (r2), and index of agreement (D-stat or D- index) are used to 

evaluate the goodness of fit and performance of the model. 

The difference between the observed yield from the field experiment and the 

simulated yield from the DSSAT model was compared using the RMSE. RMSE should be 

close to 0 to provide the best match between observed and simulated data. 

w�~| =   ��$. �"�c − �c&2
�

c�.
�

/.1
 

Where, �c = simulated value 

             �c =observed value 

             N = number of observations 

The normalized root mean squared error is referred to as the nRMSE. It is a 

statistical indicator of a model's fit to the data that has been observed. Depending on the 

information and the goal, there are various methods for calculating the nRMSE. 

�w�~| =  RMSE�P�! − �P
� 

Where, O max -Maximum observed value 

              O min - Minimum observed value 

A statistical measure of the average difference between a variable's observed and 

anticipated values is called mean bias error, or MBE. It is employed to calculate the 

model's or estimating method's bias or systematic error. Whereas a negative MBE suggests 

that predictions are less than the observations, a positive MBE shows that the predictions 

are greater. When the MBE is 0, there is no bias in the forecasts. 

��| =  1� + �"`
 − �
&
�

c�.
 

Where, �c = simulated value 

             �c =observed value 

             n = number of observations 

One metric used to assess a model's forecasting performance is the mean absolute 

percentage error or MAPE. The percentage error, which is the ratio of the difference between the 
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actual and predicted values to the actual value, is computed by averaging the absolute percentage 

errors of each data point.  

�R`| =  1� + � ��
 − `
�
 � ! 
�

c�.
 

Where, �c = simulated value 

             �c =observed value 

                        n = number of observations  

The regression model's best data fit is determined by the r2 correlation. The value 

of r2 ranges from 0 (worse condition) to 1 (best fit condition).  

�2 =  1 −  ∑"�c −  �c&2
∑"�c −  o̅&2  

Where, �c= i th observation of parameter o,  

               �c= i th simulation of a parameter of p and 

               � ̅ = arithmetic means of parameter o. 

The model's simulated outputs were assessed based on the variable's observed 

outputs using the D-index, a unitless measure of fit. A D-index value near 1.0 indicates 

that the observed and simulated data are perfectly fitted. The D-index was employed to 

test for under- or overestimation of the model. 

S −  
���! =  1 −  ��"�c − �c&2/ 
�

c�.
�"|�c£| + |�c£|&2 

�

c�.
� 

Where �c£ = �c - � ̅ 

             �c£ = �c- � ̅ 

The comparison of simulated and observed values from all twelve treatments is 

used to assess the performance of the DSSAT model. 

This model simulates a range of processes, including the phenological development 

of the crop, growth of leaves, stems, and roots, biomass accumulation, and partitioning 

among leaves, stem, panicle, grains, and roots. Additionally, it accounts for soil water 

balance, water use by the crop, and soil nitrogen transformations along with nitrogen 

uptake by the crop. The phenological stages simulated by the model encompass sowing or 
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transplanting, germination, emergence, juvenile phase, panicle initiation, heading, 

beginning of grain filling, end of grain filling, and physiological maturity. The total 

biomass of the crop is simulated by multiplying the growth duration with the average 

growth rate. Furthermore, the model predicts yields by simulating these fundamental 

processes at the process level (Singh et al., 2022a). 

Then the model was employed to simulate the grain yield of the Uma variety at 

their ideal nitrogen and irrigation requirement for the Kozhikode district. 

 3.6.1.4. Model simulation under the temperature sensitivity analysis 

Sensitivity analysis for the experimental region was conducted using nine distinct 

temperature sets with 0.50 C, 10 C, and 1.50 C increments for the maximum and minimum 

temperatures both separately and together with 2019 climate data.  The rest of the 

parameters remained unchanged. The DSSAT-CERES-Rice model was utilized to estimate 

rice yield under projected temperatures. The present values were compared with the 

estimated changes.  

3.7. Experiment -7       

Suitability analysis and rice yield prediction for Kozhikode and Palakkad districts under 

future climate scenarios 

This study was conducted in the Kozhikode and Palakkad districts of Kerala. Palakkad is 

the prime district, which cultivates paddy in a larger area in Kerala and Paddy cultivation serves 

as a primary source of income for numerous farmers. However, the sustainability of paddy 

agriculture in the region faces imminent threats due to changing climate patterns, encompassing 

elevated temperatures, shifts in rainfall patterns, and an upswing in the frequency of extreme 

weather events. To tackle this challenge, an investigation was undertaken to identify viable 

adaptation strategies and assess the potential impacts of climate change on paddy production in 

both the Kozhikode and Palakkad areas. 

3.7.1 Description of the study area 

Kozhikode 

Kozhikode, sometimes referred to as Calicut in English, is a literature city in the 

Indian state of Kerala that is located on the Malabar Coast. it is the 19th largest metropolitan 

area in India and the second largest in Kerala and has been included as a literature city in 
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the Creative Cities Network (UCCN) of UNESCO. Kozhikode, situated in the Western 

Ghats of India, enjoys a tropical monsoon climate. The district's average annual 

temperature is 2.5 % higher than the national average, at 28.47 ºC (83.25 ºF). Every year, 

Kozhikode experiences 235.65 wet days (64.56 % of the time) and more than 2000 mm 

(8.03 inches) of precipitation. The local economy and farmers in Kozhikode are deeply 

concerned about the growing effects of climate change on paddy agriculture. 

The Kozhikode district consists of a total of 12 blocks (Kozhikode, Vadakara, 

Thodannur, Thuneri, Kunnamangalam, Chelannur, Balusseri, Koduvally, Kunnumal, 

Melady, Pantalayani and Perambra) which are distributed in the low land, mid-land and 

up-land areas, of which Chelannur, Koduvally, Melady, and Thodannur contribute to the 

major paddy fields (Fig.3.30). According to data obtained from the Economics and 

Statistics Department, the area under paddy cultivation in the district which was 84466 ha 

in 1975- 76 has come down to 2097 ha in 2020-21. Each successive year during this period 

has seen a sharp decline in the area under rice cultivation. The goal of the study was to 

gain a thorough understanding of the region's agricultural sector in Kozhikode district and 

the possible effects of climate change. 

Palakkad 

The district of Palakkad is situated in southern India, positioned between the Nilgiri 

Hills and the Western Ghats. It is a well-known agricultural region in the state of Kerala, 

especially for its paddy agriculture. The Palakkad district has a mostly tropical 

environment all year round, with high temperatures and humidity.  Farmers and the local 

economy in Palakkad are deeply concerned about the growing effects of climate change 

on paddy agriculture. With vast rice fields spread across six taluks—Alathur, Pattambi, 

Palakkad, Chittur, Mannarkkad, and Ottapalam—the Palakkad district in Kerala is 

acknowledged as the state's leading rice-growing region. According to data obtained from 

the Economics and Statistics Department, the area under paddy cultivation in the district 

which was 160855 ha in 1985- 86 has come down to 76754 ha in 2020-21, i.e., 52 % 

reduction in area of rice cultivation.  
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Fig.3.30. Study area map showing Kozhikode and Palakkad Districts 

During the first crop season, remote sensing makes it challenging to detect rice 

fields due to severe interference from monsoon clouds. This approach was used in the 

second crop season (Mundakan) to determine suitability. 

3.7.2. Crop Suitability for Paddy Cultivation in Kozhikode and Palakkad districts 

Temperature and precipitation statistics for the Kozhikode and Palakkad district 

were gathered in relation to the climate. IMD GRIDDED was used to collect temperature 

data during a thirty-year span, from 1986 to 2020. Together with rainfall data from the 

same time period, this data was utilized to produce a paddy suitability map for the districts. 

In the case of Kozhikode district, throughout this 35-year period, the average annual 

precipitation approximately 3233 mm. An average range of 29–32 °C was found in the 

temperature data for the same period. For Palakkad district, the average annual 

precipitation ranged from a minimum of 1743 mm to a maximum of 2341 mm and an 

average range of 22–26 °C was found in the temperature data for the same period. 
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Many soil properties were extracted using the Kozhikode and Palakkad districts 

soil map, including soil type, texture, pH, slope, depth, drainage, and soil organic matter. 

These features were then contrasted with the previously provided soil suitability criterion 

table for rice in the Kozhikode and Palakkad districts (Table 3.17). The next step was to 

use ArcGIS software to reclassify these soil properties along with rainfall and temperature 

(Fig.3.31). 
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Table 3.17. Soil- site suitability criteria (crop requirement) for rice 

SOIL – SITE CHARACTERISTICS RATING 

 Unit Highly suitable 

S1 

Moderately suitable 

S2 

Marginally suitable 

S3 

Not suitable 

N 

 

Climatic 

regime 

Mean temperature in 

growing season 

0C 30 – 34 35 – 38 
21 – 29 

39 – 40 
15 – 20 

>40 
<15 

Total rainfall Mm 1110 – 1250 900 - 1110 750 – 900 <750 
Land quality Land characteristics 

 

 

Oxygen 

availability to 

roots 

Soil drainage Class Imperfectly 
drained 

Moderately well 
drained 

Well drained: somewhat 
excessively drained 

Excessively 
drained 

Free from flooding 

(duration) 

month >4 3 – 4 2 – 3  

Depth of water Cm <10 10 – 20 >20 – 40 >40 
 

Nutrient 

availability 

Texture Class c, sic, cl, sicl, sc scl, sil, l sl, ls s 
pH 1:2.5 5.5 – 6.5 6.4 – 7.5 

4.5 – 5.4 
7.6 – 8.5 >8.5 

<4.5 
CaCo2 in root depth % <15 15 – 75 25 – 30 >30 

Rooting 

conditions 

Effective soil depth Cm >75 51 – 75 25 – 50 <25 

Soil toxicity Salinity (EC 

saturation extract) 

ds/m <3 3 – 6 6 - 10 >10 

Sodicity (ESP) % <15 15 – 40 40 - 50 >50 
Erosion hazard Slope % 0 – 1 1 – 3 3 – 5 >5 

(Source: NBSS & LUP, 1990) 
 Flooding is conceded for rainfed rice 
Note: s- sand; ls- loamy sand; sl- sandy loam; scl: sandy clay loam; cl: clay loam; sil: silt loam; l: loam; sic: silty clay; sc: sandy clay; c: clay
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3.7.3. Yield Estimation 

3.7.3.1 Data used 

Numerous data types were used to estimate the paddy production in the district of 

Kozhikode. These include IMD GRIDDED temperature and precipitation data, MODIS 

Fraction of Photosynthetically Active Radiation (fAPAR) 8-day data from 2020, and 500-

meter spatially resolved models MCD15A3H-061 and MCD18A3H-061. Additionally, 

multi-temporal data sets from Sentinel 2 with Bands 8 (NIR) and 11 (SWIR) were 

employed, as well as MODIS Photosynthetically Active Radiation (PAR) data from 2020. 

3.7.3.2 AHP Method 

 The Analytical Hierarchy Process (AHP) method was employed in this study to 

ascertain the weights assigned to different data layers in the study region, aiming to 

identify suitable land for paddy production. Introduced by Saaty (1994, 1997), AHP is a 

multi-criteria decision-making approach known for its effective mathematical properties, 

widely utilized in various research studies. The method allows users to determine 

parameter weights in solving multi-criteria problems through a hierarchical model 

encompassing objectives, criteria, sub-criteria, and alternatives (Saaty, 1990). The study 

focused on analysing paddy crop data in Kozhikode and Palakkad districts, utilizing 

Geographic Information System (GIS) tools such as ArcGIS in conjunction with AHP. In 

the problem-solving process using Analytic Hierarchy Process (AHP), the method 

involves conducting pairwise comparisons to determine the relative importance of each 

criterion. This comparison matrix is then normalized to derive weights for each criterion. 

Normalization is achieved by dividing the elements in each column by the sum of that 

column. The outcome is a 'normalized pairwise comparison matrix,' which is subsequently 

utilized to compute a priority vector or weight vector. These weights fall within the range 

of 0 to 1 and collectively add up to 1, reflecting the relative significance of each criterion 

in the decision-making process.  

The initial step involved determining criteria for evaluating the appropriateness of 

paddy production in the Kozhikode and Palakkad districts, encompassing factors like 

topography, soil quality, climate, and water availability. Pairwise comparisons were then 

conducted to assess the relative importance of each criterion. Spatial data for each 

criterion, such as soil maps and precipitation, were visualized and analysed using ArcGIS. 
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Raster layers were created for each criterion, categorized, and rescaled to a common scale 

(e.g., 1–10) for integration and comparison. 

A measure of the consistency of pairwise comparisons is the consistency index in 

the AHP approach. The consistency ratio (CR) is crucial, aiming for a value less than or 

equal to 0.1 for a reliable analysis. CR is calculated by dividing the consistency index (CI) 

by the consistency index for a randomly produced matrix of the same size (RI). If CR 

exceeds 0.1, the variable is eliminated from the analysis. 

Ow = O�/w� 

Where   CR = consistency ratio 

              CI = consistency index  

              RI = consistency index for a random square matrix of the same size 

The thematic maps were prepared using GIS software such as Soil Texture, Depth, 

Drainage, pH, DEM, Slope. The DEM and slope map was generated from SRTM DEM 

which was downloaded from USGS earth explorer with the resolution of 30 m. after 

creating thematic layers of each parameter need to reclassify according to the NBSS&LUP 

Soil site criteria which is mentioned in Table 3.17. 

The next step involves considering the weightage of criteria. Employing the 

Weighted Sum tool in ArcGIS for a weighted overlay analysis involves the multiplication 

of each layer's values by their respective assigned weights, derived from the Analytical 

Hierarchy Process (AHP). The resultant raster is then normalized, yielding values within 

the range of 0 to 1. Following normalization, suitability categories, namely high, medium, 

and poor, are established. 

Ultimately, a paddy suitability map is generated in ArcGIS based on the 

categorized raster. The map classifies areas as highly suitable, moderately suitable, 

marginally suitable, or not suitable for paddy cultivation. Farmers can identify the most 

suitable locations for paddy cultivation by applying the AHP approach, relying on precise 

spatial data and proficiency in GIS tools for data analysis and interpretation.  

3.7.3.3. Current Scenario 

The paddy land suitability map obtained using the AHP method can provide 

information on the areas that are most suitable for paddy cultivation in Kozhikode and 
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Palakkad districts. By combining this information with weather and soil data, along with 

crop growth models, we can estimate the average paddy yield for the current scenario in 

the region (Fig.3.32). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3.32. Flowchart of current and future yield prediction 
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absorbed photosynthetically active radiation (fAPAR), Monteith's equation is employed in 

this approach. The ratio of absorbed PAR (APAR) to incident PAR is known as the fraction 
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of absorbed photo-synthetically active radiation (fAPAR), and it is limited between 0 and 

1. The following diagram illustrates how incident PAR is converted into dry matter. 

�``d n¤V¥r'¤U =  `Rw ∗  R`Rw ∗  w§| 

Where, PAR = Photosynthetically Active Radiation;  

 fAPAR = Fraction of Absorbed Photosynthetically Active Radiation 

              RUE = Radiation Use Efficiency. 

For the Mundakkan paddy season, which runs from January to May 2020 with an 

8-day temporal resolution, the Radiation Use Efficiency—which measures how well 

assimilated photo-synthetically active radiation (PAR) is used—as well as fAPAR and 

stress factors were computed. After looking at how temperature stress (Tstress) and water 

stress (Wstress) affected photosynthesis, the equation was changed to look like this: 

�``d n¤V¥r'¤U =  `Rw ∗  R`Rw ∗  w§| ∗  (ifpbii ∗ {ifpbii 

3.7.3.3.1. Photo-synthetically Active Radiation (PAR) 

The portion of the spectrum in sunlight between 400 and 700 nm is known as 

photosynthetically active radiation or PAR.  Light is mostly absorbed by chlorophyll in 

narrow bands, having a maximum of 680 and 700 nm. Even though green light, which has 

a wavelength of about 550 nm, falls within the PAR area, more of it is reflected than the 

other wavelengths (W/m2). 

3.7.3.3.2. Fraction of Absorbed PAR (fAPAR) 

Variations in species and ecosystems, human activity, weather and climate 

processes, and other factors all affect the variance of fAPAR over time and space. Myneni 

& Williams (1994) define fAPAR as the ratio of the amount of incident PAR absorbed by 

the vegetation to the amount of PAR assimilated by photosynthesizing tissue inside a 

canopy (Canopy Architecture and RS-IEEE.Pdf, n.d.). Terra-MODIS was used to obtain 

the fAPAR 8-day composite. The range of possible fAPAR values is 0 (no interception or 

absorption) to 1 (full interception or absorption). 
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3.7.3.3.3. Land surface water index (LSWI) 

The Land Surface Water Index (LSWI) is a remote sensing-based vegetation index 

that can be used to assess surface water conditions in agricultural areas. It is particularly 

useful for monitoring water availability and estimating crop yields. LSWI is derived from 

satellite imagery and is sensitive to changes in both vegetation and water content in the 

soil.  

The Near Infrared (NIR) and Shortwave Infrared (SWIR) portions of the 

electromagnetic spectrum are used to create the Land Surface Water Index, or LSWI, 

which is used to evaluate water stress. Both the total amount of plants and the moisture 

content of the soil affect this indicator. 

LSWI =  NIR − SWIRNIR +  SWIR 

Where, NIR = Near Infrared 

            SWIR = Shortwave Infrared  

To use LSWI for yield estimation, you can monitor changes in LSWI over time during 

the growing season. Increases in LSWI may indicate improved vegetation health due to 

sufficient water availability, while decreases may suggest water stress. 

Water stress was also computed using the estimated LSWI (Xiao et al., 2005).  

(ifpbii =    1 − }~(�1 + }~(�nr# 

Water stress assessment using the Land Surface Water Index (LSWI) involves 

monitoring changes in LSWI values over time to identify periods of water scarcity or 

excess. LSWI is sensitive to variations in both vegetation and water content in the soil, 

making it a valuable tool for detecting water stress in agricultural areas. 

 

3.7.3.3.4. Temperature stress  

Agro-climatic variables like Temperature Stress have been used to create spectral 

yield models for the paddy crop (Rugira et al., 2021).  The formula for calculating 

temperature stress is given below: 
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T\Y¨©\\  =  "T − Tª]«&"T − Tª¬)&"T − Tª]«&"T − Tª¬)& − "T − TZ­Y&2 

where:  

T= actual temperature  

Tmin = Minimum temperature for photosynthesis(°C)  

Tmax = Maximum temperature for photosynthesis(°C)  

Topt = Optimal temperature for photosynthesis(°C)  

T = Daily mean temperature (°C) 

The ratio of grain yield to total biomass is called the Harvest Index (HI). Grain 

yield is therefore the result of multiplying the harvest index (HI) by the net primary 

productivity (NPP).  

Grain Yield =  NPP ∗  HI 
Where, HI= harvest index (HI)  

              NPP= net primary productivity (NPP).  

 

The LSWI, PAR, and fAPAR data are processed through the paddy crop mask in 

order to get the overall NPP. After that, the average pixel yield is calculated, and the 

average district-level yield is ascertained from there. 

3.7.3.4. Future scenario  

In order to model future climate conditions, our study used climate data from six 

GCMs taking part in the Coupled Model Intercomparison Project's sixth phase (CMIP6). 

The Coupled Model Intercomparison Project Phase 6 (CMIP6) plays a pivotal role in 

advancing our understanding of the Earth's climate system and refining projections for 

future climate conditions. These models simulate the intricate interactions within the 

atmosphere, ocean, land surface, and ice components of the Earth's climate. A primary 

objective of CMIP6 is to facilitate a comprehensive intercomparison of these models, 

allowing scientists to assess their performance in simulating historical climate patterns. 

The Coupled Model Intercomparison Project Phase 6 (CMIP6) incorporates five major 

scenarios (SSP 1-1.9 to SSP 5-8.5) known as Shared Socioeconomic Pathways (SSPs), 

each offering a distinct narrative for potential future societal, economic, and technological 

trajectories. In this study, CMCC-ESM2, EC-Earth3, EC-Earth3-Veg, and GFDL-CM4, 
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are all climate models used in scientific research to simulate and study Earth's climate 

system. 

1. CMCC-ESM2 (Centro Euro-Mediterraneo sui Cambiamenti Climatici Earth System Model 2) 

2. EC-Earth3 (European Consortium Earth System Model 3) 

3. EC-Earth3-Veg (European Consortium Earth System Model 3 with vegetation) 

4. GFDL-CM4 (Geophysical Fluid Dynamics Laboratory Climate Model 4). 

Temperature data from CMPI6 SSP 2-4.5 and SSP 5-8.5 of 4 models were used in 

addition to the data sources used for the current scenario. This will enable us to project 

how future climate change will impact the districts of Kozhikode and Palakkad paddy 

crops. To forecast the possible effects of future climate change on paddy yields, the data 

from these models can be integrated into the crop growth models utilized for the current 

scenario. 

In order to model future climate conditions, our study used climate data from four 

GCMs taking part in the Coupled Model Inter-comparison Project's sixth phase (CMIP6). 

Modelling organizations from all across the world are working together on CMIP6, or 

Coupled Model Inter-comparison Project Phase 6, which aims to produce accurate 

predictions of future climate change and advance our understanding of the Earth's climate 

system. The Earth's climate system is simulated by a collection of revolutionary climate 

models that take into account physical, chemical, and biological processes. We specifically 

looked at SSP 2-4.5 and SSP 5-8.5, two distinct representative concentration routes (SSPs) 

and similar socioeconomic pathways. SSP 5-8.5 and SSP 2-4.5 are two examples of these 

cases. A future envisioned by SSP 2-4.5 (Shared Socioeconomic Pathway 2-4.5) shows a 

peak in greenhouse gas emissions in the middle of the twenty-first century, followed by a 

decrease when low-carbon technology and policies are adopted. On the other hand, SSP 5-

8.5 (Shared Socioeconomic Pathway 5-8.5) depicts a scenario in which there are no 

appreciable attempts made to reduce greenhouse gas emissions, and emissions rise 

throughout the 21st century. With the use of these scenarios, scientists can look at the 

potential effects of various greenhouse gas emission paths on future climate change and 

its related effects. In order to estimate future paddy yields under climate change scenarios, 

we employed four climate models that took part in the sixth phase of the Coupled Model 

Inter-comparison Project (CMIP6). The CMCC-ESM2, EC-Earth3, EC-Earth3-Veg and 
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GFDL-CM4 models were among them. We examined the anticipated climate changes for 

each model and estimated future paddy yields under the SSP 2-4.5 and SSP 5-8.5 scenarios. 

The current scenario's technique was applied to the future situation with minor 

adjustments. Temperature data from CMPI6 SSP245 and SSP584 of 5 models were used 

in addition to the data sources used for the current scenario. This will enable us to project 

how future climate change will impact the districts’ (Kozhikode and Palakkad) paddy 

crops. To forecast the possible effects of future climate change on paddy yields, the data 

from these models can be integrated into the crop growth models utilized for the current 

scenario. 

3.7.4. Adaption strategies for improving the rice production 

The validated DSSAT-CERES-Rice model was used to run different scenarios and 

assess the viability of various adaptation techniques aimed at enhancing rice yield. The 

sensitivity analysis scenario used for this simulation experimental with nine distinct 

temperature sets with 0.5 0 C, 1 0 C, and 1.5 0 C increments for the maximum and minimum 

temperatures both separately and together of 2019 climate data.  The rest of the parameters 

remained unchanged. One of the adaption strategies taken into consideration is altering the 

date of sowing and transplanting. The DSSAT-CERES model was run for five days of early 

sowing and five days of late sowing in order to assess the effects of changing the planting 

date. Another adaptation strategy was increasing the N content of the fertilizer by 150 %. 

Tests were conducted to see how rice yields responded to various transplanting and seeding 

dates. To compare the observed crop yield, the simulated values were used. 
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4. Results 

The purpose of this research was to determine the best management strategies for 

rice with respect to its water and nutrient demand for optimal growth and production. This 

was achieved through a series of field experiments, crop modelling, and simulation studies. 

Additionally, the study aimed to assess the impact of various environmental factors on rice 

growth and production under different climate scenarios. This chapter presents and 

interprets the findings from the field and laboratory research conducted during the course 

of the investigation, which were designed to address the objectives of the study. The 

experiments specifically examined the effects of various treatments on water and nutrient 

management on growth indicators and yields of rice in the context of changing climate 

conditions.  

4.1. Experiment -1        

The first experiment was designed to evaluate the effect of different nutrient 

management and method of irrigation on four different rice varieties, commonly cultivated 

in Kerala, on rice growth parameters. The results acquired from the research work entitled 

“Assessing the influence of nutrient management and method of irrigation on biometric 

characters of four different rice cultivars” were elucidated here. 

4.1.1. Experimental soil and site characteristics 

The experimental soil belongs to lateritic and taxonomically named as Mixed; 

Isohyperthermic, Typic Kanhaplustults as per USDA and known as Kunnamangalam. 

Initial soil physico- chemical parameters of the experimental plot are tabulated in Table 

4.1.  The experimental soil has pH of 6.56, organic carbon of 1.05 %, available N of 213.6 

kg ha-1, available P of 26.5 kg ha-1 and available K of 113.12 kg ha-1. The soils possess the 

field capacity of 32.67 % and wilting point of 14.34 %, respectively.  

4.1.2. Climatic parameters 

  The experimental site experiences a humid tropical climate characterized by hot, 

dry summers and cold winter seasons The maximum temperature experienced in the 

experimental location during the crop growth period was 35.0 0C and the minimum 

temperature that prevailed during the experimental period was 16.0 0C, respectively. 

Throughout the crop growth period, the total rainfall received was 460.8 mm. Average 

maximum relative humidity and minimum relative humidity were found to be 98.0 % and 
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62.0 % respectively during the experimental period. Weather parameters experienced 

during the experimental period are graphically represented in Fig.4.1. 

Table 4.1. Soil physico- chemical parameters of experimental plot 

Soil parameters Values 

pH 6.56 

Organic carbon (%) 1.05 

Soil -Available N (kg ha-1) 213.60 

Soil- Available P (kg ha-1) 26.50 

Soil-Available K (kg ha-1) 113.12 

Field capacity (%) 32.67 

Wilting point (%) 14.34 

 

 

Fig.4.1. Weather data during crop growth period- Experimental 1 

4.1.3. Biometric characteristics  

In this study, the focus is exclusively on morphological parameters as key 

indicators to represent the developmental aspects of plants as influenced by the treatments. 

Morphological parameters refer to the physical characteristics and structural features of 

plants that can be visually observed and measured. Morphological characteristics of the 

plant, viz., height of the plant, the number of tillers, and the number of panicles of each 

variety were measured during all three stages. 
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Plant height 

The observed plant heights of different varieties are represented in Table 4.2. 

Results showed that both water and nutrient management treatments had a statistically 

significant effect on plant height in this experiment. In the case of Jyothi cultivar, among 

the three growth stages of rice, only the panicle initiation stage (60 DAT) showed a 

significant effect of irrigation treatments on plant height. Plants grown under flooded fields 

showed higher values for plant height than plants grown in Alternative Wetting and Drying 

(AWD) fields. However, in the case of different levels of N application treatments, a 

significant effect was noticed in plant height during the tillering and panicle initiation 

stages, beyond that there was no effect. The flooded condition with N3 treatment has the 

highest values for plant height in the initial stage, i.e., 51.0±2.7 cm. It was followed by N2 

treatment (45.0±8.7 cm) and N1 treatment (42.7±12.2 cm). In the AWD condition also, N3 

treatment has the highest values for pant height in the initial stage, i.e., 44.7±4.0 cm. It 

was followed by N2 treatment (42.7±4.7 cm) and N1 treatment (41.7±5.7 cm). During the 

panicle initiation period (60th day after planting), the highest plant height (81.3±7.1cm) 

was observed in N3 treatment under flooded conditions, which was followed by 72.7±9.5 

cm for N2 treatment and 61.7±2.9 cm for N1 treatment. In the AWD condition, the highest 

plant height was observed for the N3 treatment (64.7±4.0 cm), which was followed by the 

N2 treatment (62.7±4.6 cm) and the least value was noticed in the N1 treatment (61.7±5.8 

cm). Then during the maturation stage (105th day after planting), N3 treatment had the 

highest values for plant height i.e., 87.4±5.5 cm, which was followed by N2 treatment 

(77.0±10.3 cm) and N1 treatment (77.0±14.7 cm) for flooded condition. In the AWD 

condition also, N3 treatment has the highest values for plant height in the maturity stage, 

i.e., 73.6±4.4 cm. It was followed by N2 treatment (71.9±4.7 cm) and N1 treatment 

(71.0±8.8 cm). The interaction effect of irrigation and nutrient application on plant height 

was found to be non-significant. 

In the case of Jaya paddy variety, both the panicle initiation stage and the maturity 

stage had a significant impact on the irrigation treatments. Flooded plants performed better 

than AWD-treated plants. Among the three developmental stages (active tillering observed 

during 30 DAT, panicle initiation observed during 60 DAT, and maturation stage observed 

during 105 DAT) of rice, different percentages of N applications had a significant impact 

on plant height in Jaya cultivars. Among them, the T3 treatment with the highest content 
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Table 4.2. Plant height of four different rice varieties, are represented as Mean ± Standard Deviation (SD) of three replications. 

 V1 V2 V3 V4 

Treatment 30 DAT 60 DAT 105 DAT 30 DAT 60 DAT 105 DAT 30 DAT 60 DAT 105 DAT 30 DAT 60 DAT 105 DAT 

  
I1N1 42.7±12.2 61.7±2.9 77.0±14.7 46.0±5.2 69.6±0.7 73.8±1.1 35.7±4.7 39.3±4.9 42.1±3.7 59.3±4.0 61.7±2.9 65.3±4.9 

I1N2 45.0±8.7 72.7±9.5 77.0±10.3 61.7±5.7 74.0±4.5 77.9±4.5 40.7±2.3 46.7±6.5 48.3±4.0 61.8±5.5 68.3±11.6 71.7±6.5 

I1N3 51.0±2.7 81.3±7.1 87.4±5.5 65.7±4.9 80.9±1.9 86.1±2.3 45.3±0.6 50.7±2.5 53.7±4.3 67.5±4.3 71.7±2.1 73.7±2.5 

I2N1 41.7±5.7 61.7±5.8 71.0±8.8 49.7±5.7 62.3±0.6 65.5±0.6 31.7±9.6 34.3±7.6 40.3±2.3 51.7±1.2 57.3±2.1 63.1±2.1 

I2N2 42.7±4.7 62.7±4.6 71.9±4.7 60.7±5.5 71.1±4.8 74.9±4.8 38.0±3.6 42.0±2.7 44.7±1.2 56.3±2.3 63.7±1.2 69.3±4.0 

I2N3 44.7±4.0 64.7±4.0 73.6±4.4 61.0±1.3 76.0±3.6 79.9±3.6 41.7±0.5 46.0±3.0 49.3±2.3 63.3±3.7 69.7±0.6 71.3±2.3 
I SE(m) 2.4 2 4.2 1.7 1 1.1 1.3 1.3 1.6 1.3 1.3 2.4 

CV 15.3 8.9 11.6 10.1 4.2 4.3 6.9 5.8 7.3 6.1 5.8 12.5 

CD - 6.2 - - 3.2 3.5 4.8 3.9 4.9 - 3.9 7.4 
N SE(m) 2.3 2.5 5.1 2.1 1.3 1.3 1.6 1.5 1.9 1.6 1.5 2.9 

CV 15.3 8.9 11.6 10.1 4.2 4.3 6.9 5.8 7.3 6.1 5.8 12.5 

CD 8.9 7.6 - 6.7 3.9 4.2 5.1 4.9 6 - 4.7 9.1 
I X N SE(m) 4.1 4.9 5.1 2.9 1.8 1.9 2.3 2.2 2.7 2.2 2.2 4.2 

CV 15.3 8.9 11.6 10.1 4.2 4.3 6.9 5.8 7.3 6.1 5.8 12.5 

CD - - - - - - - - - - - - 
Fvalue I NS ** NS NS ** ** * * ** NS * ** 

N * * NS ** ** ** * ** ** NS ** * 

I X N NS NS NS NS NS NS NS NS NS NS NS NS 
 

Where, V1 is Jyothi, V2- Jaya, V3- Uma, V4- Kanchana, I1 is waterlogged/ flooded, I2 is alternate wetting and drying (AWD), N1 is 0 % 
application of the recommended dose of nutrients, N2 is 100 % application of the recommended dose of nutrients (RDN) through inorganic 
fertilizers and N3 is 120 % N of the RDN through inorganic fertilizers. Significance at P< 0.05 * and P>0.01 **, LSD test.
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of nitrogen fertilizer application had the highest plant height. There was no combined 

influence of irrigation and fertilizer control on plant      height. The flooded condition with 

N3 nitrogen treatment has the highest values for plant height in the initial stage, i.e., 

65.7±4.9 cm. It was followed by N2 treatment (61.7±5.7 cm) and N1 treatment (46.0±5.2 

cm). In the AWD condition also, N3 treatment has the highest values for plant height in 

the initial stage, i.e., 61.0±1.3 cm. It was followed by N2 treatment (60.7±5.5 cm) and N1 

treatment (49.7±5.7 cm). During the panicle initiation period (60th day after planting), the 

highest average values for plant height for flooded conditions were seen for N3 treatment 

(80.9±1.9 cm), which was followed by N2 treatment (74.0±4.5 cm) and N1 treatment 

(69.6±0.7 cm). In the AWD condition highest plant height was noticed for the N3 treatment 

(76.0±3.6 cm), then for N2 treatment (71.1±4.8 cm) and the lowest value was observed for 

N1 treatment (62.3±0.6 cm). Then during the maturation stage (105th day after planting), 

N3 treatment has the highest values for plant height, i.e., 86.1±2.3 cm, which was followed 

by N2 treatment (77.9±4.5 cm) and N1 treatment (73.8±1.1cm) for flooded condition. In 

the AWD condition also, N3 treatment has the highest values for plant height in the 

maturation stage, i.e., 79.9±3.6 cm. It was followed by N2 treatment (74.9±4.8 cm) and 

N1 treatment (65.5±0.6 cm). 

Among the three growth stages of the Uma rice variety in this experiment, different 

water management practices and percentages of N applications had a significant impact 

on plant height, but they lacked the combined interaction effect. In the Uma rice variety, 

flooded condition with N3 nitrogen treatment has the highest values for plant height in the 

initial stage, i.e., 45.3±0.6 cm. It was followed by N2 treatment (40.7±2.3 cm) and N1 

treatment (35.7±4.7 cm). In the AWD condition also, N3 treatment has the highest plant 

height in the initial stage, i.e., 41.7±0.5 cm. It was followed by N2 treatment (38.0±3.6 

cm) and N1 treatment (31.7±9.6 cm). During the panicle initiation period (60th day after 

planting), the highest average values for plant height for flooded conditions were seen in 

N3 treatment (50.7±2.5 cm), which was followed by N2 treatment (46.7±6.5 cm) and N1 

treatment (39.3±4.9 cm), respectively. In the AWD condition highest plant height was 

measured for N3 treatment (46.0±3.00 cm), then for N2 treatment (42.0±2.7 cm) and the 

least value was observed for N1 treatment (34.3±7.6 cm). Then at the maturity stage (105th 

day after planting), N3 treatment has the highest plant height, i.e., 53.7±4.3 cm, which was 

followed by N2 treatment (48.3±4.0 cm) and N1 treatment (42.1±3.7 cm) for flooded 

condition. In the AWD condition also, N3 treatment has the highest values for plant height 
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in the maturity stage, i.e., 49.3±2.3 cm. It was followed by N2 treatment (44.7±1.2 cm) 

and N1 treatment (40.3±2.3 cm). 

For the Kanchana rice variety, except tillering, both the panicle initiation stage and 

the maturity stage had a significant impact on the irrigation treatments as well as the 

nutrient treatments. Flooded plants with N3 treatment performed better than other 

treatments in all three stages. The interaction effect was found to be non-significant. In the 

Kanchana rice variety, the flooded condition N3 treatment has the highest values for plant 

height in initial stage, i.e., 67.5±4.3 cm. It was followed by N2 treatment (61.8±5.5 cm) 

and N1 treatment (59.3±4.0 cm). In the AWD condition also, N3 treatment has the highest 

values for plant height in the initial stage, i.e., 63.3±3.7 cm. It was followed by N2 

treatment (56.3±2.3 cm) and N1 treatment (51.7±1.2 cm). During the panicle initiation 

period (60th day after planting), the highest plant height for flooded conditions were seen 

for N3 treatment (71.7±2.1 cm), which was followed by N2 treatment (68.3±11.6 cm) and 

N1 treatment (61.7±2.9 cm). In the AWD condition highest plant height was measured for 

N3 treatment (69.7±0.6 cm), then for N2 treatment (63.7±1.2 cm) and the least value was 

observed for N1 treatment (57.3±2.1 cm). Then during the maturation stage (105th day 

after planting), N3 treatment has the highest values for plant height, i.e., 73.7±2.5 cm, 

which was followed by N2 treatment (71.7±6.5 cm) and N1 treatment (65.3±4.9 cm) for 

flooded condition. In the AWD condition also, N3 treatment has the highest values for 

plant height, i.e., 71.3±2.3 cm. It was followed by N2 treatment (69.3±4.0 cm) and N1 

treatment (63.1±2.1 cm), respectively. 

Number of tillers 

Among the two different irrigation methods, waterlogged/ flooded condition has 

the highest number of tillers when compared to the AWD irrigation method and it was 

statistically significant at various stages of paddy growth.  Observed tiller numbers of 

different varieties are represented in Table 4.3. In the case of Jyothi variety, all three stages 

of the crop's development were found to be significantly effective with N application 

treatments but in the different water management treatments except the tillering stage, 

other stages were significantly impacted by the treatment. However, there was no 

combined influence observed for irrigation and nutrient application on number of tillers. 

Flooded condition with N3 treatment has the highest values for the number of tillers 

in the initial stage, i.e., 6.3±0.6 and the least in N1 treatment (4.0±1.0). In the AWD 

condition also, N3 treatment had the highest number of tillers in the initial stage, i.e., 
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5.3±0.6. and the least in N1 treatment (3.7±1.3). At the panicle initiation stage (60th day 

after planting), the highest number of tillers for the flooded condition was 10.0±2.6 for N3 

treatment, which was followed by 7.0±1.0 for N2 treatment and 5.7±0.6 for N1 treatment, 

respectively, and the treatments showed significant influence. In the AWD condition, the 

highest number of tillers was observed for N3 treatment (7.0±1.0), which was followed by 

N2 treatment (5.3±1.2) and N1 treatment (5.3±0.6), respectively. Final measurements were 

taken during the 105th day after planting during the maturation stage. In the flooded 

condition, N3 treatment has the highest number of tillers, i.e., 9.0±1.0 and the least for N1 

treatment (5.5±0.6). In the AWD condition also, N3 treatment has the highest number of 

tillers, i.e., 7.3±0.6 and the least for N1 treatment (3.3±0.6) and showed a significant 

difference between the applied treatments. 

In the case of Jaya variety, treatment for water management and N application had 

a significant impact on the active tillering stage and also in the next two stages but, here 

also, there were no combined influences observed for irrigation and nutrient application 

on number of tillers. In the flooded condition N3 and N2 treatment have the highest values 

for number of tillers in the initial stage, i.e., 6.7±0.3 and 6.7±0.6 respectively. It was 

followed by N1 treatment (4.3±1.2). In the AWD condition, N2 treatment had the highest 

values for number of tillers in the initial stage, i.e., 5.0±0.2. It was followed by N3 

treatment (4.7±0.6) and N1 treatment (4.3±1.2). After 60th day of planting during the 

panicle initiation stage, the highest average number of tillers for flooded conditions was 

10.0±2.0 for the N3 treatment, which was followed by 7.7±1.2 for the N2 treatment and 

5.7±0.6 for the N1 treatment. In the AWD condition, the highest number of tillers were 

observed for N3 treatment (7.3±0.6) which is followed by N2 treatment (6.3±0.6) and N1 

treatment (4.7±0.6). During the maturation period, the flooded condition with N2 

treatment has the highest values for number, i.e., 7.0±1.7. It was followed by N3 treatment 

(6.3±0.6) and the least for the N1 treatment (4.7±0.6). In the AWD condition also, the N2 

treatment has the highest values for number of tillers, i.e., 5.7±1.2. It was followed by the 

N3 treatment (5.0±0.0) and the least for the N1 treatment (4.3±0.6) and showed a 

significant difference between the applied treatments.   

The Uma rice variety also was found to be significantly influenced by water 

management and N fertilizer management, both alone and in combinations in all states 

except the tillering stage, in which the interaction effect was found to be non-significant. 

The flooded (I1) condition with high nitrogen level (T3) treatment produced the highest 
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Table 4.3. Number of tillers of four different rice varieties, are represented as Mean ± Standard Deviation (SD) of three replications. 

 V1 V2 V3 V4 

Treatment 30 DAT 60 DAT 105 DAT 30 DAT 60 DAT 105 DAT 30 DAT 60 DAT 105 DAT 30 DAT 60 DAT 105 DAT 

  I1N1 4.0±1.0 5.7±0.6 5.5±0.6 4.3±1.2 5.7±0.6 4.7±0.6 4.0±1.0 4.7±0.6c 4.7±0.6c 5.3±0.6 6.3±0.6 6.3±0.6 

I1N2 5.3±0.6 7.0±1.0 6.7±0.6 6.7±0.6 7.7±1.2 7.0±1.7 5.3±1.2 6.7±0.6b 6.7±0.6b 6.7±0.6 7.7±1.5 7.7±1.5 

I1N3 6.3±0.6 10.0±2.6 9.0±1.0 6.7±0.3 10.0±2.0 6.3±0.6 8.3±1.2 10.0±1.0a 9.0±1.0a 6.7±0.6 11.0±1.0 11.0±1.0 

I2N1 3.7±1.3 5.3±0.6 3.3±0.6 4.3±1.2 4.7±0.6 4.3±0.6 3.3±0.6 5.3±0.6 bc 5.3±0.6 bc 4.3±0.6 5.3±0.7 5.3±0.7 
I2N2 5.0±1.0 5.3±1.2 5.3±1.7 5.0±0.2 6.3±0.6 5.7±1.2 3.3±0.6 5.3±0.6bc 5.3±0.6bc 6.0±1.0 7.7±0.6 7.7±0.6 

I2N3 5.3±0.6 7.0±1.0 7.3±0.6 4.7±0.6 7.3±0.6 5.0±0.0 6.0±1.0 6.3±1.2b 6.3±0.6b 6.0±1.0 9.7±0.6 9.7±0.6 
I SE(m) 0.31 0.45 0.31 0.26 0.36 0.27 0.31 0.27 0.21 0.27 0.31 0.31 

CV 19.07 20.142 14.5 14.54 15.48 14.85 16.65 12.673 10.21 13.64 11.64 11.64 

CD - 1.39 0.97 0.81 1.13 0.86 0.97 0.85 0.66 - - - 
N SE(m) 0.54 0.55 0.38 0.31 0.43 0.33 0.38 0.33 0.26 0.33 0.38 0.38 

CV 19.07 20.14 14.51 14.54 15.48 14.85 16.65 12.67 10.21 13.64 11.64 11.64 

CD 1.19 2.18 1.19 0.99 1.38 1.05 1.19 1.04 0.8 1.02 1.19 1.19 
I X N SE(m) 0.54 0.78 0.54 0.44 0.621 0.47 0.53 0.47 0.36 0.46 0.53 0.53 

CV 19.07 20.14 14.51 14.54 15.48 14.85 16.65 12.67 10.21 13.64 11.64 11.64 

CD - - - - - - - 1.47 1.14 - - - 
Fvalue I NS * ** ** ** * * ** * NS NS NS 

N * ** ** * ** ** ** ** ** * ** ** 

I X N NS NS NS NS NS NS NS ** ** NS NS NS 

 
Where, V1 is Jyothi, V2- Jaya, V3- Uma, V4- Kanchana, I1 is waterlogged/ flooded, I2 is alternate wetting and drying (AWD), N1 is 0 % 
application of the recommended dose of nutrients, N2 is 100 % application of the recommended dose of nutrients (RDN) through inorganic 
fertilizers and N3 is 120 % N of the RDN through inorganic fertilizers. Significance at P< 0.05 * and P>0.01 **, LSD test.
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number of tillers in both the panicle initiation stage and the maturity stage, i.e., 10.0±1.0 and 

9.0±1.0 respectively, and it was found to be the superior treatment. Whereas, the inferior one 

among the treatments was I1T1 treatment in the panicle initiation stage and the maturity stage, 

4.7±0.6 and 4.7±0.6, respectively. The treatments I2 N1 and I2N2 were statistically on par in 

both the panicle initiation and the maturation stage.  

In the case of the rice cultivar Kanchana, different levels of N treatments were 

statistically significant during all three growth stages in this experiment. However, the 

irrigation treatments failed to significantly influence the number of tillers in this experiment. 

The N3 and N2 nitrogen treatment have the highest number of tillers in the initial stage, i.e., 

6.7±0.6. It was followed by N1 treatment (5.3±0.6). In the AWD condition also, N3 and N2 

treatments have the highest values for the number of tillers in the initial stage, i.e., 6.0±1.00. 

It was followed by N1 treatment (4.3±0.6). At the panicle initiation stage, the average number 

of tillers for flooded conditions was 11.0±1.0 for N3 treatment, 7.7±1.5 for N2 treatment and 

6.3±0.6 for N1 treatment, respectively. In AWD condition number of tillers was 9.7±0.6 for 

N3 treatment, 7.7±0.6 for N2 treatment and 5.3±0.7 for N1 treatment. Final measurements 

were taken during the 105th day after planting during the maturation stage. In the flooded 

condition, the N3 treatment had the highest number of tillers, i.e., 11.0±1.0. It was followed 

by N2 treatment (7.7±1.5) and N1 treatment (6.3±0.6). In the AWD condition also, the N3 

treatment had the highest number of tillers in the maturity stage, i.e., 9.7±0.6. It was followed 

by N3 treatment (7.7±1.5) and N1 treatment (6.3±0.6), respectively.  

Leaf area index (LAI) 

The leaf area index (LAI) calculated during the experiments is tabulated in Table 4.4. 

In the case of the Jyothi rice variety, nitrogen application treatments had impacted the LAI 

during all three stages, whereas in water management treatments only the tillering stage had 

an impact on LAI. However, there was no interaction effect of irrigation and nutrient 

management treatments and it was non-significant. Among the treatments, I2N1 (0.8±0.3) had 

the least LAI during the tillering stage and the highest was noticed in the I1N3 treatment 

(2.6±0.3). After 60th day of transplanting, the highest average value for LAI of flooded 

conditions was 4.4±0.5 for N3 treatment, which was followed by 3.3±0.3 for N2 treatment 
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and 2.9±0.5 for N1 treatment. In the AWD condition, the highest LAI was observed for N3 

treatment (3.9±0.5), which was followed by N2 treatment (2.4±0.0) and N1 treatment 

(2.5±0.8), respectively. A similar trend was observed at the maturity stage also, which showed 

that the N3 treatment recorded the highest values for LAI both in flooded and AWD irrigated 

plants, i.e., 3.8±0.5 & 3.2±0.9, and the least for the N1treatments, 2.2±0.6 & 0.9±0.1 

respectively. 

Throughout the experiment, Jaya rice varieties had shown a significant effect on the 

LAI by managing the water and nutrient treatments, but the combined effect was found to be 

non-significant. In the Jaya rice cultivar, the flooded condition with N3 nitrogen treatment 

had the highest values for LAI in all three rice growth stages. Among them, the panicle 

initiation stage had the highest value for I1N3 (4.1±0.7) and the lowest values was observed 

during the tillering stage for I2N1 treatment (0.6±0.3). In the tillering stage, the highest was 

noticed for I1N3. Then during the maturity, stage N3 treatment had the highest values for LAI 

both in flooded and AWD irrigated plants, i.e., 3.4±0.4 & 2.5±0.5 respectively, and the least 

for N1treatments (1.9±0.4 & 0.8±0.3 respectively). 

Nitrogen application treatments and water management in Uma rice variety had a 

significant effect on LAI at all three stages, except for water management treatment during 

tillering. However, irrigation and nutrient management interaction was non-significant. 

Among the treatments, I1N3 (2.3±0.4) had the highest LAI during the tillering stage, followed 

by I1N2 and I2N3 treatments (1.8±0.3) and I2N2 treatment (1.6±0.1). Whereas the lowest was 

for I1N3 (1.0±0.1), followed by I1N1 treatment (1.2±0.1). At the panicle initiation stage, the 

highest values of LAI for flooded conditions were found in the N3 treatment (4.4±0.5), which 

was followed by 3.3±0.3 for the N2 treatment and 2.9±0.5 for the N1 treatment. In AWD 

condition highest LAI was observed for N3 treatment (3.3±0.5), which was followed by N2 

treatment (2.9±0.5) and then N1 treatment (2.7±0.6). Then during the maturation stage, N3 

treatment had the highest values for LAI both in flooded and AWD irrigated plants, i.e., 

3.4±0.2 & 2.9±0.1, and least for N1treatments, 2.9±0.1 & 2.6±0.1 respectively. 
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Table 4.4. Leaf area index of four different rice varieties, are represented as Mean ± Standard Deviation (SD) of three replications. 

 
V1 V2 V3 V4 

Treatment 30 DAT 60 DAT 105 DAT 30 DAT 60 DAT 105 DAT 30 DAT 60 DAT 105 DAT 30 DAT 60 DAT 105 DAT 

  I1N1 1.2±0.4 2.9±0.5 2.2±0.6 1.2±0.6 2.1±0.1 1.9±0.4 1.2±0.1 2.9±0.0 2.6±0.1 1.9±0.3 2.7±0.3 1.9±0.8 

I1N2 2.1±0.9 3.3±0.3 2.8±0.4 1.9±0.1 2.7±0.3 2.7±0.2 1.8±0.3 3.3±0.5 2.9±0.2 1.7±0.4 2.8±1.1 2.5±0.8 

I1N3 2.6±0.3 4.4±0.5 3.8±0.5 2.7±1.8 4.1±0.7 3.4±0.4 2.3±0.4 4.4±0.3 3.4±0.2 2.3±0.2 3.8±0.5 3.1±1.1 

I2N1 0.8±0.3 2.5±0.8 0.9±0.1 0.6±0.3 1.7±0.4 0.8±0.3 1.0±0.1 2.7±0.6 2.3±0.1 0.9±0.3 2.4±0.8 1.8±0.9 

I2N2 1.1±0.2 2.4±0.0 1.8±0.9 1.8±0.2 2.3±0.1 1.5±0.3 1.6±0.1 2.9±0.5 2.5±0.1 1.7±0.2 2.4±0.5 2.1±0.4 

I2N3 2.1±0.5 3.9±0.5 3.2±0.9 2.2±0.3 3.2±0.7 2.5±0.5 1.8±0.3 3.3±0.5 2.9±0.1 2.3±0.8 3.4±0.9 2.8±1.2 

I SE(m) 0.19 0.21 0.17 0.11 0.16 0.13 0.13 0.15 0.054 0.39 0.21 0.29 

CV 34.4 21.6 17.9 18.85 17.33 10.51 16.95 13.65 5.92 16.89 21.63 40.14 

CD 0.57 - - 0.345 0.49 0.42   0.47 0.17 - - - 

N SE(m) 0.23 0.25 0.2 0.13 0.19 0.16 0.11 0.18 0.07 0.45 0.35 0.34 

CV 34.8 21.6 17.99 18.85 17.33 10.51 16.94 13.65 5.92 16.89 21.63 40.14 

CD 0.7 0.79 0.64 0.42 0.59 0.51 0.36 0.87 0.21 - 0.79 - 

I X N SE(m) 0.32 0.36 0.28 0.19 0.27 0.23 0.16 0.26 0.09 0.47 0.39 0.39 

CV 34.8 21.6 17.9 18.85 17.33 10.51 16.94 13.65 5.93 16.89 21.63 40.14 

CD - - - - - - - - - - - - 

Fvalue I * NS NS * * * NS * ** NS NS NS 

N ** ** * ** ** ** ** ** ** NS * NS 

I X N NS NS NS NS NS NS NS NS NS NS NS NS 

 
Where, V1 is Jyothi, V2- Jaya, V3- Uma, V4- Kanchana, I1 is waterlogged/ flooded, I2 is alternate wetting and drying (AWD), N1 is 0 % 
application of the recommended dose of nutrients, N2 is 100 % application of the recommended dose of nutrients through inorganic fertilizers and 
N3 is 120 % N of the recommended dose of nutrients through inorganic fertilizers. Significance at P< 0.05 * and P>0.01 **, LSD test.
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With respect to the cultivar Kanchana, only in the panicle initiation stage, did 

nitrogen application treatments have a significant impact on LAI, and the rest were not 

significantly influenced. The flooded condition along with N3 nitrogen treatment had the 

highest values for LAI in the initial stage, i.e., 2.3±0.2. It was followed by the N1 treatment 

(1.9±0.3) and the N2 treatment (1.7±0.4), respectively. In the AWD condition also, the N3 

treatment had the highest value for LAI in the initial stage, i.e., 2.3±0.8 and it was followed 

by the N2 treatment (1.7±0.2) and the N1 treatment (0.9±0.3). During the panicle initiation 

period (60th day after planting), the highest value of LAI for flooded conditions was 

observed for N3 treatment (3.8±0.5), which was followed by N2 (2.8±1.2) and N1 

treatments (2.7±0.3), respectively. In the case of AWD condition, the highest LAI was 

observed for N3 treatment (3.4±0.9), and the least was observed in N2 & N1 treatment 

(2.4±0.5 & 2.4±0.8, respectively). Then during the maturity stage (105th day after 

planting), N3 treatment has the highest values for LAI, i.e., 3.1±1.1, which was followed 

by N2 treatment (2.5±0.8) and N1 treatment (1.9±0.8) for the flooded condition. In the 

AWD condition also, N3 treatment has the highest values for LAI in the maturity stage, 

i.e., 2.8±1.2. It was followed by N2 treatment (2.1±0.4) and N1 treatment (1.8±0.9), 

respectively. 

Number of panicles 

The number of panicles observed during the panicle initiation stage (60th day after 

planting) and maturation stage (105th day after planting) are tabulated in Table 4.5. The 

treatments on nutrient management significantly influenced the number of panicles in all 

four varieties of paddy tested in this experiment. In Jyothi rice variety, the N3 nitrogen 

treatment had the highest values for the number of panicles in both the flooded as well as 

the AWD treatments, i.e., 8.3±2.5 and 6.0±1.0 respectively and the least for N1 treatment 

(4.7±0.6 for the flooded and 4.3±1.2 for the AWD treatments) during the panicle initiation 

period. In the maturity stage also, N3 nitrogen treatment had the highest values for the 

number of panicles in the flooded and the AWD treatments, i.e., 8.0±2.0 and 6.0±1.0 

respectively and the least was observed for N1 treatment (4.7±0.6 for flooded and 3.0±0.0 

for AWD). 

In the case of Jaya variety, both the irrigation and nutrient management practices 

had a statistically significant effect on the number of panicles. The N3 treatment had the 

highest values for the number of panicles in the flooded treatment and the AWD treatment, 

i.e., 8.0±0.5 and 5.0±1.0 respectively. It was followed by the N2 treatment (5.3±1.2 for the 
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flooded and 4.5±1.8 for the AWD treatments) and the least was noticed for the N1 

treatment (4.0±1.0 for the flooded and 3.3±1.0 for the AWD treatments) during the panicle 

initiation stage. In the maturity stage also, the N3 treatment recorded the highest values 

for the number of panicles in the flooded treatment and the AWD treatment, i.e., 6.7±0.3 

and 5.3±0.6 respectively. It was followed by the N2 treatment (5.3±1.2 for the flooded and 

4.0±1.0 for the AWD treatments) and the least was noticed in the N1 treatment (4.3±1.6 

for the flooded and 3.3±0.6 for the AWD treatments). 

In the Uma paddy variety, nutrient treatments significantly influenced the panicle 

production whereas the water management had little effect. But this variety showed a 

significant effect on panicle production through the combined interaction between the 

treatments. In both the irrigation conditions, N3 treatment has the highest values for the 

number of panicles i.e., 10.7±1.5 and 8.0±1.0, respectively, and the least for N1 treatment 

(4.0±1 for flooded and 5.3±1.5 for AWD) during the panicle initiation stage. In the maturity 

stage also, N3 treatment had the highest values for the number of panicles in the flooded 

treatment and the AWD treatment, i.e., 10.3±1.6 and 8.0±0.0 respectively, followed by the 

N2 treatment (5.7±0.6 for the flooded irrigation and 6.3±0.6 for the AWD irrigation) and 

the least for N1 treatment (5.3±0.6 for flooded and 4.3±0.6 for AWD). So, among the 

treatments, I1N3 was the superior treatment and I1N1 was the inferior treatment, and this 

variety showed a statistically significant effect on the interaction.  

In the case of Kanchana variety, the nitrogen treatments have a significant effect 

during both the panicle initiation stage and the maturity stage, whereas, in the irrigation 

management treatments, only the maturity stage had a significant effect on the number of 

panicles. Also, it failed to exert any interaction effect on the number of panicles in this 

experiment. The N3 treatment has the highest values for the number of panicles in the 

flooded and the AWD treatments, i.e., 5.0±1.7 and 4.3±1.2, respectively. It was followed 

by N2 treatment (3.7±0.6 for the flooded and 3.0±0.0 for the AWD treatments) and the 

least for N1 treatment (3.3±1.2 for the flooded and 2.3±0.6 for the AWD treatments) during 

the panicle initiation stage. In the maturity stage also, the N3 treatment had the highest 

values for the number of panicles in the flooded treatment as well as the AWD treatment, 

i.e., 5.3±0.6 and 4.7±0.6, respectively. It was followed by the N2 treatment (4.7±0.6 for 

the flooded and 3.0±0.0 for the AWD treatments) and the least for the N1 treatment 

(3.7±0.6 for the flooded and 3.0±1.0 for the AWD treatments). 
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Table 4.5. Number of panicles of four different rice varieties, are represented as Mean ± Standard Deviation (SD) of three replications. 

 
V1 V2 V3 V4 

Treatment 60 DAT 105DAT 60 DAT 105DAT 60 DAT 105DAT 60 DAT 105DAT 

  I1N1 4.7±0.6 4.7±0.6 4.0±1.0 4.3±0.6 4.0±1.0d 4.3±0.6e 3.3±1.2 3.7±0.6 

I1N2 6.7±0.6 6.3±0.6 5.3±1.2 5.3±1.2 6.7±0.6c 5.7±0.6cd 3.7±0.6 4.7±0.6 

I1N3 8.3±2.5 8.0±2.0 8.0±0.5 6.7±0.3 10.7±1.5a 10.33±0.6a 5.0±1.7 5.3±0.6 

I2N1 4.3±1.2 3.0±0.0 3.0±1.0 3.3±0.6 5.3±1.5cd 5.3±0.6d 2.3±0.6 3.0±1.0 

I2N2 5.0±1.7 4.3±1.2 4.5±1.8 4.0±1.0 6.7±0.6c 6.3±0.6c 3.0±0.0 3.0±0.0 

I2N3 6.0±1.0 6.0±1.0 5.0±1.0 5.3±0.6 8.0±1.0b 8.0±0.0b 4.3±1.2 4.7±0.6 

I SE(m) 0.49 0.36 0.37 0.279 0.36 0.15 0.34 0.23 

CV 24.58 20.04 22.61 16.3 15.83 6.71 28.45 16.02 

CD - 1.11 1.16 0.88 - - - 0.68 

N SE(m) 0.47 0.44 0.45 0.34 0.45 0.18 0.42 0.27 

CV 24.58 20.04 22.61 16.73 15.83 6.71 28.45 16.02 

CD 1.8 1.36 1.42 1.08 1.4 0.81 1.29 0.84 

I X N SE(m) 0.83 0.62 0.64 0.48 0.63 0.26 0.59 0.38 

CV 24.58 20.04 22.61 16.73 15.83 6.71 28.45 16.02 

CD - - - - 1.98 0.81 - - 

Fvalue I NS ** ** ** NS NS NS ** 

N ** ** ** ** ** ** * ** 

I X N NS NS NS NS * ** NS NS 

 
Where, V1 is Jyothi, V2- Jaya, V3- Uma, V4- Kanchana, I1 is waterlogged/ flooded, I2 is alternate wetting and drying (AWD), N1 is 0 % 
application of the recommended dose of nutrients, N2 is 100 % application of the recommended dose of nutrients (RDN) through inorganic 
fertilizers and N3 is 120 % N of the RDN through inorganic fertilizers. Significance at P< 0.05 * and P>0.01 **, LSD test.
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4.1.4. Water input saving  

 The total water requirement for the Mundakkan (Rabi) season for the continuous 

flooded paddy cultivation was 1786.1 mm whereas for the alternating wetting and drying 

(AWD) cultivation, the total water requirement was 1115.8 mm, respectively. The detailed 

irrigation schedule is given in Table 4.6. The results showed that, during the growing 

period, rainfall had a substantial impact on daily water input use. It showed that if there is 

rain and the soil moisture is maintained, it results in a reduction in irrigation water demand. 

There is no need for further irrigation when there has been adequate rainfall and the land 

has acquired moisture from the rain. This can result in less overall water input on rainy 

days. During the initial stages, i.e., nursery and land preparation, a total of 442 mm was 

used for both flooded and AWD treatments. Whereas during the initial stage of rice growth, 

388.6 mm was used in flooded treatment and 380.8 mm was used in AWD treatment. The 

developmental stage of flooded treatment required 299.4 mm of water, and AWD treatment 

required only 55.2 mm of water during the same period. The maturity stage of rice in this 

experiment required 396.0 mm of water for flooded treatment and 114.9 mm of water for 

AWD treatment. Then before harvest 260.1 mm of water was used in flooded treatment 

and mm of water was used in AWD treatment. Hence, 37.52 % of water input was saved 

in this experiment. 



Results 

158 

Table 4.6. Detailed irrigation schedule of flooded and AWD irrigation 

Months Stage 
Flood AWD 

mm/dec mm/dec 

August Nursery 50 50 

August Nursery/ Land Preparations 150 150 

September Nursery/ Land Preparations 242 242 

September Initial  292 365.9 

September Initial 96.6 15.5 

October Developmental 100.6 2.9 

October Developmental 98.3 31.7 

October Developmental 100.5 20.6 

November Middle 91.2 37.2 

November Middle 101.2 34.2 

November Middle 101.7 0.2 

December Middle 101.9 43.3 

December Late 92.7 40.9 

December Late 87.3 47.8 

January Late 74.1 33.4 

January Late 6 0.2 

Total 1786.1 1115.8 

 

4.2. Experiment -2        

The results acquired from the research work entitled “Evaluation of nutrient 

management and method of planting on crop productivity of aerobic rice and estimating 

the water saving in aerobic using FAO-CROPWAT model” were collected and elucidated 

in this chapter. The results from the first experiment showed that alternate wetting and 

drying results in savings of water. Hence, the second experiment was conducted with 

respect to assessing the management practices for aerobic rice. This experiment was 

conducted to evaluate different nutrient management practices and methods of planting to 

aerobic rice production in addition an attempt was made to quantify the water saving under 

aerobic rice and the results obtained from this experiment are detailed hereunder. 
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4.2.1. Experimental soil and site characteristics 

Table 4.7 presents the tabulated results of soil physico- chemical parameters for 

the experimental plot. Overall, the soil at the experimental site exhibits a sandy clay loam 

texture, with a bulk density of 1.01 g cc-1 and a particle density of 2.06 g cc-1. 

Taxonomically, it falls under the Kunnamangalam series, classified by the USDA as 

Mixed; Isohyperthermic, Typic Kanhaplustults, and is characterized as lateritic in nature. 

The soil is having an acidity with a pH of 5.93. The organic carbon content is measured at 

1.02 %, while available nitrogen is relatively low at 255 kg ha-1. In terms of nutrient 

availability, the soil is classified as medium in available phosphorus (20.31 kg ha-1) and 

medium in available potassium (130.6 kg ha-1), respectively. The field capacity and wilting 

point of the soils are recorded at 24.12 % and 15.26 %, respectively.  

Table 4.7. Soil physical and chemical parameters of experimental plot 

Soil parameters Values 

Bulk density (g cc-1) 1.01  

Particle density (g cc-1) 2.06 

pH 5.93 

Organic carbon-OC (%) 1.02 

Soil Available N (kg ha-1) 255  

Soil Available P (kg ha-1) 20.31 

Soil Available K (kg ha-1) 130.6 

Field capacity (%) 24.12 

Wilting point (%) 15.26 
 

4.2.2. Climatic parameters 

The experimental site experiences a humid tropical climate featuring hot, dry 

summers and winter cold seasons. The total annual rainfall for the year was 3351.6 mm, 

with approximately 80 % of this precipitation occurred during the southwest monsoon 

season, spanning from May to September. Throughout the entire crop period, the 

cumulative rainfall reached 2092.8 mm. The average maximum temperature experienced 
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in experimental location during the crop period was 37.5 0C and average minimum 

temperature prevailed during the experimental period was 20.0 0C. Average maximum 

relative humidity and minimum relative humidity were found 98.0 % and 72.0 % 

respectively during the experimental period (Fig.4.2). 

 

Fig.4.2. Weather data during crop growth period- Experimental 2 

4.2.3. Biometric characteristics 

Plant biometrics represents a study of the development of plants. The crop 

biometric/ morphological characteristics measured are height of the plant in cm and tiller 

numbers during the four different crop developmental stages under different treatments are 

summarized in Table 4.8.  

Plant height 

The observed plant heights of different varieties are represented in Table 4.8. The 

results indicated that aerobic rice exhibited statistically significant differences among the 

various treatments applied. Direct-seeded rice (DSR) plants showed higher values for plant 

height than transplanted ones and with respect to nutrient treatment, the T1 (125 % of 

inorganic fertilizers) had the highest plant height followed by the T2 treatment (100 % of 

inorganic fertilizers) and the lowest value was observed in T3 treatment (100 % of organic 

manures) in both the directly planted and the transplanted plants, i.e. when the nitrogen 

level was increased resulted in increased plant's height significantly. 

In the DSR method, plants with T3 treatment had the highest values for plant height 

in the initial stage, i.e., 36.2±1.3 cm. It was followed by the T2 treatment (34.4±1.1 cm) 
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and the T1 treatment (25.4±1.3 cm), respectively. In the transplanted condition also, T3 

treatment had the highest values for plant height in the initial stage, i.e., 31.8±1.3 cm. It 

was followed by the T2 treatment (26.4±1.3 cm) and the T1 treatment (21.2±1.9 cm), 

respectively. The P1T3 treatment was statistically on par with the P2T2 treatment during 

the initial stage. After fifty days of planting, the plant height increased to 76.6±12.1 cm, 

69.6±1.1 cm and 54.2±2.9 cm for treatments T1, T2, and T3 in DSR, respectively, 

compared to 66.5±2.8 cm, 60.0±2.5 cm, and 51.0±3.1 cm for the transplanted rice plants 

for the same treatments. During this period, P1T1 was found to be a statistically superior 

treatment followed by the P1N2 treatment and P2T1 treatment. The least was noticed in 

the P2T1 treatment followed by the P2T2 treatment. The P1T3 and P2T3 treatments were 

statistically on par and at the same time inferior to the other treatment. Then, at the eighty-

five days of planting, the plant height increased to 85.0±2.2 cm, 77.6±1.3 cm and 66.0±2.3 

cm for treatments T1, T2, and T3 in DSR, respectively, compared to 75.1±0.9 cm, 73.8±1.0 

cm, and 64.4±2.2 cm for the transplanted rice plants for the same treatments. Then during 

the last sampling (i.e., on the 115th day) also, the P1T1 treatment had the highest values 

for plant height i.e., 87.5±1.9 cm and the least for the P2T3 treatment (64.6±2.3 cm). In 

the observations from the 85th day and 115th day, each treatment significantly differs from 

the other and among them, P1T1 was the superior treatment and P2T3 was the inferior 

treatment. Also, a significant combined influence was observed for all stages of methods 

of planting and nutrient application on plant height. 

Number of tillers 

The results indicated that the aerobic rice exhibited significant differences 

statistically among the various treatments applied (Table 4.8). According to the results, the 

number of tillers was maximum with T1 treatment, followed by T2 and the lowest values 

were observed in T3 treatment in both directly planted and transplanted rice. The number 

of tillers on the 30th day, for the DSR treatment was 13.0±1.5, 11.0±1.8, and 8.0±0.7 for 

treatments T1, T2, and T3, compared to 8.2±0.8, 7.0±1.2, and 6.0±1.2 for the transplanted 

treatments T1, T2, and T3, respectively. After the 50th day of planting, the number of tillers 

increased to 17.0±1.0, 15.2±0.5, and 11.8±0.5 for the T1, T2, and T3 treatments in DSR, 

respectively, whereas the transplanted rice showed the tillers as 14.0±0.9, 12.0±1.4 and 
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Table 4.8. Growth characteristics such as number of tillers and height of rice plant cv. Uma, are represented as Mean ± Standard 

Deviation (SD) of six replications. 
M

E
T

H
O

D
 

T
R

E
A

T
M

E
N

T
 30th Day 50th Day 85th Day 115th Day 

Number of 

tillers 

Height of 

plant (cm) 

Number of 

tillers 

Height of 

plant (cm) 

Number of 

tillers 

Height of 

plant (cm) 

Number of 

tillers 

Height of 

plant (cm) 

P
1
 

T1 13.0±1.5a 36.2±1.3a 17.0±1.0a 76.6±12.1a 19.4±0.5a 85.0±2.2a 19.4±1.1a 87.5±1.9a 
T2 11.0±1.8b 34.4±1.1ab 15.2±0.5b 69.6±1.1b 17.2±2.8ab 77.6±1.3b 17.0±1.1b 82.5±2.6b 
T3 8.0±0.7cd 25.4±1.3c 11.8±0.5ed 54.2±2.9e 14.4±0.5c 66.0±2.3e 14.0±0.2d 67.1±1.7e 

P
2
 

T1 8.2±0.8c 31.8±1.3b 14.0±0.9c 66.5±2.8c 17.0±1.0ab 75.1±0.9c 16.8±0.5c 76.1±1.9c 
T2 7.0±1.2d 26.4±1.3c 12.0±1.4d 60.0±2.5d 16.0±0.5b 73.8±1.0d 15.4±1.0c 72.9±1.8d 
T3 6.0±1.2e 21.2±1.9d 10.8±0.5e 51.0±3.1e 12.4±3.9cd 64.4±2.2f 12.2±0.6e 64.6±2.3f 

P SE(m) 0.20 0.80 0.18 0.87 0.81 0.15 0.08 0.18 
 CV 9.92 8.06 5.03 8.51 13.19 1.53 3.42 0.74 
 CD 0.60 2.2 0.53 3.82        1.08 0.56 0.30 0.62 
T SE(m) 0.25 0.85 0.22 0.95 0.86 0.26 0.21 0.21 
 CV 9.92 8.06 5.03 8.51 13.19 1.53 3.42 0.74 
 CD  0.74 4.4 0.65 4.85 1.78 0.75 0.35 0.65 
P X T SE(m) 0.39 1.07 0.30 2.37 0.96 0.50 0.24 0.25 
 CV 9.92 8.06 5.03 8.51 13.19 1.53 3.42 0.74 
 CD 1.14 3.14 0.89 6.99 2.09 1.48 0.72 0.74 
F value P ** ** ** ** ** ** ** ** 
 T ** ** ** ** * * ** * 
 P X T ** ** ** ** * ** ** ** 

 
Where, P1- DSR,  P2- Transplanted, T1 is 125 % of inorganic fertilizers, T2 is 100 % of inorganic fertilizers and T3 is 100 % of organic manures. 
a, b, c, d, e, and f in columns means treatments with same letter do not differ significantly (P< 0.05) * and (P>0.01) **, LSD test. SEM: Standard 
Errors of Mean; CD: Critical difference; CV: Coefficient of variance.
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10.8±0.5 for T1, T2, and T3 treatments, respectively. In both stages, among the treatments, 

P1T1 was found to be superior treatment and P2T3 was found to be the inferior treatment. 

The next observation was made on the 85th day, and the highest number of tillers observed 

for DSR was 19.4±0.5 for treatment T1, and the lowest was 14.4±0.5 for T3, compared to 

17.0±1.0 and, 12.4±3.9 for transplanted treatments T1 and T3, respectively. Here, 

treatments P1T2 and P2T1 were statistically on par with each other. The last sampling was 

taken on the 115th day after planting and the highest number of tillers for DSR was 

19.4±1.1 for treatment T1, followed by 17.0±1.1 for T2 treatment and the lowest was 

14.0±0.2 for T3. The highest number of tillers for transplanted rice was for T1 treatment 

at 16.8±0.5, followed by T2 treatment at 15.4±1.0 and the least was 12.2±0.6 for T1 

treatment, respectively. In the observations from the 115th day, each treatment significantly 

differs from the others and among them, P1T1 was the superior treatment and P2T3 was 

the inferior treatment. Similarly, to plant height, in the case of tillers also, the results 

exhibited a positive effect on the interaction effect of the method of planting and 

application of nutrients and it was found to be statistically significant.   

4.2.4. Yield 

Results on the crop yield showed a significant difference among the nutrient 

management and methods of planting treatments (Table 4.9). The impacts of different 

fertilizer treatments on the crop yield are statistically analysed using two-way ANOVA. 

The least significant differences (LSD) test was used to determine the significance of 

differences in yields. The average value of five replicates was used for further analysis in 

the LSD test. 

The results exhibited that application of 125 % of N (based on the recommended 

dose) through inorganic fertilizers (T1) resulted in the higher yield of 4851.8±74.7 kg ha-

1 in DSR and 3714.1±103.2 kg ha-1 in the transplanted and it was statistically superior over 

the other treatments. This was followed with T2 treatment, which recorded a yield of 

4307.2±123.9 kg ha-1 for DSR treatments and 3215.8±138.9 kg ha-1 for the transplanted 

rice treatments. The organic manure applied treatment (T1) resulted in poor performance 

in yield (2435.0±108.8 kg ha-1 in DSR and 1287.2±169.8 kg ha-1 in transplanted) and it 

was statistically inferior to the other treatments. Likewise, among the planting methods, 

the Direct Seeded Rice (DSR) treatment outperformed the transplanting treatment and 

demonstrated statistical significance. 
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Table 4.9. Yield of rice plant cv. Uma are represented as Mean ± Standard Deviation 

(SD) of six replications. 
 

  Direct sown rice 

(kg ha-1) 

Transplanted rice 

(kg ha-1) 

T1  4851.8±74.7a 3714.1±103.2a 

T2  4307.2±123.9b 3215.8±138.9b 

T3  2435.0±108.8c 1287.2±169.8c 

P SE(m) 43.05 

 CV 5.05 

 CD 127.01 

T SE(m) 52.73 

 CV 5.05 

 CD  155.56 

P X T SE(m) 74.57 

 CV 5.05 

 CD - 

F value P ** 

 T ** 

 P X T - 

 
Where, T1 is 125 % of RDF through inorganic fertilizers, T2 is 100 % of RDF through 
inorganic fertilizers and T3 is 100 % of RDF through organic manures) 
 

4.2.5. Water Saving   

The CROPWAT model was employed to calculate the total crop water requirement 

and net irrigation requirement for all three rice-growing seasons in Kerala, considering 

both aerobic and anaerobic rice cultivation methods (refer to Table 4.10). For the Viruppu 

(Kharif), Mundakkan (Rabi), and Puncha (summer) seasons, the total water requirement 

for anaerobic cultivation stood at 1589.9 mm, 1607.2 mm, and 1705.6 mm, respectively 

(Sruthi and Surendran, 2023). In contrast, for aerobic cultivation, the corresponding total 

water requirement was 969.9 mm, 987.2 mm, and 1085.6 mm. The net irrigation 

requirement (NIR) for aerobic rice was determined to be 286.6 mm, 650.4 mm, and 962.0 

mm during the Viruppu, Mundakkan, and Puncha seasons, respectively. In the case of 

anaerobic rice, the NIR values were 802.3 mm, 1607.2 mm, and 1582.0 mm for the 
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Viruppu, Mundakan, and Puncha seasons, respectively. To project water savings in the 

Kozhikode district, the Puncha (summer) season was specifically considered for 

calculating water savings. This choice was made because the third season crops are 

predominantly irrigated in Kerala, potentially resulting in higher water savings. 

Simulations indicated water savings ranging from 54.72 mm to 547.21 mm for 10 % to 

100 % of the total rice-cultivated areas in Kozhikode district. The water savings for aerobic 

and flooded rice are graphically represented in Fig. 4.3, demonstrating a substantial water 

saving of 36.4 % in the case of aerobic rice compared to flooded rice. 

Table 4.10. Irrigation requirement output for Viruppu (A), Mundakan (B), and 

Puncha (C) rice seasons using CROPWAT model for the experiment in comparison 

to the anaerobic rice.   
 

Viruppu Season 

Stage 

  

Anaerobic rice Aerobic rice 

ETC ER IR ETC ER IR 

mm/dec mm/dec mm/dec mm/dec mm/dec mm/dec 

Nurs 0.5 1.4 0 0.5 1.4 0 

Nurs/ LPr 9.9 18.7 0 9.9 18.7 0 

Nurs/ LPr 47.9 28 19.9 47.9 28 19.9 

Init 106.6 38.3 68.3 66.6 38.3 28.3 

Init 106.5 47.3 59.2 66.5 47.3 19.2 

Deve 106.3 54.5 51.8 66.3 54.5 11.8 

Deve 96.9 63.9 33 56.9 63.9 0 

Deve 91.9 72.4 19.5 51.9 72.4 0 

Deve 91.2 70.3 20.9 51.2 70.3 0 

Mid 90.9 67.5 23.4 50.9 67.5 0 

Mid 90.1 66.8 23.3 50.1 66.8 0 

Mid 94.1 63.7 30.4 54.1 63.7 0 

Late 91.8 60.2 31.6 51.8 60.2 0 

Late 91.5 57.3 34.2 51.5 57.3 0 

Late 94.7 55.3 39.4 54.7 55.3 0 

Late 79.1 31.7 47.4 39.1 31.7 7.4 

 

Total 

 

1289.9   

 

502.3 

 

769.9  86.6 

Land preparation 300   300 200   200 

Total water requirement 1589.9   802.3 969.9   286.6 
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B. Mundakan Season    

     Stage 

  

Anaerobic rice            Aerobic rice 

ETC ER IR ETC ER IR 

mm/dec mm/dec mm/dec mm/dec mm/dec mm/dec 

Nurs 0.4 5.3 0 0.4 5.3 0 

Nurs/ LPr 7.6 50.4 0 7.6 50.4 0 

Nurs/ LPr 37.3 50.7 0 37.3 50.7 0 

Init 96.8 52.7 44.1 56.8 52.7 4.1 

Init 97.3 53.4 43.9 57.3 53.4 3.9 

Deve 100.5 47.7 52.8 60.5 47.7 12.8 

Deve 96.6 42.4 54.2 56.6 42.4 14.2 

Deve 96.4 38 58.4 56.4 38 18.4 

Deve 96.7 28.2 68.5 56.7 28.2 28.5 

Mid 96.9 16.1 80.8 56.9 16.1 40.8 

Mid 97 6 91 57 6 51 

Mid 101.7 4.3 97.4 61.7 4.3 57.4 

Late 98.7 2.3 96.4 58.7 2.3 56.4 

Late 98.3 0 98.3 58.3 0 58.3 

Late 102 0.2 101.8 62 0.2 61.8 

Late 83 0.2 82.8 43 0.2 42.8 

Total 1307.2   970.4 787.2   450.4 

Land preparation 300   300 200   200 

 

Total water requirement 1607.2   1270.4 987.2   650.4 

 

B. Puncha Season 

       

Stage 

  

Anaerobic rice Aerobic rice 

ETC ER IR ETC ER IR 

mm/dec mm/dec mm/dec mm/dec mm/dec mm/dec 

Nurs 3.9 6.0 0.0 3.9 6.0 0.0 

Nurs/ LPr 39.5 4.3 35.2 39.5 4.3 35.2 

Init 96.9 2.3 94.6 56.9 2.3 54.6 

Init 98.9 0.0 98.9 58.9 0.0 58.9 

Deve 104.8 0.2 104.6 64.8 0.2 64.6 

Deve 102.6 0.3 102.3 62.6 0.3 62.3 

Deve 104.6 0.1 104.5 64.6 0.1 64.5 

Deve 97.0 1.8 95.2 57.0 1.8 55.2 
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Mid 107.8 2.6 105.2 67.8 2.6 65.2 

Mid 109.3 3.6 105.7 69.3 3.6 65.7 

Mid 115.1 9.2 105.9 75.1 9.2 65.9 

Late 110.8 14.1 96.7 70.8 14.1 56.7 

Late 110.0 18.7 91.3 70.0 18.7 51.3 

Late 106.1 28.0 78.1 66.1 28.0 38.1 

Late 98.3 34.5 63.8 58.3 34.5 23.8 

 

Total 1405.6   1282.0 885.6   762.0 

Land preparation 300.0   300.0 200.0   200.0 

 

Total water requirement 1705.6   1582.0 1085.6   962.0 
 
(ETC – Crop evapotranspiration, ER– Effective Rain fall, IR – Irrigation Requirement, 
Nurs – Nursery phase of rice cycle, LPr – Land preparation phase, Init – Initial phase, 
Deve- Developmental phase, Mod- Middle Phase, Late- Late phase).  
 

 
Fig.4.3. Irrigational water savings from converting different percentage of areas of 

flood cultivation to aerobic cultivation. 
 

4.3. Experiment -3        

The results acquired from the research work entitled “Assessing the different levels 

of water and nutrient application on growth and productivity of rice under aerobic 

cultivation” were elucidated hereunder. This experiment was designed to assess the effect 

of different levels of water and nutrient management practices with aerobic rice in yield. 
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During the field experiment, leaf rolling phenomenon was observed in some patches of the 

experimental plot irrespective of the treatments carried out. Hence, study was conducted 

to understand the leaf rolling behaviour and how that can be manged with the help of 

different moisture absorbing mediums in upland rice cultivation was evaluated. 

4.3.1. Experimental soil and site characteristics 

Tabulated results for the soil's physical and chemical parameters from the 

experimental plot are presented in Table 4.11 The soil exhibits a sandy clay loam texture, 

characterized by a bulk density of 1.1 g cc-1 and a particle density of 2.18 g cc-1. 

Taxonomically, the soil belongs to the Kunnamangalam series under the USDA class of 

Mixed; Isohyperthermic, Typic Kanhaplustults, and is charactrized as lateritic in nature. 

The soil's pH was 6.75, with an organic carbon content of 1.72 % and an available nitrogen 

(N) content of 205 kg ha-1. The available phosphorus (P) content of the experimental soil 

falls within a medium range, measuring 19.61 kg ha-1, while the available potassium (K) 

content is also medium, with a value of 110.8 kg ha-1. Field capacity and wilting point of 

the soils are found to be 22.42 % and 13.54 %, respectively. 

Table 4.11. soil physical and chemical parameters of experimental plot 

Soil parameters Values 

Bulk density  (g cc-1) 1.1 

Particle density (g cc-1) 2.18 

pH 6.75 

Organic carbon (%) 1.72 

Available N  (kg ha-1) 205 

Available P (kg ha-1) 19.61 

Available K (kg ha-1) 110.8 

Field capacity (%) 22.42 

Wilting point (%) 13.54 

 

4.3.2. Climatic parameters 

The experimental field site experiences a humid tropical climate characterized by 

scorching, dry summers and chill winter seasons. The region falls under the climate of 
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humid tropical with average annual precipitation of 3085 mm. Details about the observed 

weather parameters were given in Fig.4.4. The maximum temperature experienced in 

experimental location during the crop period was 40.7 0C and minimum temperature 

prevailed during the experimental period was 19.0 0C. Throughout the crop period total 

rainfall received was 105.0 mm. Average maximum relative humidity and minimum 

relative humidity was found 97.0 % and 50.0 % respectively during the experimental 

period. 

 

Fig. 4.4. weather data during crop growth period- Experimental 3 
 

Initial experiment  

4.3.3. Plant characteristics 

  Plant biometric represents a study of the development of plants. The rice growth 

characteristics measured were height of the plant and  number of tillers and photosynthetic 

rate during initial and final crop development stages under different treatments and are 

summarized in Table 4.12.  

Plant height 

The observed plant height of Uma cultivar is represented in Table 4.12. Results 

showed statistically significant differences among the different treatments attempted. The 

water management treatments have a significant effect in plant height during both the 

initial and the final stages. However, in the case of nutrient management treatment, only 
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the final stage was significantly influenced. I2T3 treatment showed higher values for plant 

height in both the initial and the final stages (41.0±2.4 cm and 83.5±5.4 cm) and it was 

followed by I1T3 treatment (38.8±4.9 cm and 79.7±4.8 cm), and I2T2 treatment (38.6±4.1 

cm and 71.7±5.0 cm), respectively. The lowest value for the plant height was observed for 

I1T1 treatment (32.8±2.2 cm and 56.6±4.8 cm) in both the initial and the final stages of 

rice development, respectively. The interaction effect was non-significant i.e. combined  

effects were absent in both the initial and the final stages of plant height in this experiment. 

Number of tillers 

The results (Table 4.12) showed that aerobic rice cultivation had a significant effect 

among the different treatments attempted. Nutrient management treatments had significant 

effects during both the initial and the final stages but, irrigation treatment could only affect 

the initial stages of rice. Also, the combined effect of both irrigation and nutrient 

treatments failed to significantly influence the number of tillers.  During the initial stage, 

the least number of tillers were found in the I1T1 treatment (6.0±0.0) and the highest was 

found in the I2T3 treatment (8.0±0.7).  During the final stage, the highest number of tillers 

were found in the I2T3 treatment the (12.8±1.3), followed by I1T3 treatment the 

(11.6±0.9), and the I2T2 treatment (10.8±0.8). The least number of tillers during the final 

stage was sound in the I1T1 treatment (8.2±1.3), followed by the I2T1 treatment (9.2±0.8), 

and the I1N2 treatment (10.6±0.6). 

Photosynthesis rate 

The results (Table 4.12) showed that; only nutrient management treatments had a 

significant effect on the photosynthetic rate.  During the initial stage, the highest value for 

photosynthetic rate was found in I2T3 (29.1±2.6 µmol m-2s-1), followed by I1T3 (27.1±1.9 

µmol m-2s-1), I2T2 (25.3±3.3 µmol m-2s-1), I2T1 (23.3±1.4 µmol m-2s-1), I1T2 (22.4±2.9 4 

µmol m-2s-1), and least for I1T1 treatment (20.5±3.3 µmol m-2s-1). In the last stage, the 

highest photosynthetic rate was shown by both I2T3 (17.5±1.3 µmol m-2s-1) and I1T3 

treatments (12.7±2.6 µmol m-2s-1) and the lowest was measured in I2T1 treatment (9.1±1.3 

µmol m-2s-1).
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Table 4.12. Growth characteristics such as number of tillers, plant height, and photosynthetic rate, is represented as Mean ± Standard 

Deviation (SD) of five replications. 

 

  Initial Final 

Treatment 
No. of tillers  

 Plant height 

(cm) 

Photosynthesis rate 

(µmol m-2s-1) 
No. of tillers  

Plant height 

(cm) 

Photosynthesis rate 

(µmol m-2s-1) 

I1T1 6.0±0.0 32.8±2.2 20.5±3.3 8.2±1.3 56.6±4.8 9.7±1.3 
I1T2 6.8±0.5 36.6±4.6 22.4±2.9 10.6±0.6 68.4±6.1 12.7±2.6 

I1T3 7.4±0.9 38.8±4.9           27.1±1.9 11.6±0.9 79.7±4.8 17.5±1.3 

I2T1 7.2±0.5 38.6±6.1 23.3±1.4 9.2±0.8 64.9±3.8 9.1±1.7 

I2T2 7.2±0.5 38.6±4.1 25.3±3.3 10.8±0.8 71.7±5.0 13.5±1.1 

I2T3 8.0±0.7 41.0±2.4 29.1±2.6 12.8±1.3 83.5±5.4 17.5±1.3 

I 

SE(m) 0.15 1.04 0.73 0.27 1.23 0.31 

CV 8.17 10.71 11.56 10.06 6.74 9.03 

CD 0.44 3.08 - - 3.63 - 

T 

SE(m) 0.18 1.277 0.89 0.34 1.51 0.38 

CV 8.17 10.71 11.56 10.06 6.74 9.03 

CD 0.54 - 2.65 0.98 4.45 1.12 

I X T 

SE(m) 0.26 1.81 1.27 0.47 2.13 0.54 

CV 8.17 10.71 11.56 10.06 6.74 9.03 

CD - - - - - - 

Fvalue 

I ** * NS NS ** NS 

T ** NS ** * * ** 

I X T NS NS NS NS NS NS 

        
Where, I1- 100 % ETC , I2 – 120 % ETC , T1- 75 % N- application of inorganic fertilizers, T2- 100 % N application of inorganic fertilizers, T3- 
125 % N application of inorganic fertilizer (P< 0.05) *, (P< 0.01) **, LSD test. SEM: Standard Errors of Mean; CD: Critical difference; CV: 
Coefficient of variance.
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4.3.4. Yield characteristics 

Yield parameters like number of panicles/ tillers, length of panicle/ tiller, number 

of spikelest/ panicles, number of hollow spikelets/ panicle, number of grains in one 

panicle, number of filled grains, weight of thousand grains (WTG), harvest index and yield 

recorded at harvest were represented in Table 4.13, and analysed for statistical 

significance. 

Number of panicles/ tills 

Regardless of the treatments attempted during the experiment, the number of 

panicles per tiller (Table 4.13) showed that various nutrient management techniques had a 

significant effect. However, the water management treatments failed to affect 

significantly. Regarding nutrient management, the findings demonstrated that changing 

nutrient management had a substantial impact on the number of panicles per tiller on 

aerobic rice. The I2T3 was found to produce the highest number of panicles per 

tiller (15.2±3.9) compared to other treatments, which was followed by I1T3 treatment 

(12.8±3.9) and I2T2 treatment (12.2±4.9), The I1T1 treatment, which the least amount of 

nitrogen and water administered treatment, had the lowest number of panicles per tiller 

(6.2±1.3) followed by I2T1 treatment (7.4±3.1) and I1T2 treatment (11.0±2.2). The results 

from the experiment confirmed that that the interaction effect of irrigation and nutrient 

management was non-significant in number of panicles. 

Length of panicle  

The results of a statistical analysis of the data (Table 4.13) showed that differing 

nutrient management had a considerable impact on panicle length. The length of the 

panicle was significantly increased by increasing levels of N in terms of nutrient 

management. However, the water management treatments failed to affect significantly. 

The findings also demonstrated that interactions between water and nutrient management 

had significantly affected the length of the panicle under aerobic rice.  The I2T3 treatment 

was found to produce the longest panicles per tiller (20.5±0.9 cm) compared to other 

treatments, which was followed by I1T1 treatment (18.7±1.7 cm) and I1T2 treatment 

(18.6±3.2 cm). The I2T2 treatment had the smallest panicles per tiller i.e., 14.7±0.9 cm, 

followed by I2T2 treatment (17.7±1.6 cm) and I1T3 treatment (17.9±2.4 cm). 
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Number of spikelets/ panicle 

Statistical analysis of the data (Table 4.13) indicated that throughout the 

experiment, the number of spikelets per panicle was not significantly impacted by varying 

water or nutrient management strategies in this experiment. The number of spikelets per 

panicle was higher in treatment I1T3 (10.0±1.4) over the rest of the treatments in this 

experiment. It was followed by I2T3 (9.8±1.5), I2T2 treatments (9.8±1.1), then I2T2 

treatment (9.6±0.9), and I2T1 treatment (9.4±1.3). The minimum number of spikelets/ 

panicle (9.2±1.3) was recorded in the I1T1 treatment.  

 Number of hollow spikelets/ panicle 

The results of a statistical analysis of the data (Table 4.13) showed that, 

independent of the treatments used throughout the experiment, differing water and nutrient 

management had a significant impact on the number of hollow spikelets per panicle. The 

number of hollow spikelets per panicle was significantly impacted by varying levels of 

nitrogen nutrient management during the experiment. Also, the combined effect of water 

and nutrient management did significantly affect the number of hollow spikelets per 

panicle in aerobic rice. In the I2T3 treatment, no hollow spikelets per panicle were 

observed and I2T2 had the maximum hollow spikelet per panicle (5.8±1.6). 

Number of grains/ panicle 

Statistical analysis observed that the number of grains/ panicle were significantly 

affected under various nutrition management strategies whereas it failed to exert a 

significant impact by water management during the experiment, as shown in Table 4.13. 

I2T3 treatment recorded the highest number of grains per panicle (135.6±12.4). It was 

followed by I2T2 treatment (101.2±6.9), and I1T2 treatment (92.6±16.8). While, I2T1 

treatment was used to record the lowest number of grains per panicle (70.6±18.0), which 

was followed by I1T1 treatment (82.8±18.1) and I1T3 treatment (89.6±31.1). 

Number of filled grains/ panicle 

Different management strategies have a significant impact on the quantity of filled 

grains per panicle. According to the statistical analysis of the data (Table 4.13), the 

findings demonstrated that varying levels of N nutrient application had a significant impact 

on the quantity of filled grains per panicle of aerobic rice and resulted in the highest 

number of filled grains per panicle (94.2±4.2) with I2T3 treatment. It was followed by 

I2T3 (86.8±18.8), I1T2 treatments (84.0±13.9), then I1T1 treatment (66.2±15.9), and I1T2 
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treatment (66.2±23.9), respectively. In contrast, the treatment I2T1exhibited the lowest 

count of filled grains per panicle, with a reported value of 63.4±18.5.   

Weight of thousand grains 

Statistical analysis of various nutrition and water management strategies on the 

weight of thousand grains during the experiment is shown in Table 4.13.  In this 

experiment, the thousand grain weight was not affected by either water or nutrient 

management. Regardless of the various water management strategies and nutrient 

management strategies used, the weight of 1000 grains in the experiment ranged from 19.3 

g to 23.4 g.  As in other parameters, I2T3 recorded the highest thousand grain weight 

(23.4±3.8 g), and it was followed by I2T2 (22.7±6.5 g), I1T3 treatments (21.9±2.7 g), then 

I2T1 treatment (21.7±4.0 g), and I1T2 treatment (20.5±6.8 g), respectively.  While I1T1 

treatment recorded the minimum thousand grain weight (19.3±2.9 g). 

Harvest index  

The harvest index was calculated using each plot's grain and biological (grain + 

straw) yields. Table 4.13 presents the harvest index and its statistical analysis. Harvest 

index values varied between the treatments, ranging from 26.9±5.6 to 35.1±6.7 %. Among 

the treatments, nutrient management significantly influenced the harvest index of rice in 

this experiment. Regarding water management, the findings showed that during the trial, 

varying water management did not significantly affect the harvest index of aerobic rice. 

The experiment's I1T3 (35.4±5.0 %) and I2T3 (35.1±6.7 %) treatments yielded the greatest 

harvest index. It was followed by I2T2 (33.0±2.3 %), I2T2 treatments (30.4±3.7 %), and 

then I2T1 treatment (28.3±4.0 %). While I1T1 treatment was recorded as the lowest 

harvest index (26.9±5.6 %). 

Yield 

Grain yield recorded from different treatments at harvesting stage was statistically 

analysed and the results are shown in Table 4.13. Results showed that the yield was 

significantly influenced by the N management treatment, whereas in the case of water 

management, even though the yield obtained were different, it was not statistically 

significant. I2T3 treatment produced the highest grain yield of 4311.8±48.9 kg ha-1, and it 

was followed by I1T3 (4204.2±213.4 kg ha-1), I1T2 treatments (4004.3±81.4 kg ha-1), then 

I2T2 treatment (3981.0±85.5 kg ha-1) and I2N1 treatment (3643.6±193.1 kg ha-1), 

respectively. The treatment I1T1 produced the lowest yield of 3617.3±150.3 kg ha-1. 
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Table 4.13. Yield characteristics is represented as Mean ± Standard Deviation (SD) of five replications. 

 
Were, I1- 100 % ETC , I2 – 120 % ETC , T1- 75 % N- application of inorganic fertilizers, T2- 100 % N application of inorganic fertilizers, T3- 125 
% N application of inorganic fertilizer. a, b, c, d, e, and f mean in columns with same superscript do not differ significantly (P< 0.05) *, (P< 0.01) 
**, LSD test.

Treatment 

No. of 

Panicles/ 

tiller 

Length of 

Panicles/ 

tiller 

No. of 

spikelets/ 

panicle 

No. of Hollow 

spikelets / 

panicle 

No. of 

grains in 

one panicle 

No. of 

Filled 

grains  

Weight of 

1000 

grains (g) 

Harvest 

Index 

(%) 

Yield  

 

(kg ha-1) 

I1T1 6.2±1.3 18.7±1.7ab 9.2±1.3 3.0±1.0bc 82.8±18.1 66.2±15.9 19.3±2.9 26.9±5.6 3617.3±150.3  
 

I1T2 11.0±2.2 18.6±3.2ab 9.6±0.9 5.2±3.6ab 92.6±16.8 66.2±23.9 20.5±6.8 33.0±2.3 4004.3±81.4  
 

I1T3 12.8±3.9 17.9±2.4b 10.0±1.4 0.2±0.5d 89.6±31.1 86.8±18.8 21.9±2.7 35.4±5.0 4204.2±213.4  
 

I2T1 7.4±3.05 14.7±0.9c 9.4±1.3 5.8±1.6a 70.6±18.0 63.4±18.5 21.7±4.0 28.3±4.0 3643.6±193.1  
 

I2T2 12.2±4.2 17.7±1.6b 9.8±1.1 0.8±1.1cd 101.2±6.9 84.0±13.9 22.7±6.5 30.4±3.7 3981.0±85.5  
 

I2T3 15.2±3.9 20.5±0.9a 9.8±1.5 0.0±0.0d 135.6±12.4 94.2±4.2 23.4±3.8 35.1±6.7 4311.8±48.9 
 
 

I 

SE(m) 0.85 0.51 0.35 0.45 5.07 4.56 1.28 1.33 36.66  

CV 30.49 10.91 13.86 70.35 20.59 23 22.95 16.32 3.59  

CD - - - - - - - - -  

T 

SE(m) 1.04 0.62 0.42 0.56 6.21 5.58 1.57 1.63 44.89  

CV 30.49 10.91 13.86 70.35 20.59 23 22.95 16.32 3.59  

CD 3.07 1.84  1.64 18.33 16.48  4.8 132.44  

I X T 

SE(m) 1.47 0.88 0.59 0.78 8.79 7.9 2.22 2.3 44.89  

CV 30.49 10.91 13.86 70.35 20.59 23 22.95 16.32 3.59  

CD - 2.59   2.32 -       132.44  

Fvalue 

I NS NS NS NS NS NS NS NS NS  

T ** * NS ** ** * NS * **  

I X T NS ** NS ** NS NS NS Ns NS  
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4.3.5. Relationship study between yield and other yield characters. 

  Pearsons’s correlation was carried out to study the relationship between yield and other 

yield parameters, specifically like number of panicles per tiller (NP), length of panicle per tiller 

(LP), spikelets per panicle number (NS), hollow spikelets per panicle number (NHS), number 

of grains in one panicle (NG), number of filled grains (NFG), weight of thousand grains 

(WTG), harvest index (HI). The obtained data are presented in Table 4.14 Paddy yield was 

positively and significantly correlated with most of the yield  parameters as expected and  it is 

negatively correlated with the number of hollow spikelets per panicle(r = - 0.89**). The 

number of grains in one panicle (r = 0.85**) and the number of panicles per tiller (r = 0.80**) 

were significantly and synergistically correlated with the number of filled grains. The number 

of grains and length of the panicle were also significantly and synergistically correlated  

(r = 0.83**). The number of panicles per tiller (r = - 0.76*), number of grains per panicle  

(r = - 0.87*), number of filled grains per panicle (r = - 0.99***), harvest index (r = - 0.68*) and 

yield (r = - 0.89**) were negatively significantly and synergistically correlated with number of 

hollow spikelets per panicle. Yield characteristics such as the number of panicles per tiller  

(r = 0.90***), number of grains in one panicle (r = 0.78*), and number of filled grains  

(r = 0.91***) had strong and positive correlations with grain yield at harvest. Whereas, 

spikelets number per panicle and weight of thousand grains do not affect on the yield in this 

experiment.
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Table 4.14.  Pearson’s correlation matrix between yield and yield characters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The name of each variable is shown on the diagonal, where NP - number of panicles per tiller, LP- length of panicle per tiller, NS -number of 
spikelets per panicle, NHS- number of hollow spikelets per panicle, NG- number of grains in one panicle, NFG- number of filled grains, WTG- 
weight of thousand grains, and HI- harvest index HI. On the bottom of the diagonal: the bivariate scatter plots with a fitted line are displayed. On 
the top of the diagonal: the value of the correlation plus the significance level as stars. Significance level associated to a symbol: p-values (0, 0.001, 
0.01, 0.05) -symbols (‘***’, ‘**’, ‘*’) 
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Leaf rolling experiment 

During the field experiment, the leaf rolling phenomenon was observed in some 

patches of the experimental plot irrespective of the treatments carried out. Hence, a study 

was conducted to understand the leaf rolling behaviour and how that can be managed with 

the help of different moisture-absorbing mediums in upland rice cultivation was evaluated 

in this experiment and the results are presented hereunder. 

4.3.6. Crop biometrics 

Crop biometrics consisting of plant height, leaf and tiller number, and panicle 

length of leaf-rolled plants and healthy plants are summarized in Table 4.15. The plots in 

which leaf rolling is predominant have been considered as leaf rolling areas under stress 

based on the visually significant differences and others were considered as healthy plants. 

Based on that the data have been grouped and used for analysis. Data analysis of the results 

showed that in aerobic upland rice, leaf-rolled plants and healthy plants showed 

statistically significant differences among them. Tiller numbers for healthy plants were 

7.4±1.1, and 10.8±1.1 whereas the same for leaf-rolling affected plants were 5.8±1.7, and 

5.4±1.3 during tillering and maturity, respectively. Healthy plants were found to produce 

the maximum values for plant height (48.8±10.3 cm, 55.4±6.5 cm, and 81.2±2.6 cm for 

tillering, flowering and maturity stages respectively), root length (14.7±1.1cm, 15.9±1.7 

cm, and 17.7±0.5 cm for tillering, flowering and maturity stages respectively) and length 

of panicle (19.9±1.9 cm, and 23.5±2.1 cm for flowering and maturity stages respectively) 

over plants with leaf rolling phenomena in every observed phase. The lowest values for 

plant height (30.6±3.5 cm, 33.6±4.7cm, and 52.1±9.5 cm for tillering, flowering and 

maturity stages respectively), root length (3.8±2.1 cm, 9.4±2.0 cm, and 12.8±1.5 cm for 

tillering, flowering and maturity stages respectively) and length of panicle (13.7±2.3 cm, 

and 14.6±2.5 cm for flowering and maturity stages respectively) were observed for the leaf 

rolling plants. In the case of shoot biomass and root biomass, the same patterns were 

observed. The shoot biomass of healthy plants (16.5±2.3 g, 35.3±1.3 g, and 45.2±1.5 g for 

tillering, flowering and maturity stages respectively) was significantly higher than the 

shoot biomass of leaf rolling plants (8.2±0.8 g, 8.3±0.4 g, and 9.4±2.2 g for tillering, 

flowering and maturity stages respectively). Also, the root biomass of healthy plants 

(8.9±2.2 g, 4.8±0.9 g, and 6.9±1.8 g for tillering, flowering and maturity stages 

respectively) were significantly higher than the root biomass of leaf rolling plants  

(1.9±0.6 g, 1.2±0.5 g, and 2.5±1.7 g for tillering, flowering and maturity stages 
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respectively). The number of panicles per hill was 12.8±1.8 and 15.3±2.3 for the flowering 

and maturity stages of healthy plants, which were higher in comparison to leaf rolling 

affected plants (6.4±1.1 and 7.2±0.8 for flowering and maturity, respectively).  

Table 4.15. Crop biometric data on leaf rolling affected and healthy plants 

 

 

      Parameters  Tillering Flowering  Maturity 

No. of tillers 

Healthy 7.4±1.1 10.8±1.1 10.8±1.1 

Rolling 5.8±1.7 5.4±1.8 5.4±1.3 

t stat value 1.99 6.04 4.49 

t stat ** ** ** 

Plant height (cm) 

Healthy 48.8±10.3 55.4±6.5 81.2±2.6 

Rolling 30.6±3.5 33.6±4.7 52.1±9.5 

t stat value 3.75 7.35 4.97 

t stat ** ** ** 

Root length (cm) 

Healthy 14.7±1.1 15.9±1.7 17.7±0.5 

Rolling 3.8±2.1 9.4±2.0 12.8±1.5 

t stat value 7.93 6.45 5.44 

t stat ** ** ** 

Shoot biomass (g) 

Healthy 16.5±2.3 35.3±1.3 45.2±1.5 

Rolling 8.2±0.8 8.3±0.4 9.4±2.2 

t stat value 6.24 35.09 22.38 

t stat ** ** ** 

Root biomass (g) 

Healthy 8.9±2.2 4.8±0.9 6.9±1.8 

Rolling 1.9±0.6 1.2±0.5 2.5±1.7 

t stat value 6.16 7.48 10.3 

t stat ** ** ** 

No. of panicles 

Healthy 

  

12.8±1.8 15.3±2.3 

Rolling 6.4±1.1 7.2±0.8 

t stat value 4.36 5.94 

t stat ** ** 

Length of panicle 

(cm) 

Healthy 

  

19.9±1.9 23.5±2.1 

Rolling 13.7±2.3 14.6±2.5 

t stat value 4.81 4.82 

t stat ** ** 
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4.3.7. Soil moisture 

The soil’s microclimatic region is mainly determined by its moisture content. Soil 

moisture content varies slowly with respect to changes in its land–atmosphere system and 

it depends on the irrigation practices. In this study, an average of 33.94 ± 4.97 % 

volumetric water content (VWC) was observed for soil areas with healthy plants with a 

moisture range of 29.7 to 44.6 % VWC. Whereas 22.48 ± 3.59 % volumetric water content 

was observed for soil patches with leaf-rolled paddy plants with a moisture range of 16.5 

to 27.7 % VWC (Fig. 4.5). 

 

Fig. 4.5. Soil moisture in leaf rolling affected area and healthy plants area 

4.3.8. Relative water content and Membrane leakage 

 Relative water content (RWC) and membrane leakage (ML) are treated as the 

major indicators for understanding the water status/ stress in plants. To assess the intensity 

of the stress, the plants were observed initially using visual indicators to confirm the visual 

rating, and chosen plants were subjected to RWC and ML analysis. The results of the RWC 

analysis showed that leaf samples from the stressed plants (leaf rolling) exhibited an RWC 

ranging from 30–50 %, whereas for the healthy plants, RWC is 72-85 % (Fig.4.6).  The 

results ML analysis showed that leaf samples from the stressed plants were exhibited an 

ML ranging from 21–32 %, whereas for the healthy plants ML is 15-18 % (Fig.4.7). 
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Fig. 4.6. Relative water of leaf rolling affected plants Vs Healthy plants 

Fig. 4.7. Membrane Leakage of leaf rolling affected plants Vs Healthy plants 

Similarly, in subsequent experiments with the addition of moisture-absorbent 

materials in soil, RWC was significantly influenced by these treatments. Healthy plants 

recorded higher RWC (86.45 %) and it was on par with cocopeat added treatments 

(85.12%) and they were statistically significant when compared with other moisture-

absorbent materials (Table 4.16). Other materials such as compost (78.46 %), sawdust 

(79.41 %) and vermiculite (79.56 %) performed on-par in recovering the RWC with the 
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help of these moisture absorbents and the least RWC was recorded in soil alone and leaf 

rolling affected area (52.46 %).   

Similar results were observed in membrane leakage (ML) too. Membrane leakage 

of the leaf samples from the stressed plants was significantly higher than the healthy plants 

(16.84 %). In the case of moisture absorbent media study also, ML was significantly 

influenced by the treatments i.e. addition of moisture absorbent materials. Healthy plants 

recorded low ML (16.84 %) and it was on par with cocopeat added treatments (17.48 %) 

and they were statistically significant when compared with other moisture-absorbent 

materials (Table 4.16). Other materials such as compost (21.42 %), saw dust (20.54 %) 

and vermiculite (19.85 %) performed equally in maintaining the ML and the high ML was 

recorded in soil alone and leaf rolling affected area (31.20 %).   

Table 4.16. Relative water content (RWC) and membrane leakage (ML)  of leaf rolled 

plants treated with different soil moisture absorbent materials. Data showed as 

average ± standard deviation of five samples. Level of significance considered 

as P value  * <0.01 and different alphabet letters indicated the significant difference 

Soil + Moisture absorbent 

materials 

RWC (%) ML (%) 

Healthy plants 86.45a 16.84a 

Cocopeat 85.12a 17.48a 

Compost 78.46b 21.42b 

Sawdust 79.41b 20.54b 

Vermiculite 79.56b 19.85b 

Control leaf rolling 52.46c 31.20c 

4.3.9. Spectral reflectance 

Spectral reflectance data showed a significant difference between water-stressed 

plants (leaf rolling affected) and healthy plants (Fig.4.8). In the healthy plants the 

reflectance was lower because the growth of rice is good and hence water content is ideal, 

which is evident from the lab analysed values of RWC and other biometric parameters. 

This validates the potential use of the observed indices from the spectroradiometer for 

identifying such plant stress conditions The differences across the spectral signature curves 

are well evident between stressed and healthy plants in two stages (Flowering and 

maturity) compared to the initial stage of tillering.  
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The spectral signatures clearly revealed the presence of four significant absorption 

troughs in the Near-infrared (NIR 750–1,300 nm) and Short-wavelength infrared (SWIR 

1,300–2,500 nm) regions. These spectral reflectance troughs, positioned approximately at 

970 and 1,175 nm in the NIR, and at 1,450 and 1,950 nm in the SWIR, are attributed to 

water absorption and are consistently observed in both healthy and stressed plants. 

Troughs around 1,450 and 1,950 nm exhibit a less pronounced character, particularly in 

plants experiencing a high degree of water deficit due to stress. 
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4.3.10. Correlation study between spectral indices with RWC and ML 

Several vegetative indices were computed from the spectral data and these 

calculated spectral indices were correlated with RWC and ML to understand whether such 

indices have any direct relationship with water stress. The results were further confirmed 

with Pearson correlation analysis and results showed a strong positive correlation  

(P < 0.05) of key spectral indices with other physiological traits such as RWC and 

negatively correlated with membrane leakage. The other indices such as chlorophyll 

content, LAI, NDVI and NDWI and most of the spectral indices were correlated well 

between themselves (Table 4.17). Green chlorophyll (CL(G)) was significantly and 

perfectly correlated with red Chl (r = 1), RVI ( r = 1), VI ( r = 1.00) and GRI ( r = 1.00 ) 

and was high-positively correlated to NDVI ( r = 0.98 ), GDVI ( r = 0.99),  DVI ( r = 0.99), 

TVI ( r = 0.98), IPV ( r = 0.98), LAI ( r = 0.98),  NDWI ( r = 0.87), and RWC ( r = 0.92).  

Red chlorophyll (red chl) was significantly and perfectly correlated with RVI ( r = 1), VI 

( r = 1.00) and GRI ( r = 1.00 ). Red chlorophyll (red chl) was significantly and high-

positively correlated to NDVI ( r = 0.97 ), GDVI ( r = 0.98), DVI ( r = 0.98), TVI  

( r = 0.97), IPV ( r = 0.97), LAI ( r = 0.98), RWC ( r = 0.91), and NDWI ( r = 0.87). NDVI 

was significantly and perfectly correlated with TVI ( r = 1), IPV ( r = 1.00) and LAI  

( r = 1.00 ). NDVI was significantly and high-positively correlated to GDVI ( r = 0.99), 

RVI ( r = 0.97), DVI ( r= 0.99), VI ( r = 0.98), GRI ( r = 0.98), NDWI ( r = 0.91), and RWC 

( r = 0.89).  GDVI perfectly correlated with DVI ( r = 1) and was significantly and high-

positively correlated to RVI ( r = 0.98), TVI ( r = 0.99), IPV ( r = 0.99), LAI ( r = 0.99), VI 

( r = 0.99), GRI  ( r = 0.99), RWC (r = 0.93), and NDWI ( r = 0.87). RVI perfectly correlated 

with VI and GRI ( r = 1) and was significantly and high-positively correlated DVI  

( r = 0. 98), TVI ( r = 0.97), IPV ( r = 0.97), LAI ( r = 0.98), NDWI ( r= 0.88), and RWC  

( r = 0.90). DVI was significantly and high-positively correlated TVI (r = 0.99), IPV  

( r = 0.99), LAI ( r = 0.99), VI ( r = 0.99), GRI ( r = 0.99), RWC (r = 0.94), and NDWI  

(r = 0.86). Also, TVI & IPV, LPVI & LAI  and TVI & LAI were perfectly correlated with 

each other. TVI was significantly and high-positively correlated VI ( r = 0.98), GRI  

( r = 0.98), NDWI ( r = 0.91) and RWC ( r = 0.89). IPV was significantly and high-

positively correlated with  VI ( r = 0.98),  GRI ( r = 0.98), NDWI ( r = 0.91) and RWC  

( r = 0.89).  LAI was significantly and high-positively correlated VI (r = 0.98), GRI  

( r = 0.98), NDWI ( r = 0.91) and RWC ( r = 0.89). VI and GRI are perfectly correlated  

( r = 1) and was significantly corelated with RWC ( r = 0.92) and NDWI ( r  = 0.87). GRI 

was also significantly correlated with RWC ( r = 0.92) and NDWI ( r = 0.87). RWC was 

positively and significantly correlated with  all spectral indices except SIP and ML. SIPI 

and ML were negatively correlated with   RWC and the rest of the spectral indices.  
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Table 4.17. Pearson’s correlation matrix between different indices based on spectral signatures and lab analyzed values of RWC and ML 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Where, NDVI- Normalized Difference Vegetation Index; GDVI- Generalized Difference Vegetation Index; LAI- Leaf Area Index; VI- Vegetation Index, RVI- 
Ratio Vegetation Index/ Simple Ratio; GRI- Green Ratio Index; DVI- Direct Vegetation Index; TVI- Transformed Vegetation Index; Cl(G)- Green Chlorophyll 
Index; Cl(R)- Red-edge Chlorophyll Index; SIPI- Structure Insensitive Pigment Index; IPVI- Infrared Percentage Vegetation Index; NDWI- Normalized 
Difference Water Index; RWC- Relative water content; ML- Membrane leakage.  
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Pot culture experiment  

4.3.11. Observations 

The pot culture experiment results showed significant differences in water stress 

on the visual scoring method (data not shown). It was recorded that, on different days of 

drought stress leaves started rolling and drying. After four days, the curling of paddy leaves 

was first observed in the pot with soil alone as a potting mixture. The paddy plants grown 

in a potting mixture of both soil and cocopeat started rolling after 7 days. This was repeated 

a few times to make sure about the reproducibility with the help of replicates. After 

standardization of the same, recovery of plants from rolling was attempted by adding water 

and the results were observed. After both plants completely rolled, water was added until 

they recovered to their normal state and the time taken for the same was noted. It was noted 

that the plants that are grown in the pot (T2) containing the mixture of both soil and 

cocopeat, regain their normal state rapidly (30 minutes) after the addition of water. 

Compared with T2, the plants potted in soil alone took more time (36 hours) to recover 

fully from the leaf rolling (Video). These results suggest that for aerobic rice the soil 

incorporated with moisture-absorbent media such as cocopeat can reduce the rate of leaf 

rolling thereby sustaining the paddy yield. 

4.4. Experiment -4        

The results acquired from the research work entitled “Assessing the influence of 

different organic management practices on farmer’s paddy yield” were collected and 

elucidated hereunder. This experiment was done in the farmer’s field with the Karuna rice 

cultivar and it was done to assess the effect of different organic management practices. 

4.4.1. Experimental soil and site characteristics 

The soil in the experimental plot is classified as lateritic and falls within the 

Kunnamangalam series, belonging to the USDA class of Mixed; Isohyperthermic, Typic 

Kanhaplustults. The initial physico-chemical characteristics of the soil are outlined in 

Table 4.18. The soil pH is recorded at 6.41, with an electrical conductivity (EC) of 55.04 

mS m-1. The field capacity and wilting point of the experimental soils are measured at 

26.41 % and 13.53 %, respectively. Initial soil composition includes organic carbon 

content of 0.85 %, available nitrogen (N) at 192.00 kg ha-1, available phosphorus (P) at 

19.01 kg ha-1, and available potassium (K) at 123.68 kg ha-1. Besides, the soil contains 
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1.90 mg kg-1 of Zinc, 12.60 mg kg-1 of iron, 0.23 mg kg-1 of boron, 3.19 mg kg-1 of calcium, 

and 1.30 mg kg-1 of magnesium 

Table 4.18. Initial soil physical and chemical parameters of experimental plot 

 

4.4.2. Climatic parameters 

The experimental field site experiences a humid tropical climate characterized by 

hot dry summer season and chill winter seasons. The region falls under the climate of 

humid tropical. The maximum temperature experienced in the experimental location 

during the crop period was 34.5 0 C and the minimum temperature that prevailed during 

the experimental period was 18.0 0 C. Throughout the crop period, total rainfall received 

was 1674.9.1 mm. Average maximum relative humidity and minimum relative humidity 

were found 98.0 % and 62.0 % respectively during the experimental period. Weather 

experienced during the experimental period is graphically represented in Fig.4.9. 

Parameters  

pH 6.41 

Electrical conductivity (mS m-1) 55.04 

Field capacity (%) 26.41 

Wilting point (%) 13.53 

Organic carbon (%) 0.85 

Available N (kg ha-1) 192.00 

Available P (kg ha-1) 19.01 

Available K (kg ha-1) 123.68 

Zinc (mg kg-1) 1.90 

Iron (mg kg-1) 12.60 

Boron (mg kg-1) 0.23 

Calcium (mg kg-1) 3.19 

Magnesium (mg kg-1) 1.30 
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Fig.4.9. Weather data during crop growth period- Experimental 4 

 

4.4.3. Biometric characteristics  

Crop biometric parameters showed that the organic fertilizer management practices 

influenced the parameters significantly and the data are shown in Table 4.19. The results 

exhibited that the Karuna cultivar treated with both compost and Azolla with basal 

nutrients (P4) produced higher growth parameters followed by treatment with the 

application of Azolla with basal nutrients (P3), and application of compost with basal 

nutrients (P2), The least crop morphological parameters were produced by farmer’s 

traditional management practices (C). Hence the treatment, compost and Azolla with basal 

nutrients performed better when compared to the other treatments. Growth attributes 

consisting of the number of tillers, plant height, LAI, root length, and number of panicles 

were observed and studied in this experiment. 

Plant height 

The plant height was influenced significantly by different fertilizer management 

strategies in all observed stages of crop growth viz., tillering, flowering, and harvest stages. 

Maximum plant height was recorded with compost and Azolla along basal nutrients (P4) 

treatments which was statistically superior to the rest of the treatments in all the stages of 

crop growth, and the highest plant height recorded was 69.2±2.6 cm at tillering, 

109.8±13.1 cm at flowering and 137.7±22.7 cm at harvest. This was followed by P3 
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treatment, 65.5±2.9 cm at tillering, 102.9±9.3 cm at flowering and 118.2±15.4 cm at 

harvest, and P2 treatment, which  recorded the plant height of 60.6±3.9 cm at tillering, 

97.7±57 cm at flowering and 108.2±9.8 cm at harvest. The lowest plant height was 

recorded in plants treated with the application of basal nutrients (P1) only (53.7± 3.8cm) 

at tillering, whereas in flowering and harvest, P1 showed the least plant height, 83.6 ± 12.6 

cm, 100.5 ± 11.6 cm respectively and it was followed by treatment C, in which at 

flowering, 95.2±7.9 cm, treatment C in harvest, 105.2±11.5 cm was observed.  

Number of tillers 

Variations in organic amendments significantly influenced the number of tillers in 

this experiment.  The highest number of tillers/ hill was recorded in the P4 treatment 

(16.2±1.3) which was followed by the P3 treatment and the P2 treatment (13.0± 1.4 and 

12.8 ± 1.8, respectively) which were statistically on par. Whereas, the lowest values were 

observed for P1 and C treatments (11.4±0.9 and 11.0± 1.0, respectively) which were also 

statistically on par at the tillering stage. During the flowering stage, the highest number of 

tillers was observed with  the P4 treatment (16.0±2.0), which was the superior treatment 

and the lowest for P1 (9.6±1.1), which was the inferior treatment. At harvest, the highest 

number of tillers per hill was recorded in P4 treatment (16.0±1.5) followed by P3 treatment 

(12.2±1.1), and P2 and C (10.6±1.9 and 10.6±0.7, respectively) which were on-par and the 

lowest was observed for P1 treatment (9.2±1.9). 

LAI 

The leaf area index (LAI) computed during the experiments was tabulated in Table 

4.19. In the Karuna rice variety, different organic treatments had a significant impact on 

the LAI during all three stages. Among the treatments, treatment C (1.1±1.3) had the least 

LAI during the tillering stage and the highest for treatment P4 (2.1±0.7). During the 

flowering, the highest average values for LAI for the P4 treatment 4.7±0.8, which was 

followed by the P3 treatment 3.8±0.9, and the P2 treatment, 3.2±1.1. The least was 

observed for treatment C, 2.7±1.1.  In this stage P4 treatment was superior and C treatment 

was inferior among the treatments. During the harvesting stage, P4 treatment has the 

highest values for LAI, i.e., 2.1±1.2, followed by P3 treatment,  1.6±0.5, and C treatment, 

1.3±1.1. The lowest value was observed for P1 and P2 treatments (1.1±1.2 and 1.1±0.4) 

which were statistically on par and inferior among treatments. 

  



Results 

190 

Root length 

Organic amendments significantly influence the length of roots in this experiment. 

The longest root was recorded in P4 treatment (9.8±1.3 cm) followed by P3 treatment 

(8.5±0.8 cm) which were statistically on-par. Lowest value was recorded for P1 

(5.2±0.8cm) which was also statistically on-par with P2 (6.3±0.6 am), and C(6.1±1.1 cm)  

treatments at tillering stage C treatment and lowest for. During flowering highest value for 

root length was observed for P4 treatment (14.6±1.8 cm) and lowest for P1 treatment  

(8.2±1.8 cm), respectively.  At harvest stage,  highest value for root length was recorded 

in P4 treatment (20.6±0.9 cm) followed by P3 treatment (17.8±1.0 cm), then P2 treatment 

(15.9±1.5cm) and C (14.3±2.0 cm) and lowest was observed for P1 treatment (13.6±2.0 

cm). P4 treatment was found to be superior and P1 treatment was found to be inferior 

statistically.  

Number of panicles 

The number of panicles observed during the flowering and harvesting stage were 

tabulated in Table 4.19. Different organic fertilizer management had a statistically 

significant effect on panicle production. Among the treatments, the highest values for the 

number of panicles were observed in the P4 treatment, i.e., 14.0±2.7 and 18.8±1.8, for the 

flowering and the harvesting stages, respectively. It was followed by P3 treatment, , i.e., 

11.6±1.4 and 16.2±0.8, for the flowering and the harvesting stages respectively. The P2 

treatment, recorded 9.6±1.5 and 14.2±0.8 for the number of panicles at flowering and 

harvesting stages, respectively, and this was followed by the C treatment, which recorded 

the values of i.e., 8.6±1.5 and 10.4±3.6, for the flowering and the harvesting stages 

respectively. The lowest number of panicles were noticed in  P1 treatment, i.e., 8.4± 0.9 

and 9.8± 0.9 in both flowering and harvesting stages respectively. 

4.4.4. Post-harvest soil chemical parameters 

Analysis of chemical soil parameters after post-harvest revealed a significant 

influence of organic nutrient application practices on these parameters, as detailed in Table 

4.20. The concentration of major soil macronutrients exhibited a significant increase with 

all organic amendments compared to the initial conditions. But had not shown any 

significant effect on other macro and micronutrients. Soil pH and electrical conductivity 

failed to have a significant effect by organic management and its values ranges from 
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6.0±0.6 to 6.±0.5 and 48.3±5.0 mS m-1 to 59.4±5.0 mS m-1, respectively.  Soil pH of 

experimental plots belongs to the medium acidic category. 

Organic amendments significantly influence the organic carbon (OC) content of 

the soil. OC of experimental plots belongs to the high-level category except for the P1 

treatment plot which belongs to the medium-level category. The highest value for OC was 

recorded in the plot with P4 treatment (1.2±0.3 %) followed by P3 treatment plot (1.1±0.3 

%), P2 treatment plot (1.0±0.3 %), then C plot (0.8±0.1 %) and lowest OC was recorded 

in P1 treatment plot (0.6±0.1 %).  A similar pattern was observed for available N and the 

highest value for available nitrogen was observed in the plot with P4 treatment 

(317.5±17.4 kg ha-1), which is followed by the P3 treatment plot (238.9±25.9 kg ha-1) and 

P2 treatment plot (233.5±45.9 kg ha-1), which were on-par and lowest N was observed in  

P1 (122.3±10.0 kg ha-1) treatment. Among the samples majority of the sample falls under 

low nitrogen content except P4 treatment plot sample, which belongs to the medium-level 

category.  

The highest value for available P in soil was recorded for P4, followed by P3 and 

P2 treatment plots, 32.2±6.0 kg ha-1, 32.3±6.5 kg ha-1, 30.7±4.6 kg ha-1 respectively, which 

were statistically on-par. The lowest was measured for P1 treatment plot i.e., 12.8±4.7 kg 

ha-1.  Among the samples, the majority of the sample falls under high P content except the 

the P1 treatment plot sample, which belongs to the medium-level category. The highest 

value for potassium was found for the P4 treatments plot (262.5±15.1 kg ha-1) and the least 

for the control (C) plot (145.7±27.3 kg ha-1). Here, all the experimental plots belong to the 

medium category in soil potassium status. 

Soil micro nutrients such as Zn, Fe and B pH failed to show any  significant effect 

by organic management and its values ranges from 1.5±0.5 mg kg-1 to 2.5±0.5 mg kg-1, 

10.2±2.4  mg kg-1 to 14.4±1.6 mg kg-1, and from 0.4±0.1 mg kg-1 to 0.6±0.1 mg kg-1, 

respectively. All the experimental plots contained a minimum level of micronutrients for 

plant growth. Calcium (Ca) content in the experimental site is ranged from 7.5±1.7 mg kg-

1 for P4 treatment plot to 3.0±2.6 mg kg-1 for P2 experimental plot. P4 treatment plot 

(3.1±0.5 mg kg-1), P3 treatment plot (2.4±0.4 mg kg-1), P2 treatment plot (1.5±1.2 mg  

kg-1), P1 treatment plot (1.3±1.4 mg kg-1), and C treatment plot (1.2±1.1 mg kg-1) were 

determined to have the highest to lowest values for magnesium content.
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Table 4.19. Growth characteristics such as number of tillers, plant height, LAI, root length and number of panicles of Karuna rice verity, 

is represented as Mean ± Standard Deviation (SD) of four replications. 

Treatments No. of Tillers Plant Height (cm) LAI Root length (cm) No. of Panicles 

TILLERING 

P.1 11.4±0.9c 56.6±4.3cd 1.1±0.8d 5.2±0.8b 

  

P.2 12.8±1.8b 60.6±3.9bc 1.5±1.4c 6.3±0.6b 
P.3 13.0±1.4b 65.5±2.9ab 1.8±0.7b 8.5±0.8a 
P.4 16.2±1.3a 69.2±2.6a 2.1±0.7a 9.8±1.3a 
C 11.0±1.0c 53.7±3.8d 1.1±1.3d 6.1±1.1b 
F value * * * * 
SE(m) 0.45 1.67 0.88 0.44 
CD  1.36 5.00 2.63 1.30 
CV (%) 7.90 6.11 12.96 13.52 

FLOWERING 

P.1 9.6±1.1c 83.6±12.6d 2.8±1.3cd 8.2±1.8c 8.4±0.9c 
P.2 12.2±1.3b 97.7±5.7bc 3.2±1.1c 10.3±0.8b 9.6±1.5bc 
P.3 12.4±1.1ab 102.9±9.3b 3.8±0.9b 11.5±1.1b 11.6±1.5ab 
P.4 16.0±2.0a 109.8±13.1a 4.7±0.8a 14.6±1.8a 14.0±2.7a 
C 11.0±0.9b 95.2±7.9c 2.7±1.1d 9.7±1.1bc 8.6±1.5c 
F value * * * * * 
SE(m) 0.59 Inf 1.65 0.67 0.84 
CD  1.75 9.35 4.93 1.99 2.52 
CV (%) 10.97 7.10 10.69 13.70 18.02 

HARVEST 

P.1 9.2±1.9c 100.5±11.6c 1.1±1.2d 13.6±2.0d 9.8± 0.9d 
P.2 10.6±1.7bc 108.2±9.8bc 1.1±0.4c 15.9±1.5bc 14.2±0.8bc 
P.3 12.2±1.1b 118.2±15.4b 1.6±0.5b 17.8±1.0b 16.2±0.8b 
P.4 16.0±1.5a 137.7±12.7a 2.1±1.2a 20.6±0.9a 18.8±1.8a 
C 10.6±0.9bc 105.2±11.5bc 1.3±1.1d 14.3±2.0cd 10.4±3.6c 
F value * * * * * 
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SE(m) 0.71 5.63 1.09 0.60 0.84 
CD  2.14 16.87 3.26 1.81 2.52 
CV (%) 13.46 11.04 7.99 8.20 12.98 

 
Where, P1- Application of basal nutrients only (FYMs); P2- Application of compost with basal nutrients and P3- Application of Azolla with basal 
nutrients, P4- Application of both compost and Azolla with basal nutrients, and C- Farmer’s traditional management practices. a, b, c, d, e, and f 
mean in columns with same superscript do not differ significantly (P< 0.05) *, LSD test. SEM: Standard Errors of Mean; CD: Critical difference; 
CV: Coefficient of variance. 
 

Table 4.20. Post harvest soil analysis plot wise results are represented as Mean ± Standard Deviation (SD) of four replications. 
 

Treatments pH EC 
OC 
(%) 

N 
(kg ha-1) 

P 
(kg ha-1) 

K 
(kg ha-1) 

Zn 
(mg 

kg-1) 

Fe 
(mg kg-1) 

B 
(mg kg-1) 

Ca 
(mg kg-1) 

Mg 
(mg kg-1) 

P.1 6.0±0.6 50.3±4.1 0.6±0.1 122.3±10.0c 12.8±4.7b 172.4±50.8 1.5±0.5 10.2±2.4 0.4±0.1 4.7±1.7 1.3±1.4 

P.2 6.5±0.2 48.3±5.0 1.0±0.3 233.5±45.8b 30.7±4.6a 167.4±34.9 2.3±0.2 13.6±2.9 0.5±0.1 3.0±2.6 1.5±1.2 

P.3 6.5±0.5 54.3±8.4 1.1±0.3 238.9±25.9b 32.3±6.5a 216.2±14.4 2.5±0.4 14.4±1.6 0.4±0.1 4.9±2.3 2.4±0.4 

P.4 6.2±0.1 59.4±5.0 1.2±0.3 284.3±17.4a 32.2±6.0a 262.5±15.1 2.5±0.5 13.7±1.9 0.6±0.1 7.5±1.7 3.1±0.5 
 

C 6.4±0.5 53.9±7.4 0.8±0.1 185.0±62.5bc 21.4±2.2ab 145.7±27.3 1.85±0.3 13.6±0.6 0.5±0.1 4.8±1.8 1.2±1.1 
F value NS NS * ** ** NS NS NS NS NS NS 
SE(m) 0.24 3.58 0.15 21.71 2.90 18.22 0.23 1.71 0.06 1.18 0.57 
CD  - - 0.48 68.42 9.14 - - - - - - 

CV (%) 6.39 11.64 29.55 17.14 19.40 16.36 18.91 15.49 20.91 41.27 51.83 

  

Where, P1- Application of basal nutrients only (FYMs); P2- Application of compost with basal nutrients and P3- Application of Azolla with basal 
nutrients, P4- Application of both compost and Azolla with basal nutrients, and C- Farmer’s traditional management practice. EC- electrical 
conductivity, OC- organic carbon, N-nitrogen, P- phosphorus, K- potassium, Zn- Zinc, Fe- Iron, B-Boron, Ca- Calcium, Mg- magnesium. a, b, c, 
d, e, and f mean in columns with same superscript do not differ significantly (P< 0.05) *, LSD test. SEM: Standard Errors of Mean; CD: Critical 

difference; CV: Coefficient of variance 
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4.4.5. Yield 

Rice yield data showed that the organic management strategies influenced 

significantly the grain yield of rice (Table 4.21). The results showed that plants under the 

P4 treatment produced higher yield (2494.7±76.1 kg ha-1) and it was statistically 

significant and superior over the other treatments. It was followed by P3 treatment 

(2239.3±134.3 kg ha-1), in which Azolla was applied with the basal nutrients. Application 

of compost with basal nutrients (P2),  registered a grain yield of 2014.0±166.4 kg ha-1 and 

that was followed by Farmer’s traditional management practices (C) C treatment 

(1382.0±248.3 kg ha-1). The P1 treatment resulted in poor yield performance 

(1260.7±269.4 kg ha-1).  

Table 4.21. Yield of rice plant represented as Mean ± Standard Deviation (SD) of 

three replications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Where, P1- Application of basal nutrients only (FYMs); P2- Application of compost with 
basal nutrients and P3- Application of Azolla with basal nutrients, P4- Application of both 
compost and Azolla with basal nutrients, and C- Farmer’s traditional management 
practices. a, b, c, d, e, and f mean in columns with same superscript do not differ 
significantly (P< 0.05) *, LSD test. SEM: Standard Errors of Mean; CD: Critical 

difference; CV: Coefficient of variance 

Treatments 

Yield 

(kg ha-1) 

P.1 1260.7±269.4c 

P.2 2014.0±166.4b 

P.3 2239.3±134.3ab 

P.4 2494.7±76.1a 

C 1382.0±248.3c 

F value * 

SE(m) 162.92 

CD  350.69 

CV (%) 10.26 
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4.4.6. Relationship study between yield and soil characters. 

A simple Pearson correlation was carried out to study the relationship between 

yield and soil properties, specifically soil pH, electrical conductivity (EC), organic carbon 

content (OC), soil available nitrogen (N), phosphorus (P), potassium (K), zinc (Zn), iron 

(Fe), boron (B), calcium (Ca) and magnesium (Mg), respectively. The obtained data are 

presented in Table 4.22. Paddy yield was positively and significantly correlated with most 

of the soil nutrient  parameters. Organic carbon and nitrogen were significantly and 

synergistically correlated with grain yield. Soil chemical properties such as pH (r =0.65), 

nitrogen (r =0.60), zinc (r=0.76 ) and P ( r = 0.86)  have a strong and positive correlation 

with grain yield at harvest. Organic carbon content was positively correlated with available 

soil nitrogen (r = 0.72).  
 

Table 4.22.  Relationship study between yield and soil characters. 

Where,  EC- electrical conductivity, OC- organic carbon, N-nitrogen, P- phosphorus, K- 
potassium, Zn- Zinc, Fe- Iron, B-Boron, Ca- Calcium, Mg- magnesium. 
 

4.5. Experiment -5    

 The results acquired from the research work entitled “Assessing the effect of 

different water and straw management practises on decomposition and GHG emission in 

post-harvest rice fields” were collected and elucidated. This experiment was conducted in 
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the experimental field of IRTA, Spain as a part of the CLIFF-GRADS scholarship 

programme and the study was conducted to assess the different post-harvest field 

management to lower greenhouse gas (GHG) emissions.   The treatments attempted are a) 

NWF ESI- Non-winter flooding with early straw incorporation; b) NWF LSI- Non-winter 

flooding with late straw incorporation; c) WFL ESI- Winter flooding with early straw 

incorporation; d) WFL LSI- Winter flooding with late straw incorporation,     

4.5.1. Percentage mass loss 

The results from the two-way ANOVA indicated that water management 

treatments and straw incorporation timing had a significant effect on the decomposition of 

fine litter bags/ mesh bags in the post-harvest season of 2022 and observed no interaction 

between them (Table.4.23). Winter flooding significantly increased the decomposition of 

rice straw regardless of the timing of straw input in relation to non-winter flooding.  

For fine and coarse litter bags, the two-way ANOVA indicated that water 

management treatments and timing of straw incorporation had a significant effect on 

decomposition in the post-harvest season of 2022 whereas the interaction of treatments 

failed significantly. The percentage of mass loss under flooded conditions (WFL) was 

58.75±0.76 % and 46.41±2.46 % for ESI and 54.24±1.86 % and 54.24±1.27 % for LSI, 

for fine and course litter bag, respectively. Whereas in non-flooded condition (NWL) 

percent of mass loss was 45.29±1.57 % and 26.42±1.19 % for ESI, for fine and course 

litter bags, respectively, and 39.20±2.79 % and 21.57±2.07 % for LSI, for fine and course 

litter bags, respectively. In the post-harvest season of 2022, water management 

significantly affects straw decomposition. Flooded (WFL) rice fields had higher litter mass 

loss from coarse and fine-meshed bags compared to non-flooded rice field (NFL) 

management. Within the winter flooding management fields, straw incorporation 

managements failed to affect the straw decomposition in coarse mesh bags. The late straw 

incorporation management field showcased reduced straw decomposition than in the early 

straw incorporated fields in non-flooded rice plots. 

The results from the two-way ANOVA indicated that water management 

treatments and straw incorporation timing had no significant effect on the decomposition 

of fine litter bags in the growing season of 2023 and also with its interactions.  The 

percentage of mass loss under flooded conditions was 41.28±3.28 % and 36.92±2.89 % 

for ESI and 43.50±2.15 % and 41.92±1.11 % for LSI, for fine and course litter bag 

respectively. Whereas in non-flooded condition was 39.00±3.19 % and 35.15±2.13 % for 
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ESI, for fine and course litter bags respectively, and 31.97±2.17 % and 29.48±1.95 % for 

LSI, for fine and course litter bags respectively. In the growing season, irrespective of the 

treatment, experimental fields were filled with water and thus water and straw 

incorporation timing management failed to affect the straw decomposition.  
 

Table 4.23. Percentage mass loss fine (FIN) and coarse (COA) litter bag experiment 

with different water and straw management regimes 

 

  
Post harvest 2022 Growing season 2023 

  
FIN COA FIN COA 

 
NWL_ESI 45.29±1.57  26.43±1.19 62.53±2.62 35.87±9.74 

 
NWL_LSI 39.20±2.79 21.57±2.07 71.90±6.55 50.33±2.14 

 
WFL_ESI 58.75±0.76 46.41±2.46 72.00±7.64 53.70±6.99 

 
WFL_LSI 54.24±1.86 54.24±1.27 73.90±2.51 50.20±4.13 

Irrigation SE (m) 2.29 2.52 3.67 6.23 

 CV 11.36 16.59 12.84 32.09 

 P  * * NS NS 
Straw SE (m) 1.14 1.07 4.53 4.58 

 CV 5.65 7.05 15.83 23.63 

 P * NS NS NS 

Irrigation 
X Straw 

SE (m) 1.61 1.52 - - 
CV 11.36 16.59 - - 
P NS NS NS NS 

 

Where, NWF ESI- Non winter flooding with early straw incorporation; NWF LSI- Non 
winter flooding with late straw incorporation; WFL ESI- Winter flooding with early straw 
incorporation; WFL LSI- Winter flooding with late straw incorporation 
 

4.5.2. Decomposition rate 

 Decomposition curves were constructed from the remaining mass of litter bags 

with different extraction times (Table 4.24). From decomposition curves, we identified 

that; straw incorporation timing and water management treatments have a significant effect 

on the decomposition rates of straw.  An increase in percentage mass loss with increasing 

burial duration was observed in both coarse and fine litter bags under WFL-ESI treatment, 

i.e., 2.94±0.22 g and 2.09±0.07 g, respectively, for the remaining weight at extraction after 

138 days of incubation. Whereas, minimum reduction in the percentage mass loss with 

increasing burial duration was observed in both coarse and fine litter bags under NWF-

LSI treatment, i.e., 4.31±0.19 g and 3.33±0.28 g, respectively, the remain weight at 

extraction after 138 days of incubation.  
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In coarse litter bag under NWF ESI treatment, 0.17 g of mass loss was happened 

after the first extraction (5.28±0.15 g of mass has remained after 5 days), and 0.52 g of 

mass loss in second extraction (4.93±0.17 g of mass has remained after 10 days), 1.37 g 

in third extraction (4.08±0.13 g of mass has remained after 25 days), 1.38 g in forth 

extraction (4.07±0.13 g of mass has remained after 60 days) and 1.47 g in the final 

extraction  (3.98±0.08 g of mass has remained after 138 days). In the case of fine litter 

bags under NWF ESI treatment, 0.54 g of mass loss was happened after first 

extraction(4.49±0.04 g of mass has remained after 5 days), and 0.87 g of mass loss in 

second extraction (4.16±0.06 g of mass has remained after 10 days), 1.96 g in third 

extraction (3.07±0.08 g of mass has remained after 25 days), 1.87 g in forth extraction 

(3.16±0.10 g of mass has remained after 60 days) and 2.27 g in final extraction  (2.76±0.13 

g of mass has remained after 138 days). In LSI extraction days were different from ESI. 

In coarse litter bag under NWF LSI treatment, 0.84 g of mass loss was happened after first 

extraction(4.71±0.26  g of mass has remained after 55 days), and 0.68 g of mass loss in 

second extraction (4.87 ± 0.15  g of mass has remained after 59 days), 0.86 g in third 

extraction (4.69±0.16 g of mass has remained after 66 days), 0.78 g in forth extraction 

(4.77±0.18 g of mass has remained after 74 days) and 1.24 g in final extraction  (4.31±0.20 

g of mass has remained after 138 days). In the case of fine litter bags under NWF ESI 

treatment, 0.56 g of mass loss was happened after first extraction(4.79±0.18 g of mass has 

remained after 55 days), and 0.67 g of mass loss in second extraction (4.68±0.18 g of mass 

has remained after 59 days), 0.90 g in third extraction (4.45±0.07 g of mass has remained 

after 66 days ), 0.77 g in forth extraction (4.58±0.09 g of mass has remained after 74 days) 

and 2.02 g in final extraction  (3.33±0.28 g of mass remained after 138 days). 

In coarse litter bag under WFL ESI treatment, 5.33±0.02 g of mass remained after 

5 days, in the second extraction 4.58±0.21 g of mass remained, 3.48±0.17 g of mass 

remained after 25 days, 3.37 ±0.26 g of mass remained after 60 days and 2.94±0.22 g of 

mass remained in final extraction. In the case of fine litter bags under NWF ESI treatment, 

4.68±0.31 g of mass remained after 5 days, 3.71±0.09 g of mass loss in the second 

extraction, 3.04±0.09 g of mass remained after 25 days, 2.89±0.06 g of mass remained 

after 60 days and 2.09±0.07 g of mass remained after last extraction, i.e., 138 days. In LSI 

extraction days were different from ESI. In the coarse litter bag under NWF LSI treatment 

3.92±0.20 g of mass remained after 55 days, and 03.81±0.24 g in final extraction, after 

138 days. In the case of fine litter bags under NWF ESI treatment, 3.59±0.10 g of 
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remaining mass was observed after the first extraction and 2.46±0.17 g of mass remained 

after 138 days. 

Table. 4.24. Remaining weight at extraction of fine (FIN) and coarse (COA) straw 

bag at six different extractions (0, 5, 10, 25, 60, 138 days for ESI and 0, 55, 59, 66, 74, 

138 days for LSI) 

 

Treatment 
Total Decomposition 

duration (in days) 

Remaining weight at extraction (g) 

 

COA FIN 

NWF ESI 0 5.45±0.09 5.03±0.01 

NWF ESI 5 5.28±0.15 4.49±0.04 

NWF ESI 10 4.93±0.17 4.16±0.06 

NWF ESI 25 4.08±0.13 3.07±0.08 

NWF ESI 60 4.07±0.13 3.16±0.10 

NWF ESI 138 3.98±0.08 2.76±0.13 

NWF LSI 0 5.55±0.08 5.35±0.09 

NWF LSI 55 4.71±0.26 4.79±0.18 

NWF LSI 59 4.87±0.15 4.68±0.18 

NWF LSI 66 4.69±0.16 4.45±0.07 

NWF LSI 74 4.77±0.18 4.58±0.09 

NWF LSI 138 4.31±0.20 3.33±0.28 

WFL ESI 0 5.77±0.12 5.12±0.03 

WFL ESI 5 5.33±0.02 4.68±0.31 



Results 

200 

WFL ESI 10 4.58±0.21 3.71±0.09 

WFL ESI 25 3.48±0.17 3.04±0.09 

WFL ESI 60 3.37±0.26 2.89±0.06 

WFL ESI 138 2.94±0.22 2.09±0.07 

WFL LSI 0 5.44±0.05 5.51±0.07 

WFL LSI 55 3.92±0.20 3.59±0.10 

WFL LSI 59 4.22±0.13 3.65±0.17 

WFL LSI 66 3.89±0.17 3.18±0.15 

WFL LSI 74 4.11±0.27 3.43±0.13 

WFL LSI 138 3.81±0.24 2.46±0.17 

Where, NWF ESI- Non winter flooding with early straw incorporation; NWF LSI- Non 
winter flooding with late straw incorporation; WFL ESI- Winter flooding with early straw 
incorporation; WFL LSI- Winter flooding with late straw incorporation 

The results from the two-way ANOVA for the decomposition constant of coarse 

litter bags indicated that straw incorporation timing had a strong significant effect on 

decomposition and there was interaction between the main plot and subplot but water 

management treatments did not affect the decomposition rate (Table 4.25.). The results 

from the two-way ANOVA for the decomposition constant of fine litter bags indicated 

that water management treatments and straw incorporation timing had a strong significant 

effect on decomposition and there was no significant interaction between the main plot 

and subplot. The mass remaining in LSI was more than ESI irrespective of the water 

treatment. Also, while comparing the decomposition rate constant of each treatment, the 

timing of straw incorporation only influenced the decomposition rate constants in which 

coarse litter bags significantly affected the timing of straw incorporation treatments 

(KWFL_ESI > K NWF_ESI > KWFL_LSI >K NWF_LSI), but not in the fine litter bags (KWFL_ESI > 

KWFL_LSI > K NWF_ESI >K NWF_LSI).  
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Table 4.25.  Statistical analysis of decomposition rate constants (k) from the fine (FIN) 

and coarse (COA) straw bag during the post-harvest season of 2017 under different 

water and straw management. 

   

  

FIN COA 

 

NWL_ESI  0.0037±0.00020    0.0020±0.00013 

 

NWL_LSI  0.0028±0.00049   0.0011±0.00030  

 

WFL_ESI  0.0056±0.00022   0.0043±0.00037 

 

WFL_LSI 0.0038±0.00039  0.0012±0.00025 

Irrigation SE (m) 0.0002 0.0005 

 

CV 14.35 38.58 

 

P  * NS 

Straw SE (m) 0.0002 0.0002 

 

CV 14.14 12.80 

 

P * * 

Irrigation 

X Straw 

SE (m) 0.0003 0.0002 

CV 14.34 12.80 

P * * 

Where, NWF ESI- Non winter flooding with early straw incorporation; NWF LSI- Non 
winter flooding with late straw incorporation; WFL ESI- Winter flooding with early straw 
incorporation; WFL LSI- Winter flooding with late straw incorporation) 

4.5.3. Methane emission 

In post-harvest, the effect of water management and timing of straw incorporation 

strongly influenced the CH4 emission and statistically significant, and also the interaction 

between straw incorporation timing and water management showed significance, resulting 

in increased emission rates in WFL-ESI treatment. The ranking of mean CH4 emission 

rates of post-harvest season across the treatments was, from highest to lowest: 12.26±7.78 

> 3.67±3.32 > 0.58±0.52 > 0.07 ± 0.26 mg CH4- C m−2 h− 1 for WFL-ESI, NFL - ESI, 

WFL-LSI and NWF-LSI, respectively (Table 4.26). In WFL-ESI, significant peak of 



Results 

202 

methane emissions was found immediately after the straw incorporation (16.07 mg CH4- 

C m−2 h− 1). But during the same period, in the NWF- ESI plots did not have any immediate 

effect on methane emissions. Whereas NWF LSI treatment had the least amount of 

methane emissions from the post-harvest paddy field. 

Table 4.26. Methane flux (mg CH4- C m−2 h− 1) from post-harvest paddy field under 

different water and timing of straw incorporation management. 

 

  
Methane flux 

 

NWL_ESI 3.67 ± 3.32 

 

NWL_LSI 0.07 ± 0.26 

 

WFL_ESI 12.26 ± 7.78 

 

WFL_LSI 0.58 ± 0.52 

Irrigation SE (m) 0.65 

 
CV 76.78 

 
P  * 

Straw SE (m) 0.84 

 
CV 99.83 

 
P * 

Irrigation X Straw SE (m) 1.19 

 CV 99.28 

 P * 

Where, NWF ESI- Non winter flooding with early straw incorporation; NWF LSI- Non 
winter flooding with late straw incorporation; WFL ESI- Winter flooding with early straw 
incorporation; WFL LSI- Winter flooding with late straw incorporation). 
 

4.6. Experiment- 6 

The results acquired from the research work entitled “Calibration and validation 

of crop simulation model -DSSAT and temperature sensitivity analysis” were collected and 

elucidated. This experiment was conducted to understand the application of the crop 

simulation model, DSSAT, for water and nutrient management on yield of rice under 

different climatic scenarios and to understand the impact of temperature on rice yield with 

sensitivity analysis using DSSAT model. The results of this study are detailed hereunder. 
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4.6.1 Calibration and Validation of Crop Simulation Model- DSSAT 

To simulate rice development and yield, the DSSAT CERES-Rice model was used.  

The observed data comprising three stress-free treatments (P1T1, P1T2, P2T1, and P2T2) 

from the experiment conducted in 2019 were used to calibrate the genetic coefficients. The 

same treatment data for the subsequent year (2020) were used for the validation of the 

model. With the aid of the GENCALC tool of the DSSAT model, the genetic coefficients 

were established for the Uma rice cultivar, by performing model calculations repeatedly 

with multiple iterations until a significant match between model simulated and field 

observed phenology, growth, and yield characteristics was obtained (Table 4.27). The 

simulated outcomes and observed ones were contrasted in terms of correlation analysis, 

error percentage analysis, and other test criteria used in evaluating the model's efficacy. 

The following is briefly discussed: 

Table 4.27. Genetic coefficients available for Uma rice cultivar 

Coefficients Explanations Value 

P1 Time from seed emergence to the end of juvenile phase 

(expressed as growing degree days (GDD) in ◦C). 

698.3 

P2O Critical photoperiod or the longest day length (in hours) 12.9 

P2R extent to which phasic development leading to panicle initiation 

is delayed (GDD in ◦C) 

130.00 

P5 time period from grain filling to physical maturity (GDD in ◦C) 202.00 

G1 Maximum spikelet number coefficient 74.76 

G2 Maximum possible single grain weight (g) under ideal growing 

conditions 

0.022 

G3 Scalar vegetative growth coefficient for tillering relative to the 

IR64 tillering coefficient. 

0.53 

G4 Temperature tolerance is the scalar coefficient 0.906 

PHINT Phyllocron interval 83.0 
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4.6.1.1 Simulated versus observed - physiological maturity day 

The measured and simulated number of days taken to physiological maturity day 

(PMD) was 99 and 97 in P1T1, 97 and 96 in P1T2, 98 and 96 in P2T1 and 92 and 95 in 

P2T2 during 2019, respectively. The simulated and the observed data as given in Table 

4.28 revealed a deviation of – 3 to +2 days between observed and simulated days were 

taken to attain maturity in different treatments during 2019. The values for mean number 

of days taken were 96.5 & 95.5 days after planting for the simulated data and 98 & 95 days 

after planting for the observed data to attain maturity across different planting and N 

treatments during 2019. The model performance was found to be good in simulating the 

PDA as revealed by a high correlation coefficient, r (0.91) and low RMSE (1.58), nRMSE 

(0.30 %), MBE (0.5), MAPE (2.08 %), and positive D index (0.37) between the simulated 

and observed days taken to maturity. A good line of fit (1:1) was found between the 

simulated and observed data with R2 of 0.84 during 2019 (Fig.4.10). 

The observed and simulated PAD was 101 and 97 in P1T1, 95 and 96 in P1T2, 98 

and 96 in P2T1 and 91 and 95 in P2T2 during 2020.  The simulated and the observed data 

as given in Table 4.28 revealed a deviation of – 4 to + 4 days between observed and 

simulated days were taken to attain maturity in different treatments during 2020. The 

values for mean number of days taken were 96.5 & 95.5 days after planting for the 

simulated data and 98 & 94.5 days after planting for the observed data to attain maturity 

across different irrigation and N treatments during 2020. The model performance was 

found to be good in simulating the PAD as revealed by a high correlation coefficient, r 

(0.95) and low RMSE (3.04), nRMSE (0.304 %), MBE (-0.25), MAPE (2.86%), positive 

D index (0.32) between the simulated and observed days taken to maturity. A good line of 

fit (1:1) was found between the simulated and observed data with R2 of 0.91 during 2020 

(Fig. 4.10). 

4.6.1.2 Simulated versus observed LAI 

The measured and simulated data for leaf area index ranges from 1.98 to 2.74 and 

2.43 to 2.98 in different treatments during 2019. The LAI during 2020 was 2.95 to 1.93 

for the simulated data and 2.59 to 1.58 for the observed data across different irrigation and 

N treatments (Table 4.29). A comparison between observed and simulated values for leaf 

area index is presented graphically in Fig.4.10. The results revealed that simulated leaf 

area index matched closely with observed LAI for all the treatments. The model 
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performance was found to be good in simulating the leaf area index as revealed by a high 

correlation coefficient, r (0.92 and 0.98) and low RMSE (0.28 and 0.30), nRMSE (0.70 

and 0.30 %), MBE (-0.25 and -0.29), MAPE (11.06 and 14.63 %), and positive D index 

(0.08 and 0.34) during 2019 and 2020, respectively, between simulated and observed data. 

Also, a good line of fit (1:1) was found between the simulated and observed LAI with R2 

of 0.86 during 2017 and 0.96 during 2020 (Fig.4.11). 

4.6.1.3 Simulated versus observed yields 

The measured and simulated yield was 4851 and 4852 kg ha-1 in P1T1, 4307 and 

4334 kg ha-1 in P1T2, 3714 and 3972 kg ha-1 in P2T1 and 3215 and 3638 kg ha-1 in P2T2 

during 2019 (Table 4.30). The model performance was found to be good in simulating the 

yield as revealed by the high correlation coefficient, r (0.99) and low RMSE (248.44), 

nRMSE (0.15 %), MBE (-170.5), MAPE (5.32 %) and positive D index (0.8) between the 

simulated and observed yield. A good line of fit (1:1) was found between the simulated 

and observed yield with R2 of 0.99 during 2019 (Fig.4.12). 

The observed and simulated yield was 4226 and 4322 kg ha-1 in P1T1, 3837 and 

4001 kg ha-1 in P1T2, 3514 and 3932 kg ha-1 in P2T1 and 3115 and 3494 kg ha-1 in P2T2 

during 2020. The model performance was found to be good in simulating the yield as 

revealed by the high correlation coefficient, r (0.97) and low RMSE (297.69), nRMSE 

(0.27 %), MBE (-264.25), MAPE (27.65%), positive D index (0.47) between the simulated 

and observed yield. A good line of fit (1:1) was found between the simulated and observed 

yield with R2 of 0.95 during 2020 (Fig.4.12). 

With a high correlation coefficient and low RMSE, nRMSE, MBE and MAPE, the 

DSSAT-CERES model (Version 4.7) demonstrated good performance in modelling the 

days until physiological maturity day, LAI, and yield (Table 4.30). For maturity, leaf area 

index, and yield, a satisfactory line of fit was discovered between the simulated and 

observed data. While certain parameters were overestimated (above the line), others were 

underestimated, but the inaccuracy was still within allowable bounds (± 10 %). In light of 

this, it is practical to utilize the most recent version (V4.7) of DSSAT-CERES-Rice to 

simulate crop yields in Kozhikode's midland and upland regions under various planting, 

irrigation and N settings



Results 

206 

 

 
2019 2020 

 

Observed Simulated Observed Simulated 

P1T1 99 97 101 97 

P1T2  97 96 95 95 

P2T1 98 96 98 96 

P2T2 92 95 91 95 

r 0.91 0.91 

R2 0.84 0.84 

RMSE 1.58 3.00 

nRMSE 0.30 0.30 

MBE 0.50 0.50 

MAPE 2.09 2.59 

D index 0.38 0.34 

R² = 0.8448
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Fig.4.10. Relationship between observed and simulated 

physiological maturity day of rice in observed treatments in 

calibration (2019) and validation (2020). 
 

Table 4.28. Statistical analysis for physiological maturity 

day ( PMD) 

Where, P1- DSR, P2- Transplanted, T1 is 125 % of inorganic 
fertilizers, and T2 is 100 % of inorganic fertilizers. 
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2019 2020 

 

Observed Simulated Observed Simulated 

P1T1 2.74 2.98 2.59 2.95 

P1T2 2.34 2.55 2.34 2.52 

P2T1 2.62 2.72 2.03 2.33 

P2T2 1.98 2.43 1.58 1.93 

r 0.93 0.98 

R2 0.89 0.96 

RMSE 0.28 0.31 

nRMSE 0.70 0.30 

MBE -0.25 -0.30 

MAPE 11.07 14.63 

D index 0.08 0.34 

Fig.4.11. Relationship between observed and simulated leaf 

area index (LAI) of rice in observed treatments in 

calibration (2019) and validation (2020). 
 

Table 4.29. Statistical analysis for LAI 
R² = 0.8621
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Where, P1- DSR, P2- Transplanted, T1 is 125 % of inorganic 
fertilizers, and T2 is 100 % of inorganic fertilizers. 
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Table 4.30. Statistical analysis for yield in kg ha-1. 

 

 
2019 2020 

 

Observed Simulated Observed Simulated 

   P1T1 4851 4825 4226 4322 

P1T2  4307 4334 3837 4001 

P2T1 3714 3972 3514 3932 

P2T2 3215 3638 3115 3494 

r 0.99 0.97 

R2 0.99 0.95 

RMSE 248.444 267.69 

nRMSE 0.15 0.27 

MBE -170.50 -264.25 

MAPE 5.32 7.65 

D index 0.83 0.47 

R² = 0.9523
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Where, P1- DSR, P2- Transplanted, T1 is 125 % of inorganic 
fertilizers, and T2 is 100 % of inorganic fertilizers. 
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4.6.2. Model simulation under the temperature sensitivity analysis 

Paddy yield production (in kg ha-1) was simulated by calibrated DSSAT software 

under temperature sensitivities and was compared with the simulated yield for the 

calibrated model for the 2019 field experiment, which was used for different methods of 

planting, water and nutrient management scenarios (Table 4.31). Initially, in all four 

treatments, rice yield was projected to increase under the scenario with a 0.50 C increase 

in both maximum and minimum temperature and under scenarios with a 1.00 C increase in 

both minimum and maximum temperature for all four treatments while comparing with 

the yield simulated for the 2019 experiment. A decline in the yield was predicted for 

scenario with 1.50 C increase in both minimum and maximum temperature. While 

comparing the yield production for various treatments under the scenario with a0.50 C 

increase in both maximum and minimum temperature, it can be seen that the treatment 

P1T1 gives the maximum yield (5101 kg ha-1) and treatment P2T2 gives the minimum 

yield (3658 kg ha-1).  Yield predicted for the scenario with a 1.00 C increase in both 

minimum and maximum temperature for all four treatments were ranged between 4904 to 

3604 kg ha-1. Here, the yield of P1T1 and P1T2 experiments predicted a slight increase in 

the yield with the simulated yield of similar treatments in the 2019 experiment. Whereas, 

the yield of P2T1 and P2T2 experiments predicted a decline while comparing them with 

the simulated yield of the 2019 experiment. The yield predicted for P1T1 treatment under 

the scenarios with a1.50 C increase in both maximum and minimum temperature was 4039 

kg ha-1 which is 16.3 % less than the simulated yield for P1T1 treatment in 2019 

experiment. Then, it was followed by P1T2 (3526 kg ha-1) with 18.6 % less yield than the 

simulated yield for P1T2 treatment in 2019 experiment, then for P2T1 (3083 kg ha-1) with 

22.4 % less yield than the simulated yield for P2T1 treatment in 2019 experiment and least 

predicted for P2T2 (2505 kg ha-1) with 31.1 % less yield than the simulated yield for P2T2 

treatment in 2019 experiment. 

Rice yield predicted for scenarios with 0.5 0 C, 1.0 0 C and 1.5 0 C increments in 

maximum temperatures for all four treatments showed an increase in yield when compared 

with the yield simulated for the 2019 experiment. Comparing the yield under different 

temperature increments in the P1T1 treatment, the highest was predicted for the scenario 

with 1.0 0 C increments in maximum temperatures (5178 kg ha-1) and was followed by the 

scenario with 1.5 0 C increments in maximum temperatures (5060 kg ha-1) and least yield 

was predicted for the scenario with 0.5 0 C increments in maximum temperatures (4664 kg 
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ha-1). The yield difference among the temperature sensitivity analysis for P1T2 treatment 

also showed a similar trend to P1T1 treatment and it yield ranges from 4501 to 4296 kg 

ha-1. In P2T1 treatment, the highest yield was predicted for the scenario with a 0.5 0 C 

increments in maximum temperatures (3983 kg ha-1) and is followed by the scenario with 

a 1.0 0 C increments in maximum temperatures (3969 kg ha-1) and the least for the scenario 

with a 1.5 0 C increments in maximum temperatures (3963 kg ha-1). The yield predicted 

for different scenarios of temperature increments in P2T2 treatment have less variations 

and was 3666 ± 8.34 kg ha-1. 

Rice yield predicted for scenarios with 0. 50 C, 1.0 0 C and 1.5 0 C increments in 

minimum temperatures for all four treatments showed sequential increase in yield when 

comparing with the yield simulated for the 2019 experiment. In P1T1 treatment, highest 

yield prediction was found in the scenario with a 1.5 0 C increments in minimum 

temperatures (5178 kg ha-1 with 5.64 % increment and least yield prediction was found in 

the scenario with a 0.5 0 C increments in minimum temperatures (5080 kg ha-1) with 5.28 

% increment than the simulated yield for P1T1 treatment in 2019 experiment. The same 

trend was observed for P1T2 and P2T2 treatments too. In P2T1 treatment, yield predicted 

for the scenario with 0.5 0 C and 1.0 0 C increments in minimum temperatures had a decline 

in production to 3958 kg ha-1 and 3969 kg ha-1, respectively, from 3972 kg ha-1 of simulated 

yield for P2T1 treatment in 2019 experiment. 
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Table 4.31. Yield production simulations under temperature sensitivity analysis 

 

2019 

simulated 

(kg ha-1) 

0.5 0C increase in 

Tmax & Tmin 

(kg ha-1)   

1.0 0C increase 

in Tmax & Tmin 

(kg ha-1) 

1.5 0C increase 

in Tmax & Tmin 

(kg ha-1) 

P1T1 4825 5101 4904 4039 

P1T2 4334 4567 4406 3526 

P2T1 3972 3973 3965 3083 

P2T2 3638 3658 3604 2505 

 

2019 

simulated 

(kg ha-1) 

0.5 0C increase in 

Tmax 

(kg ha-1) 

1.0 0C increase 

in Tmax 

(kg ha-1) 

1.5 0C increase 

in Tmax 

(kg ha-1) 

P1T1 4825 4664 5178 5060 

P1T2 4334 4296 4501 4445 

P2T1 3972 3983 3969 3963 

P2T2 3638 3693 3678 3655 

 

2019 

simulated 

(kg ha-1) 

0.5 0C increase in 

Tmin 

(kg ha-1) 

1.0 0C increase 

in Tmin  

(kg ha-1) 

1.5 0C increase 

in Tmin 

(kg ha-1) 

P1T1 4825 5080 5097 5178 

P1T2 4334 4529 4601 4686 

P2T1 3972 3958 3969 4084 

P2T2 3638 3650 3678 3698 

 

 

  

Where, P1- DSR, P2- Transplanted, T1 is 125 % of inorganic fertilizers, and T2 is 100 % of 
inorganic fertilizers. 
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4.7. Experiment -7 

The results acquired from the research work entitled “Suitability analysis and rice 

yield prediction for Kozhikode and Palakkad districts under future climate scenarios” 

were collected and elucidated.  

This experiment was conducted to explore the potential areas for rice production 

through suitability analysis and yield predictions for Kozhikode district as well as 

Palakkad district under future climate scenarios. Even though all the field experiments 

were carried out in Kozhikode district, Palakkad district is one of the main paddy growing 

districts in Kerala. However, the sustainability of paddy agriculture in the area is seriously 

threatened by the changing patterns of the climate, which include rising temperatures, 

altered rainfall patterns, and an increase in the frequency of extreme weather events. Which 

negatively impacts the paddy production. In order to address this problem, a study was 

carried out to determine viable adaptation strategies and to evaluate the prospective effects 

of climate change on paddy production in the Kozhikode and Palakkad areas. 

4.7.1 Crop Suitability for Paddy Cultivation in Kozhikode 

4.7.1.1. THEMATIC MAPS 

The thematic maps displayed above in Fig.4.13, Fig.4.14 and Fig.4.15 shows the 

distribution of Photosynthetically Active Radiation (PAR), Fraction of Absorbed 

Photosynthetically Active Radiation (fAPAR), and Water Stress in Kozhikode district. The 

high average value of PAR for paddy in the Kozhikode district is 379.176 MJm-2 and the 

minimum low value is 319.236 MJm-2. The fAPAR value is a real-time indicator of crop 

growth conditions during the growing season and varies depending on the ecosystem and 

time. In this study, the fAPAR value ranged from 0.05 to 2.54. The water stress during the 

season was optimal for paddy growth, prolonged water stress can negatively affect crop 

growth and productivity.
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Fig.4.15. Water Stress Map Kozhikode district 

Fig.4.14. fAPAR Map Kozhikode district Fig.4.13. PAR Map of Kozhikode district 
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4.7.1.2. AHP Table 

The table 4.32 displays a pair-wise comparison of alternatives based on certain 

criteria, using the AHP method. By assigning weights to the criteria, the AHP approach 

provides a more systematic and rational decision-making process. If the consistency ratio 

is less than or equal to 0.1, the pairwise comparisons are considered to be reasonably 

consistent. However, if the ratio exceeds 0.1, the decision maker may need to reassess their 

judgments and revise the matrix to improve its consistency. In our case, the calculated 

consistency index from the AHP table above is 0.10, indicating that the pairwise 

comparisons are reasonably consistent. 

Table 4.32.  Pairwise comparison table for paddy suitability of Kozhikode district 

  Rainfall pH Texture Temperature Drainage Depth Slope 

Rainfall 1 5 3 3 7 5 7 

pH 0.2 1 1 3 5 3 5 

Texture 0.3 1 1 3 5 3 5 

Temperature 0.3 0.3 0.3 1 3 3 3 

Drainage 0.1 0.2 0.2 0.3 1 3 3 

Depth 0.2 0.3 0.3 0.3 0.3 1 3 

Slope 0.1 0.2 0.2 0.3 0.3 0.3 1 

Total 2.4 8.1 6.1 11 21.7 18.3 27 

 

4.7.1.3.  Factors Influencing Paddy’s Suitability  

The factors that can influence the suitability of paddy cultivation in the district are 

rainfall, pH of soil, soil texture, temperature, soil drainage, soil depth, and slope. Based on 

the table (Table 4.33), it appears that rainfall has a significant influence on paddy 

suitability in the Kozhikode district with 38 % weightage. This is followed by soil texture, 

pH, temperature, drainage and depth, 18 % ,17 %, 11 %, 7 %, and 6 % weightage 

respectively. Slope has the least influence on paddy suitability (3 %).  
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Table 4.33. Influence table for paddy suitability of Kozhikode district 

Raster Weightage (%) 

Rainfall 38 

Texture 18 

pH 17 

Temperature 11 

Drainage 7 

Depth 6 

Slope 3 

 

4.7.1.4. Paddy suitability 

The results of the suitability map indicate that half of the land in the Kozhikode 

district is suitable for paddy cultivation. This information is useful for farmers, 

policymakers, and other stakeholders in the agricultural sector, as it can help guide 

decisions related to agricultural planning, resource allocation and land use. Furthermore, 

Fig.4.16 shows that the regions of Thodannur, Melady and Perambra in the Kozhikode 

district is highly favourable for growing paddy, accounting for a total of 3 % of the highly 

suitable area for paddy cultivation in the district. Forty-five per cent of the Kozhikode 

district area is moderately suitable for paddy cultivation and this region belongs to the 

midland region. The remaining area is classified as either not suitable (21 %) or marginally 

suitable (30 %) due to environmental and soil factors that do not support rice cultivation.  
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Fig.4.16. Suitability map for paddy cultivation in Kozhikode district 

4.7.2. Yield estimation 

4.7.2.1. Current scenario 

Based on the annual paddy yield map results for the current scenario, the Koduvally 

block in the Kozhikode district had a higher estimated yield for paddy at 2848 kg ha-1, 

while the Kunnummal block had a lower estimated yield at 1525 kg ha-1 (Fig.17). The 

predicted yield was also found to be comparable to the observed yield data from 

Department of economics and statistics (DoES).  

It is crucial to note that yield predictions might vary depending on a number of 

variables, including the weather, the quality of the soil, irrigation methods, and crop 

management strategies. As a result, yield estimates for paddy in various blocks will 

probably change from season to season, and care should be taken before concluding data 

collected in a single growing season.  
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                      Fig.4.17. Map for current paddy production in Kozhikode district 

 Moreover, yield estimates should be used in conjunction with other information 

sources and local expertise to make well-informed decisions about agricultural planning 

and land use, even though they are a useful tool for understanding agricultural productivity 

and making decisions about crop selection and resource allocation. 

4.7.2.2. Future Scenario 

The temperature data of Kozhikode district for the years 2025, 2050, 2100, which 

includes Tmax and Tmin of four climate models (CMCC-ESM2, EC-Earth3, EC-Earth3-

Veg, and GFDL-CM4) were collected for analysing the future scenario. These temperature 

data were obtained from the sixth phase of the Coupled Model Intercomparison Project 

(CMIP6) for both SSP245 and SSP585 Scenario. From the temperature data we obtained 

it is found that temperature is expected to increase from 2025 to 2100 (Table 4.34). Here 

we are utilizing the temperature data for our study to estimate the production. We estimated 
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the future paddy yields for each model under both the SSP245 and SSP585 scenarios, and 

analysed the corresponding projected climate changes. 

Table 4.34. Table of Temperature Data of Models 

MODEL 

 

Scenario 

 

Avg Max Temperature(⁰C) Avg Min Temperature(⁰C) 

2023 2025 2050 2100 2023 2025 2050 2100 

CMCC-ESM2 
245 

28 
29 30 31 

21 
19 20 21 

585 29 31 33 19 21 24 

EC-EARTH3 VEG 
245 

29 
30 30 30 

18 
20 21 21 

585 29 31 33 20 22 25 

GFDL-CM4 
245 

27 
30 30 31 

25 
20 21 21 

585 29 30 32 19 21 23 

EC- EARTH 3 
245 

29 
30 31 31 

17 
20 21 21 

585 30 31 33 20 21 25 

 

Based on the analysis conducted using four climate models (CMCC-ESM2, EC-

Earth3, EC-Earth3-Veg, and GFDL-CM4) and considering the SSP 245 and SSP 585 

scenarios, it has been observed that there is a projected decrease in paddy yield in 

Kozhikode district as the year’s progress from 2025 to 2100. The analysis was based on 

the map provided in figures – Fig.4.18 – Fig.4.21. In CNCC and EC EARTH 3 models 

predicted decrease in the productivity by the change in colour on the map provided below, 

where the transition from red to green represents a decline in yield due to increasing 

temperatures. Maps created for the CMCC SSP 2-4.5 show that as years went from 2025 

to 20100, the red areas with high productivity tended to persist that way, while the orange 

parts changed to green as a sign of declining productivity (15.30 %). In the CMCC SSP 5-

8.5, by the year 2100, rice productivity had significantly decreased (726 kg ha-1), and all 

regions' colours had changed to green on the map and a lack of other colours signifying 

the decreased productivity.  The rice productivity of Kozhikode district was predicted by 

EC EARTH VEG and GFDL models to increase in future scenarios (both in SSP 2- 4.5 

and 4- 8.5). This was indicated by a change in colour on the map below, where a large 
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distribution of red-orange colours and a complete reduction of green colour indicated an 

increase in yield due to rising temperatures by the year 2100. 

4.7.2.3. Estimated Yield OF MODELS CMIP6-SSP245 & SSP585 

The estimated block wise yield of Kozhikode for four different climate models 

under the SSP245 and SSP585 scenario. For the model EC-EARTH VEG, there is a 

decrease in the yield from 2025 to 2099 on every blocks. In the case of SSP245 scenario 

its observed that slight increase (27.44 %) in production of paddy from 2025 to 2050 and 

then predicted a decrease from 2050 to 2099 by 24.84 %, overall, the average decrease in 

yield from 2025 to 2099 is less (4.21 %). The SSP 585 graph shows a significant increment 

(27.88 %) in yield through years (2025 to 2100), when compared to the SSP 245, which 

accounts to an 1.79 % in production predictions from the year 2025 to 2050, 25.73 % 

increment from 2050 to 2100. Similarly, the GFDL-CM4 model for SSP 585 scenario is 

also showing an increase of 13.25 % in the yield from 2025 to 2099. The SSP245 scenario 

graph shows a minor decrease in the yield which accounts to an average 98.5 T and 154.10 

T decrease in the year 2025 and 2100, respectively. While, in SSP585 graph every block 

shows a continuous increase in yield through the years, except the block Melady in which 

the yield is decreased by 153.30 T in the year 2100 when compared to 2025. The average 

increase of yield from 2025 to 2099 in Kozhikode district is accounts to 13.25 % in SSP585 

scenario for GFDL model. 

For CMCC-ESM2 model, the SSP 245 scenario estimated an average of 577.30 T 

of production is decreased from 2025 to 2050 and after that in 2100, 714.70 T production 

is decrease from 2050 in paddy production. In SSP 585 scenario graph it’s sharp decline 

of 68.31 % in the paddy production from 2025 to 2100.  The predicted production for the 

year 2025 is 2476.6. T, and for 2050 is 1062.9 T (57.08 % reduction) and for the year 2100 

is 784.8 T. For the model EC-EARTH 3, the graph of SSP 245 scenario shows the paddy 

production in the various blocks in Kozhikode districts have a reduction of 88.33 T from 

the year 2025 to 2050 and, then followed increment of 14.67 % in the year 2100. The EC 

EARTH 3 model's SSP 585 scenario displays a decline of 26.14 % production in each 

forecast year from 2025 to 2100 through 2050.   
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Fig.4.19. Kozhikode- Estimated yield for the model EC EARTH-3 

Fig.4.18. Kozhikode- Estimated yield for the model CMCC-ESM2 
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Fig.4.20. Kozhikode- Estimated yield for the model EC EARTH- VEG 

Fig.4.21. Kozhikode- Estimated yield for the model GFDL-CM4 
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 4.7.3. Crop Suitability for Paddy Cultivation in Palakkad  

4.7.3.1. THEMATIC MAPS  

                                                                                                                         

 

 

 

 

 

 

Fig.4.23. fAPAR Map of Palakkad district 

 

Fig.4.22. PAR Map of Palakkad district 
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The thematic maps displayed above in Fig.4.22, Fig.4.23 and Fig.4.24 shows the 

distribution of Photosynthetically Active Radiation (PAR), Fraction of Absorbed 

Photosynthetically Active Radiation (fAPAR), and Water Stress in Palakkad district. The 

high average value of PAR for paddy in the Palakkad district is 374.88 MJm-2 and the 

minimum low value is 322.31 MJm-2. The fAPAR value is a real-time indicator of crop 

growth conditions during the growing season and varies depending on the ecosystem and 

time. In this study, the fAPAR value ranged from 0.35 to 2.5. The water stress during the 

season was optimal for paddy growth, prolonged water stress can negatively affect crop 

growth and productivity. 

4.7.3.2. AHP Table 

The table 4.35 displays a pairwise comparison of alternatives based on certain 

criteria, using the AHP method. By assigning weights to the criteria, the AHP approach 

provides a more systematic and rational decision-making process. If the consistency ratio 

is less than or equal to 0.1, the pairwise comparisons are considered to be reasonably 

consistent. However, if the ratio exceeds 0.1, the decision maker may need to reassess their 

judgments and revise the matrix to improve its consistency. In our case, the calculated 

Fig.4.24. Water Stress Map of Palakkad district 
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consistency index from the AHP table above is 0.067, indicating that the pairwise 

comparisons are reasonably consistent. 

Table 4.35.  Pairwise comparison table for paddy suitability of Palakkad district 

  
Rainfall Slope Depth Drainage 

Calcium 

carbonate 
pH 

Tempe

rature 
Texture 

Rainfall 1 5 7 5 6 5 4 8 

Slope 0.2 1 5 2 3 5 3 5 

Depth 0.14 0.2 1 9 3 3 6 7 

Drainage 0.2 0.5 0.11 1 4 5 5 8 

Calcium 

carbonate 
0.17 0.33 0.33 0.25 1 5 

3 
3 

pH 0.2 0.2 0.33 0.2 0.2 1 4 7 

Temperature 0.25 0.33 0.167 0.2 0.33 0.25 1 4 

Texture 0.125 0.2 0.142 0.125 0.33 0.147 0.25 1 

Total 2.16 7.57 13.94 17.65 17.53 24.25 26 43 

 

4.7.3.3.  Factors Influencing Paddy’s Suitability  

The factors that can influence the suitability of paddy cultivation in the Palakkad 

district are rainfall, pH of soil, soil texture, temperature, soil drainage, soil depth, and 

slope. Based on the table (Table 4.36), it appears that texture has a significant influence 

on paddy suitability in the Palakkad district with 35 % weightage. Which is followed by 

slope, pH, temperature, drainage, rainfall, depth and calcium carbonate, 17 % ,16 %, 13 

%, 7 %, 6 %, 4 % and 2 % weightage respectively. Calcium carbonate has the least 

influence on paddy suitability.  
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Table 4.36. Influence table for paddy suitability of Kozhikode district 

Raster Weightage (%) 

Texture 35 

Slope 17 

pH 16 

Temperature 13 

Drainage 7 

Rainfall 6 

Depth 4 

Calcium carbonate 2 

4.7.3.4. Paddy suitability 

The results of the suitability map indicate that large portion of the land in the 

Palakkad district is suitable for paddy cultivation. This information is useful for farmers, 

policymakers, and other stakeholders in the agricultural sector, as it can help guide 

decisions related to agricultural planning, resource allocation, and land use. Furthermore, 

Fig.4.25 shows that the region of Pattambi in the Palakkad district is highly favourable for 

growing paddy, accounting for 2.12 % of the highly suitable area for paddy cultivation in 

the district. Ninety-six percentage of the Palakkad district area is moderately suitable for 

paddy cultivation and this region. The remaining area is classified as either not suitable 

(1.36 %) or marginally suitable (0.86 %) due to environmental and soil factors that do not 

support rice cultivation.  

 

Fig.4.25. Suitability map for paddy cultivation in Palakkad district 
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4.7.4. Yield estimation 

4.7.4.1 Current scenario 

Based on the seasonal paddy yield map results for current scenario, it can be 

concluded that during the Mundakkan season of paddy in the year 2020, Ottapalam taluk 

in the Palakkad district had a higher estimated yield for paddy at 2130 kg ha-1, while 

Chittur taluk had a lower estimated yield at 1818 kg ha-1 (Fig.4.26). The predicted yield 

was also found to be comparable to the observed yield data from DoES. Therefore, it can 

be inferred that among the six taluks in the Palakkad district, Ottapalam taluk had a higher 

rice production during that season.  

However, it is important to note that yield estimates are subject to various factors 

such as weather conditions, soil quality, irrigation practices, and crop management 

techniques. Therefore, it is possible that the yield estimates for paddy in different taluks 

may vary from season to season, and caution should be exercised when drawing 

conclusions based on data from a single season. Furthermore, while yield estimates are a 

useful tool for understanding agricultural productivity and making decisions related to 

crop selection and resource allocation, they should be used in conjunction with other 

sources of information and local expertise to make informed decisions about agricultural 

planning and land use. 

 

Fig.4.26. Map for current paddy production in Palakkad district 



Results 

227 

4.7.4.2. Future Scenario 

The temperature data of Palakkad district for the years 2025, 2050, 2075, and 2100, 

of four climate models were used for analysing the future scenario. These temperature data 

were obtained from the sixth phase of the Coupled Model Intercomparison Project 

(CMIP6) for both SSP 2–4.5 and SSP 5-8.5 Scenario. From the temperature data we 

obtained it is found that temperature is expected to increase from 2025 to 2100. Here we 

are utilizing the temperature data for our study to estimate the production. We estimated 

the future paddy yields for each model under both the SSP 2-4.5 and SSP 5-8.5 scenarios, 

and analysed the corresponding projected climate changes. 

Based on the analysis conducted using four climate models (CMCC-ESM2, EC-

Earth3, EC-Earth3-Veg, and GFDL-CM4) and considering the SSP 245 and SSP 585 

scenarios, it has been observed that there is a projected decrease in paddy yield in Palakkad 

district as the year’s progress from 2025 to 2100. The analysis was based on the map 

provided in figures – Fig.4.27 – Fig.4.30. The map's colour shift from yellow to a darker 

blue signifies a drop in yield as a result of temperature. Thus, it may be said that from 2025 

to 2100, the Palakkad district's agriculture yield would decline due to temperature 

increases. In all four models predicted decrease in the productivity by the change in colour 

on the map provided below, where the transition from yellow to dark blue represents a 

decline in yield due to increasing temperatures.  

4.7.4.3.  Estimated Yield OF MODELS CMIP6-SSP245 & SSP585 

The yields for four different crop models under the SSP245 scenario are simulated. 

For the CMCC model, the average yield decreases from 2029 kg ha-1 in 2025 to 919 kg 

ha-1 in 2100. Similarly, the EC EARTH3 model shows a decrease from 2131 kg ha-1 to 

1043 kg ha-1, and the EC EARTH-VEG model from 2591 kg ha-1 to 910 kg ha-1. The 

GFDL-CM4 model also shows a decline from 2334 kg ha-1 to 791 kg ha-1, while the GFDL-

ESM4 model decreases from 2994 kg ha-1 to 871 kg ha-1. In conclusion, we can infer that 

the crop yield decreases with increasing temperature when analyzing data from 2020 to 

2100.  

The yields for five different crop models under the SSP585 scenario are simulated. 

For the CMCC model, the average yield decreases from 1964 kg ha-1  in 2025 to 696 kg 

ha-1 in 2100. Similarly, the EC EARTH3 model exhibits a decrease from 2119 kg ha-1 to 

747 kg ha-1, and the EC EARTH-VEG model from 1969 kg ha-1 to 726 kg ha-1. The GFDL-

CM4 model also shows a decline from 1991 kg ha-1 to 599 kg ha-1, while the GFDL-ESM4 

model decreases from 1753 kg ha-1 to 735 kg ha-1. 
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 Fig.4.27. Palakkad- Estimated yield for the model CMCC-ESM2 

Fig.4.28. Palakkad- Estimated yield for the model EC EARTH 
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 Fig.4.30. Palakkad- Estimated yield for the model GFDL-CM4 

Fig.4.29. Palakkad- Estimated yield for the model EC EARTH- VEG 
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4.7.5. Adaption strategies for improving the rice production 

By executing scenarios in the DSSAT model, the viability of several adaptation 

strategies to increase rice yield was also examined. In order to minimize the yield 

reduction, these adaptation techniques that are being investigated include altering the 

sowing date, altering the spacing, and planting alternative plant populations as the sowing 

time approaches. Changing the planting window affected the yield significantly. By 

planting five days earlier than the actual transplanting date and increasing the N level, the 

negative effects of the temperature increase on rice yield were lessened. 

Preponing the sowing date 

The simulated yield by preponing the planting by five days had increased the yields 

from 4825 kg ha-1 to 5468 kg ha-1, i.e., 13.33 %, in P1T1 treatment compared with its 

simulated yield with the actual planting date. In the P1T2 treatment, change in yield by 

changing the planting date was 16.06 %, i.e., from 4334 kg ha-1 to 5030 kg ha-1 (Table 

4.37). Yield prediction for P2T1 and P2T2 treatments also had an increment of production 

by 6.62 % and 8.52 %, respectively. The yield rises from 0.53 % to 11.69 % among all 

four treatments under 0.5 0 C increase in both maximum and minimum temperature, by 

preponing the planting date by five, according to a comparison with simulated results 

obtained via sensitivity analysis prediction. Under a 1.0 0 C increase in both maximum and 

minimum temperature scenarios, the yield hike ranged from 3.26 % to 13.62 % and for a 

1.5 0 C increase in both maximum and minimum temperature scenarios yield increase was 

25.92 % to 53.09 % in all four treatments, namely, P1T1, P1T2, P2T1, and P2T2, while 

comparing with simulated results obtained via sensitivity analysis prediction. Thus, it can 

be said that increasing rice output in the experimental area benefits from five days of early 

sowing. In the temperature-sensitive scenarios, it is predicted that five days of early sowing 

will increase the yield for all treatments.  

Increasing nitrogen content in fertilizers 

The simulated yield by increasing the nitrogen content by 150 % had increased the 

yields from 4825 kg ha-1 to 5394 kg ha-1, i.e., 11.81 %, in P1T1 treatment compared with 

its simulated yield with the 125 % inorganic fertilizer application. In the P1T2 treatment, 

change in yield by changing the planting date was 11.35 %. Yield prediction for P2T1 and 

P2T2 treatments also had an increment of production by 8.36 % and 9.32 %, respectively 

(Table 4.38). The yield rises from 5.18 % to 13.61 % among all four treatments under 0.5 
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0 C increase in both maximum and minimum temperature, by increasing the nitrogen per 

cent in the fertilizer by 150 %, according to a comparison with simulated results obtained 

via sensitivity analysis prediction. Under a 1.0 0 C increase in both maximum and 

minimum temperature scenarios, the yield hike ranged from 6.89 % to 12.71 % and for a 

1.5 0 C increase in both maximum and minimum temperature scenarios yield increase was 

30.39 % to 51.98 % in all four treatments, namely, P1T1, P1T2, P2T1, and P2T2, while 

comparing with simulated results obtained via sensitivity analysis prediction. Thus, it can 

be said that increasing rice output in the experimental area benefits from increasing the 

nitrogen content in the fertilizer.  
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Table 4.37. Yield prediction before and after changing the planting date 

Scenario 
2019 simulated 0.5 0C increase in Tmax & Tmin  1.0 0 C increase in Tmax & Tmin 1.5 0C increase in Tmax & Tmin 

(kg ha-1) (kg ha-1)  (kg ha-1) (kg ha-1) 

Planting 

date 

on 
05/07/2019 

on 
01/07/2019 

on 05/07/2019 on 01/07/2019 on 05/07/2019 on 01/07/2019 on 05/07/2019 on 01/07/2019 

P1T1 4825 5468 5101 5426 4904 5064 4039 5086 
P1T2 4334 5030 4567 5101 4406 4963 3526 4992 
P2T1 3972 4235 3973 3994 3965 4289 3083 4000 
P2T2 3638 3948 3658 3743 3604 4095 2505 3835 

 

 

Table 4.38. Yield prediction before and after changing the nitrogen fertilizer application 
 

Fertilizer 

application 
125 % N 150 % N 125 % N 150 % N 125 % N 150 % N 125 % N 150 % N 

P1T1 4825 5395 5101 5795 4904 5242 4039 5360 
P1T2 4334 4826 4567 5101 4406 4903 3526 5162 
P2T1 3972 4304 3973 4179 3965 4277 3083 4020 
P2T2 3638 3977 3658 3964 3604 4062 2505 3807 

 

  
Where, P1- DSR, P2- Transplanted, T1 is 125 % of inorganic fertilizers, and T2 is 100 % of inorganic fertilizers. 
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5. Discussion 

A study was undertaken to establish rice water and nutrient recommendations using 

various field experiments, calibration and validation of crop modelling using simulation 

studies, as well as to quantify the impact of various environmental variables on rice growth 

and production under changing climate scenarios. In this chapter, an attempt has been 

made to address the cause-and-effect relationship between the significant observations and 

results obtained during trials. The topic focuses on how different treatment combinations 

affect different growth indicators and yields in changing climate situations, as well as how 

to optimize rice productivity under changing climate scenarios.  

5.1. Experiment -1        

Assessing the influence of nutrient management and method of irrigation on biometric 

characters of four different rice cultivars 

The first experiment was designed to evaluate the effect of different nutrient 

management and methods of irrigation on four different rice varieties, commonly 

cultivated in Kerala, on rice growth parameters and discussed the water requirement in 

each irrigation method.  

5.1.1. Biometric characteristics 

Plant height 

Plant height is one of the important crop biometric characteristics for determining 

the influence of treatments on plant growth status. In most of the research studies, it may 

also be used as a sign of a plant's ability to perform under varied conditions of management 

such as a change in irrigation or nutrient management practices and plant height reflects 

changes in plants over the crop growth period (Fernandez et al., 2009; Boomsma et al., 

2010; Muangprakhon & Kaewplang, 2021). In the first experiment field, plant height was 

significantly influenced by the applied treatments in general and details are discussed 

below (Fig.5.1).  

Rice plants showed significantly higher plant height under flooded fields than those 

of the plants under AWD fields, irrespective of all the varieties tested. With respect to 

stages of the plant, Uma, variety showed a significant difference on plant height in all three 

stages for irrigation treatment, in Jaya and Kanchana paddy varieties had significant 
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differences in the panicle initiation stage and the maturity stage, whereas the Jyothi 

cultivar showed   substantial impact only in the panicle initiation stage. AWD plants and 

Fig.5.1. Plant height of four different rice varieties at different stages (30, 60, & 105 

DAT) are represented as Mean ± Standard Deviation (SD) of three replications.  

Where, V1 is Jyothi, V2- Jaya, V3- Uma, V4- Kanchana.  Where, I1 is waterlogged/ 

flooded, I2 is alternate wetting and drying (AWD), N1 is 0 % application of the 

recommended dose of nutrients, N2 is 100 % N recommended dose of application of 

the recommended dose of nutrients through inorganic fertilizers and N3 is 120 % N 

of the recommended dose of nutrients through inorganic fertilizers. 
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conventional flooded rice showed observable variations in plant morphology (Thakur et 

al., 2011). Accelerated internodal elongation, aerenchyma development, cell elongation, 

food availability, and genetic variables are all adaptations of rice plants to flooding 

environments. Internodal elongation widens the gaps between nodes, allowing plants to 

attain maximum height. Plant morphology may be influenced by genetic changes as well. 

Numerous studies, including Choudhary (2003), Parihar (2004) and Parihar (2004), have 

observed a significant increase in plant height as a result of flooded irrigation which is in 

agreement with the current study. In addition, flooded rice fields can suppress weed growth 

more effectively due to reduced access to light and oxygen for weed germination and 

growth (Kaspary et al., 2020). This helps in higher growth of the plants by reducing 

competition for nutrients and space. 

Plant height was also significantly influenced and increased by nitrogen (N) 

application at active tillering stage, panicle initiation period, and maturity stages. During 

the three developmental stages of rice observed in this experiment, increased percentages 

of N applications had a significant impact on plant height in the Uma and Jaya cultivars.  

Whereas in Kanchana, except tillering, both panicle initiation and maturity stage, paddy 

height was significantly impacted by the N application.   Plant height showed a positive 

response when nitrogen was applied in three splits (Pillai & De, 1980; Yang et al., 2011; 

Khan, et al., 2022).  Also, a sufficient supply of nitrogen supports vegetative growth, 

including stem and leaf development. In addition to this, increased levels of N contributed 

to the better development of plants, which was reflected in plant height in all stages of crop 

growth. This might be due to the constant availability of nitrogen and might have resulted 

in higher uptake of N resulting in higher plant growth. This is consistent with Glass’s 

(2003) findings. The ability of rice plants to acquire and absorb nutrients from the soil is 

influenced by their height. Taller plants typically have a larger root system that can explore 

a wider amount of soil and take more nutrients. Nutrient intake is critical for healthy 

development and yield. Nitrogen is a fundamental component of chlorophyll and amino 

acids, both of which are required by plants for photosynthesis and protein synthesis 

(Ohyama, 2010; Leghari et al., 2016; Asadi et al., 2023).  The interaction impacts of water 

management and N levels were not significant for plant height under this experimental 

site, which is consistent with the findings of Zhang et al., (2011). 
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Number of tillers 

Tillering is one of the critical growth stages in rice plants that has a direct impact 

on yield potential (Bakhsh et al., 2011). The amount of N application and irrigation 

management have an impact on tiller formation at the peak tillering and panicle initiation 

stages of the paddy crop. Treatments significantly influenced the number of tillers and with 

respect to water management, flooding resulted in a higher number of tillers in all three 

varieties except Kanchana (Fig.5.2).  A sufficient quantity of water is essential for tiller 

development and paddy prefers submerged condition for producing more number of tillers. 

This is in confirmation with many of the earlier studies, which also reported during the 

tillering stage, that flooded fields favour more tillering. (Juraimi et al., 2009; Zhu et al., 

2018). Rice plants respond to flooding by lengthening their internodes to reach the water's 

surface. Tillering is encouraged as a result, since submerged nodes are stimulated to grow 

new shoots (Mon, 2018). Tillering more often results in more productive tillers, which in 

turn influences the rice crop's potential production. It has been observed that in certain 

situations, AWD could result in fewer tillers than when conditions are consistently 

saturated (Thakur et al., 2011; Sudhir-Yadav et al., 2011; Howell et al., 2015; Norton et 

al., 2017). The sporadic drying interval under AWD may have an impact on the initiation 

and survival of tiller buds, which could explain the decrease in tillering. 

Among the nutrient management treatments T3 produced more tillers in the case 

of all four varieties and it was statistically significant, since nitrogen is an important 

ingredient for paddy plant tillering. Tiller production can be stimulated by using 120 % N 

fertilizers at the appropriate growth stages (Alley et al., 2009; Wu et al., 2020). This is in 

agreement with the current results. Tiller production was often increased by applying 

nitrogen in split doses at the tillering and panicle initiation stages (Pillai & De,1980; 

Kamruzzaman et al., 2014). This is consistent with Tanaka and Garcia (1965) and Sui, et 

al., (2013) findings, which showed that mineral nutrition could significantly alter the 

tillering performance of rice and that the rate of N uptake between the panicle initiation 

and flowering stages is more crucial for influencing tiller production than the amount 

absorbed or stored in the plant. Finally, the interaction effects of water management, and 

N rate were not significant in all varieties except Uma cultivar, where, panicle initiation 

and maturity stages had a significant interaction effect on the number of tillers. This is due 

to the combined influence of proper irrigation and, N availability, during the growth period 

which might have improved water and nutrient uptake and growth of the crop (Mandal et 

al. 2013; Reddy et al., 2013). So, together with the innate genetic traits, these factors aided 

the Uma cultivar in becoming more receptive to local management and the environment. 
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Fig.5.2. Number of tillers of four different rice varieties at different stages (30, 60, & 

105 DAT), are represented as Mean ± Standard Deviation (SD) of three replications.  

Where, V1 is Jyothi, V2- Jaya, V3- Uma, V4- Kanchana.  Where, I1 is flooded, I2 is 

AWD, N1 is 0 % application of recommended dose, N2 is 100 % N through inorganic 

fertilizers and N3 is 120 % of the recommended dose of N nutrients through inorganic 

fertilizers. 
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Leaf area index (LAI)  

The Leaf Area Index (LAI) is an important parameter that calculates the total leaf 

area of plants per unit of ground surface area. Also, is an important indicator in rice 

production since it gives important information about the crop's growth, photosynthetic 

capability, nutritional requirements, and overall health at various stages of development 

and this is the important factor used in crop simulation modelling for prediction of crop 

yield. LAI values increased from the initial tillering stage to the panicle initiation stage, 

and then it began to decline at the maturity stage (Wopereis et al., 1996; Zhang et al., 2019; 

Fukuda et al., 2021).  The results of LAI are graphically represented in Fig.5.3. 

With the exception of the Kanchana variety, the remaining ones showed notable 

effects from fertilizer treatments as well as irrigation. Flood irrigation and 120 % of the 

recommended dose of N nutrients from inorganic fertilizers produce more LAI in rice 

crops and this will contribute to the higher yield. Plants under flooded conditions produced 

more tillers and leaves, which will raise their LAI. The constant presence of water 

guarantees an environment that is beneficial to the growth of leaf area (Clerget et al., 2016). 

Therefore, compared to continuous flooding, periods of dryness in AWD may temporarily 

slow down plant growth and result in a slightly lower LAI. According to Sharma & Yadav 

(1999) and Ciampitti & Vyn (2011), during the reproductive period, LAI increased with 

increased N rate, which is in agreement with the present results. As a result of its impact 

on photosynthetic levels, the high leaf area index (LAI) at flowering is closely associated 

to grain yield (Fagade & De Dutta, 1971; Qi, et al., 2020). Monitoring LAI during the 

growth season assists farmers and researchers in understanding how the canopy changes 

over time and how this is influencing the yield may be understood. This data is essential 

for optimizing agronomic activities like fertilizer application and irrigation scheduling. 

LAI monitoring and management can result in higher rice yields and more sustainable 

agricultural techniques. Under tropical conditions, the combined effects of water 

management, and N application were not significant and this is in agreement with the study 

conducted by Zhang et al., (2012). 
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Fig.5.3. LAI of four different rice varieties at different stages (30, 60, & 105 DAT), 

are represented as Mean ± Standard Deviation (SD) of three replications. 

 Where, V1 is Jyothi, V2- Jaya, V3- Uma, V4- Kanchana.  Where, I1 is waterlogged/ 

flooded, I2 is alternate wetting and drying (AWD), N1 is 0 % application of the 

recommended dose of nutrients, N2 is 100 % N recommended dose of application of 

the recommended dose of nutrients through inorganic fertilizers and N3 is 120 % N 

of the recommended dose of nutrients through inorganic fertilizers. 
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Number of panicles 

The number of panicles in rice is an important aspect that can affect yield and grain 

quality. In the present study, the nitrogen application treatment had significant influence 

on number of panicles produced by all four varieties (Fig.5.4). Treatment combinations of 

waterlogged environment/ flooded water management and 120 % application of the 

recommended dose of nutrients through inorganic fertilizers treatment at the panicle 

initiation stage resulted in the highest number of panicles in all the four rice varieties. The 

Uma rice variety had a significant combined effect on the number of panicles for both 

water and nutrient management. This is because adequate irrigation and nitrogen 

availability during the growing season enhanced the crop's ability to absorb nutrients and 

grow (Mandal et al., 2013; Reddy et al., 2013). Water and fertilizer supply, as well as 

climate and growing circumstances, all have an impact on panicle formation Thus, in 

addition to the inherent genetic characteristics, these elements helped the Uma cultivar 

become more sensitive to environmental influences and local management. 

Also, for every rice growth variable, N1 treatment with 0 % nitrogen application 

had the least or inferior values. Insufficient nitrogen or no nitrogen application can cause 

rice plants to develop slowly, and produce less grain by reducing tillering, yellowing of 

the leaves (chlorosis), and stunting of growth with results in poor growth and yield 

characters (Shrestha et al., 2020; Gunawan, et al., 2023). AWD with 100 % N and120 % 

N produce numerically improved growth characters. However, the observed reduction in 

the number of panicles in the AWD experiment is contradictory with the studies of Yao et 

al. (2012), Liu et al. (2013), Norton et al. (2017), Monaco et al. (2021) and Jiang et al. 

(2023), it might be due to other environmental factors observed with the midland laterites 

apart from the other environmental settings. The growth of chlorophyll, which is necessary 

for photosynthesis, depends on nitrogen. It is also an essential part of proteins, nucleic 

acids, and amino acids. Hence, proper nitrogen and irrigation treatment management is 

critical for increasing the number of panicles and increasing rice production. The ability 

to balance these elements based on the local environmental conditions is critical for 

achieving good yields and quality in rice farming (Fahad et al., 2019). Other than this, 

several other factors determine the number of panicles in rice plants, including growth 

behaviours, genetic features, and management approaches (Mzengeza, 2010; Mohapatra, 

2013).  Panicle number is influenced by genetic variation within each subspecies (Singh 

et al., 2022b).  
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Fig.5.4. Number of panicles of four different rice varieties at different stages (60, & 

105 DAT), are represented as Mean ± Standard Deviation (SD) of three replications.  

Where, V1 is Jyothi, V2- Jaya, V3- Uma, V4- Kanchana.  Where, I1 is waterlogged/ 

flooded, I2 is alternate wetting and drying (AWD), N1 is 0 % application of the 

recommended dose of nutrients, N2 is 100 % N recommended dose of application of 

the recommended dose of nutrients through inorganic fertilizers and N3 is 120 % N 

of the recommended dose of nutrients through inorganic fertilizers.
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5.1.2. Water saving 

The AWD irrigation system asserts that it can conserve up to 20–50 % of water 

without compromising rice growth, depending on the climate, soil type, degree of dryness, 

crop duration, and crop growth stage. (Massey et al., 2014; Carrijo et al., 2017; Chandana 

et al., 2019; Widodo & Muhklisin, 2022). 37.52 % of water input was saved in this 

experiment (Fig.5.5). In addition to the water savings, AWD can reduce greenhouse gas 

emissions (Cheng et al., 2022; Haque et al., 2021; Ishfaq, et al., 2020; Win et al., 2020; 

Linquist et al., 2014; Wassmann et al., 2010). Therefore, incorporating water-saving 

technologies like AWD/ aerobic rice cultivation in suitable locations can be addressed as 

sustainable rice farming practices. 

 

                                      Water requirement (mm) 

Fig.5.5. Water requirement (mm) for Flood and AWD irrigation systems during the 

experiment. 
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Addressing water scarcity in agricultural practices, particularly in flooded rice 

systems, necessitates a concerted effort towards implementing alternative methods for 

sustainable water management. As the demand for food rises and climate change 

exacerbates water shortages, embracing innovative approaches becomes imperative.  

Sustainable agriculture, marked by responsible water use, not only safeguards ecosystems 

but also ensures food security for a growing global population. Embracing these alternative 

methods like AWD, aerobic cultivation, SRI (System of Rice Intensification) (Surendran 

et al., 2021), not only offers a lifeline to regions grappling with water scarcity but also 

heralds a promising era of resilient and environmentally conscious agriculture. 

5.2. Experiment -2        

Assessing the savings in Water with FAO-CROPWAT model and evaluating different 

strategies on crop productivity of aerobic rice (Sruthi and Surendran 2023) 

From the previous study, the importance of water-saving technologies was 

identified hence next experiment was conducted under aerobic conditions. Thus, the 

purpose of the second experiment was to evaluate the aerobic rice management techniques. 

This experiment was carried out to assess various nutrient management strategies and 

planting techniques for aerobic rice production. Additionally, an effort was made to 

measure the amount of water saved by aerobic rice. The results obtained from this 

experiment are discussed hereunder. 

5.2.1. Biometric characteristics 

Plant height 

One of the important morphological characteristics linked to grain productivity is 

plant height (Fageria, 2007). It is a reflection of how the crop's growth has been affected 

by natural and management conditions. Results showed that biometric characteristics of 

the plants were significantly influenced by the different nutrient management practices and 

methods of planting. Among the different nutrient management practices during all the 

stages of observation, namely, 30th day, 50th day, 85th day, and 115th day, significantly 

taller plants were observed under 125 % inorganic nutrient management (T1) practice, 

followed by 100 % integrated nutrient management practice (T2), and then organic nutrient 

management (T3) in decreasing order of growth parameters, and treatments differing 

significantly from each other (Fig.5.6). The application of higher dose of inorganic 
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fertilizer has a good effect on plant height. NPK, in particular nitrogen, plays a role in cell 

proliferation, elongation, internode lengthening and growth consequently at the base of 

rice stems, which may have contributed to an increase in plant height. (Zaman et al., 2015; 

Shah et al., 2017; Zhang et al., 2021; Liu et al., 2022; Mboyerwa et al., 2022). Organic 

nutrients, such as manure and compost, even though it may have the all the nutritional 

composition that plants need, however its availability and quantum of nutrients may be 

insufficient. The lower concentrations of macronutrients in such organic manures 

(nutrients essential for the optimal growth of plants) may cause slower or stunted growth. 

Additionally, the slow release and breakdown of organic components, requires these plant 

essential nutrients, which might have hindered the development pace of the plants. 

Conversely, synthetic fertilizers may release nutrients more quickly, resulting in higher 

plant growth. 

In the case of the method of planting, direct seeded rice performed better and 

produced a significant difference in plant height than the transplanting method. Significant 

reduction of plant height under the transplanting method as compared to DSR, is 

contradictory to many of the earlier studies (Hou et al., 2019; Lee et al., 2021), which 

showed that transplanting results in higher yield attributes because of low competition for 

resources due to less plant population in the transplanted method and high weed growth in 

DSR methods (Surendran et al., 2021). In this study, the higher plant height observed in 

DSR might be due to the line sowing technique, maintaining the plant population as well 

as timely weed management operations carried out during the experiment. Also, a 

significant combined interaction effect on methods of planting and different levels of 

nutrients was found in rice crop, during all four observed stages in this experiment. 

Number of tillers 

Rice planting practices and fertilizer regimes have a significant impact on the effect 

of tiller production (Dingkuhn et al., 1990; Badshah et al., 2014). On the 30th, 50th, 85th, 

and 115th day of observation, among the various nutrient and planting management 

practices, noticeably higher number of tillers were found under 125 % inorganic nutrient 

management (T1) practice, while lower number of tillers were found under the T3 

treatment (Fig.5.6). The number of tillers of plant is positively impacted by the use of 

inorganic fertilizer. NPK is important for cell division and proliferation near the base of 

rice stems. These processes may have led to an increase in number  
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Fig.5.6. Growth characteristics such as number of tillers and height of the of rice 

plant cv. Uma, are represented by its mean value of six replications. Error bar 

represented as the standard error (SE) of the six replications. 

Where, T1- 125 % of inorganic fertilizers, T2 – 100 % of inorganic fertilizers and 

T3- 100 % of organic manures, P1 -DSR, P2- transplanted 
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of tillers (Zhang et al., 2021; Liu et al., 2022; Mboyerwa et al., 2022; Zaman et al., 2015; 

Shah et al., 2017).  

Under the transplanting approach, the number of rice tillers exhibited a 

considerable decrease whereas in DSR significant increase was recorded. In contrast to 

rice that has been transplanted, direct-sown plants often face greater competition from 

weeds for resources including light, nutrients, and space, which leads to fewer productive 

tillers per plant (Nagargade et al., 2018). However, line sowing, seed density, planting 

depth, and appropriate weed management can all have a good impact on the development 

of tillers in direct-sown rice. Rice plants may be more able to access nutrients if inorganic 

fertilizer is applied in excess of the recommended dose (i.e., beyond 100 %) and can 

encourage tillering and vegetative development in rice.  A significant combined interaction 

effect on the method of planting and different levels of nutrients on the number of tillers 

was found in this experiment, during all four observed stages. 

5.2.2. Yield 

The findings from this experiment indicated a significant impact of planting methods and 

nutrient management practices on paddy yield. Specifically, Direct Seeding of Rice (DSR) 

outperformed the transplanted method, and in terms of nutrient management, applying 125 

% of the recommended dose of inorganic N fertilizers led to a higher yield compared to 

organic manure application (Fig. 5.7). The increased nutrient quantity significantly 

influenced plant growth and other yield characteristics, attributed to enhanced nutrient 

availability and favourable soil characteristics. This, in turn, positively influenced the plant 

growth and, resulting in higher growth and yield parameters, as observed by Sruthi and 

Surendran in 2023 (Full paper can be accessed on the following link- https://doi.org/ 

10.1007/s10333-023-00941-x). In addition, dry matter translocation from stems and leaves 

into grains exhibited a significant increase with rising N application, as indicated by Zhang 

et al. (2009). In contrast, poor yield was observed with the application of organic manure, 

possibly due to a lower availability of readily accessible soil nutrients for uptake. However, 

literature reviews suggest that while organic farming may initially yield lower productivity 

compared to intensive chemical fertilizer application, its long-term practice enhances soil 

quality, leading to increased productivity over time (Hiltbrunner, 2004; Kulak, 2014). To 

support farmers during this transitional period, additional subsidies are recommended to 

promote the adoption of organic farming approaches. 
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In contrast to the numerous earlier studies suggesting higher yield attributes with 

transplanting than Direct Seeding of Rice (DSR) due to lower plant population and 

increased weed growth (Ali et al., 2014; Surendran et al., 2021; Sruthi and Surendran 

2023), this experiment results demonstrate that DSR outperformed transplanting. This 

might be due to direct seeding of rice as line sowing and not broadcasting resulted in higher 

plant population. Earlier few studies, including the work of Akhgari & Kaviani (2011), 

align with our findings, indicating that the DSR planting method yielded the best results 

in terms of total tillers number, panicle count, and overall yield. Apart from the reasons 

outlined earlier, this favourable outcome in DSR could be attributed to the transplanting 

shock experienced by rice seedlings under transplanting in midland soils during early 

tillering stages, which is sensitive and may lower growth and yield parameters. In contrast, 

DSR provides a more adaptive timeframe, potentially contributing to its superior 

performance, since plant population is maintained in this case. Additionally, the use of line 

sowing techniques in DSR, along with careful plant population management and timely 

weed control operations, might have contributed to the observed higher yield attributes. 

 

Fig.5.7. Yield of rice cv. Uma (kg ha-1) is represented as the mean value of six 

replications. Error bar represented as the standard error. 

 Where, DSR is directly sworn rice, TR is transplanted rice, T1 is 125 % of inorganic 

fertilizers, T2 is 100 % of inorganic fertilizers and T3 is 100 % of organic manures. 
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The lower yield observed in the transplanting method may be attributed to the 

setback experienced by plants when transferred from the nursery, whereas in Direct 

Seeding of Rice (DSR), plants might have adapted to the conditions from the outset (Ali 

et al., 2014; Sruthi and Surendran, 2023). During the vegetative growth stage, it is crucial 

to ensure adequate land submergence from transplanting to prevent damage to establishing 

seedlings and promote proper root development—a factor that may not have occurred 

under aerobic rice cultivation. Previous studies have indicated that even under anaerobic 

rice conditions, moisture stress during the active tillering phase can lead to a yield 

reduction of approximately 30 % (Bouman et al., 2007).  

Farmers Participatory Action Research Program (FPARP) in India, demonstrated 

higher production in DSR than flooded fields and a 20 % water savings, although this 

reported yield gain was not consistently observed in many of the experimental plots (Gupta 

et al., 2003). For instance, one of the studies found that DSR yielded higher (13–18 %) 

with reduced total water inputs (8–12 %) compared to transplanted rice (Ishfaq et al., 

2020). The adoption of line sowing techniques, maintaining optimal plant population 

through proper gap filling, timely weed management operations, and nutrient availability 

may contribute to higher yields. While observed yield increases are promising, caution 

should be exercised before widespread implementation of this technique. Comprehensive 

investigations into appropriate aerobic rice cultivars, optimal management practices, and 

factors such as organic farming need to be considered before scaling up the adoption of 

DSR. 

5.2.3. Water saving 

All three rice growing seasons—Viruppu, Mundakan, and Puncha—were 

considered when estimating water savings, and the results revealed that approximately 37 

% of water can be conserved. Figure 4.3 illustrates irrigation water savings when 

converting 20 %, 40 %, 60 %, 80 %, and 100 % of the total rice-cultivated areas in 

Kozhikode district from flood cultivation to the aerobic method. These simulations yielded 

water savings ranging from approximately 55 mm to 550 mm for 10 % to 100 % of the 

total rice-cultivated areas. In other words, transitioning from an anaerobic to an aerobic 

method of rice cultivation resulted in water savings ranging from 7.15 % to 35.77 %. This 

aligns with earlier reports indicating water savings of 35 % to 57 % for Direct Seeding of 

Rice (DSR) in non-puddled soil near field capacity (FC) saturation compared to 
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continuously flooded (5 cm) transplanted rice (Ladha et al., 2003; Reddy et al., 2020; 

Chadhar et al., 2020; Sruthi and Surendran 2023). 

The adoption of water-saving techniques in rice cultivation not only enhances 

paddy yield but also contributes to carbon sequestration, resource conservation, and 

reduction in greenhouse gas (GHG) emissions (Yang et al., 2017) especially methane. The 

growing scarcity of water resources has resulted in identification and development of new 

methods such as adoption of aerobic rice systems, which conserve water inputs and 

enhance water productivity by minimizing water use during land preparation and 

mitigating seepage, percolation, and evaporation during cultivation. 

In this study, a comparison of planting methods and nutrient management under 

aerobic rice cultivation revealed that Direct Seeding of Rice (DSR) outperformed the 

transplanted method, and employing 125 % of the recommended dose of inorganic 

nitrogen fertilizers (RDIF) resulted in higher yields compared to organic manure 

application. Additionally, water savings amounted to 36.4 %, as compared to the FAO-

CROPWAT based anaerobic rice water requirement, consistent with findings from 

previous studies (Ladha et al., 2003). To conclude, the direct method of line sowing, 

coupled with 125 % of the recommended dose of inorganic fertilizers, demonstrates the 

potential for achieving higher crop and water productivity in rice 

5.3. Experiment -3        

Assessing the different levels of water and nutrient application on growth and productivity 

of rice under aerobic cultivation 

This experiment was designed to evaluate the effect of different levels of water and 

nutrient management practices on aerobic rice yield. The previous study recommended 

using DSR along with line sowing as a better planting technique for rice cultivation; 

however, this study chose to use transplanted planting in order to replicate typical 

agricultural operations used in the farmer’s field. During the field experiment, the leaf 

rolling phenomenon was observed in some patches of the experimental plot. Hence, we 

conducted a brief study to understand the leaf-rolling issue in paddy and to assess its leaf 

rolling behaviour under different moisture-absorbing mediums. The results obtained from 

this experiment are discussed hereunder. 
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Initial experiment  

5.3.1. Biometric characteristics 

Plant height  

Results of the experiment showed that (Fig.5.8), among the treatments attempted, 

statistically significant differences were observed. Both water and nutrient management 

treatments had a significant effect on plant height during the initial and/ or the final stages. 

The study found that higher nitrogen levels (125 % N) provided optimal conditions for 

enhanced plant height, suggesting that plants responded positively to higher nitrogen 

levels. The combination of 125 % N application and suitable irrigation (100 % or 120 % 

ETC) created optimal growth conditions for aerobic rice. Understanding these factors is 

crucial for optimizing crop performance. An optimum amount of water availability is 

crucial for nutrient uptake and transport within the plant. Adequate water availability 

ensures that nutrients, including nitrogen, are efficiently transported to the growing points, 

promoting plant height. (Leghari, et al., 2016). Nitrogen is a vital component of amino 

acids, proteins, and chlorophyll, essential for plant growth. (Ohyama, 2010). So, a higher 

nitrogen supply encourages robust shoot development, resulting in increased plant height. 

 

Number of tillers 

The results showed that in aerobic rice cultivation, the  number of tillers was 

significantly affected by nutrient and water management treatments (Fig.5.8).  Minimum 

number of tillers was found in the I1N1 treatment and the maximum number of tillers was 

found in the I2N3 treatment. Aerobic rice cultivation involves varying combinations of 

nutrient and irrigation management significantly influence the number of tillers. Nutrient 

management, such as applying 75 % nitrogen, limit out the tiller development. 100 % 

nitrogen provides optimal nutrient supply, promoting balanced growth. Excess nitrogen 

(T3 – 125 % N application of inorganic fertilizers) can stimulate vigorous growth, 

including increased tiller formation (Yang et al., 2019). Adequate irrigation at 100 % 

Evapotranspiration (ETC) ensures plants receive sufficient water, favouring the 

development of an appropriate number of tillers. However, results confirmed that 

increasing irrigation to 120 % ETC might not necessarily increase tiller production. The 

interactions between nutrient and irrigation management are complex and require 

optimization for optimal crop growth and yield.  
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Also, the development of axillary buds, which are in charge of tiller development, 

is greatly aided by nitrogen. Increased nitrogen concentrations may help these buds begin 

and expand (Liu et al., 2011). Ramesh et al. (2009) study was similar to the current study 

and stated that increases in nitrogen levels up to 120 to 175 kg N ha-1 were linked to the 

rise in tillers per hill. An abundant supply of nitrogen and water minimizes resource 

competition amongst plants in the field and ensures that the plant forms an enduring 

tillering pattern from the initial stage. Each plant is more likely to produce more tillers if 

it has access to enough water and nutrients. 

 

Photosynthesis rate 

The nutrient management treatments had a significant effect on the photosynthetic 

rate (Fig.5.8).  Highest value for photosynthetic rate was found in I2N3 and the lowest was 

measured in the I2N1 treatment. Similar findings were published by Hassan et al. (2007), 

who suggested that low nitrogen levels can lower leaf chlorophyll concentration, 

photosynthetic efficiency, and photosynthetic rate. Increased nutrient concentration, 

particularly essential nutrients like nitrogen can alleviate nutrient limitations that may have 

been restricting photosynthesis. Adequate nutrient supply enhances the uptake and 

assimilation of nutrients by paddy plants, promoting the synthesis of chlorophyll and other 

photosynthetic pigments. Furthermore, a high concentration of nutrient availability 

supports various metabolic processes within the plant, ensuring smooth functioning and 

increased photosynthetic activity (Song et al., 2013). However, the irrigation management 

failed to affect the photosynthetic rate in this experiment. Possible reasons include the 

optimal water availability for the plants, their adaptation to aerobic conditions, other 

limiting factors, experimental conditions, and variability in plant response. The 

photosynthetic process is complex and may not be fully influenced by these factors (Kaiser 

et al., 2014; Neto et al., 2021). Optimizing irrigation practices for improved photosynthetic 

performance may require a more specific approach, considering the specific requirements 

and adaptations of aerobic rice cultivars. 
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Fig.5.8. Growth characteristics such as number of tillers, plant height, and 

photosynthetic rate, is represented as Mean ± Standard Deviation (SD) of five 

replications. Where, I1- 100 % ETC, I2 – 120 % ETC, T1- 75 % N- application of 

inorganic fertilizers, T2- 100 % N application of inorganic fertilizers, T3- 125 % N 

application of inorganic fertilizer 
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5.3.2. Yield characteristics 

Yield parameters like number of panicles/ tillers, length of panicles/ tiller, number 

of spikelets/ panicles, number of h0llow spikelets / panicle, number of grains in one 

panicle, number of filled grains, weight of thousand grains, harvest index and yield 

recorded at harvest were statistical effected by the nutrient management in this experiment. 

Number of panicles/ tiller 

The results showed (Fig.5.9) that the number of panicles per tiller in this 

experiment had a significant effect in nutrient management treatments in this experiment. 

I2T3 treatment, the highest number of nitrogen administrated treatments, was found to 

produce the highest number of panicles per tiller compared to other treatments and I1T1 

treatment, the least amount of nitrogen administered treatment, had the lowest number of 

panicles per tiller. This suggests that nitrogen levels play a crucial role in panicle 

development. Nitrogen, a crucial component in plant growth, stimulates plant 

development. A 125 % nitrogen treatment increased panicle numbers per tiller. The 100 

% nitrogen treatment provided adequate but not optimal nitrogen, while the 125 % 

treatment promoted greater panicle initiation. Ghosh et al. (2013) had previously reported 

an increase in panicle number in rice with an increase in nitrogen application which is in 

agreement with the current study. In rice plants, nitrogen is necessary for the growth of 

panicles and tillers. It promotes the commencement and development of tillers, which in 

turn results in the generation of additional panicles and grains. Whereas, water 

management employed in this experiment failed to exert a significant effect on the number 

of panicles. 

The lack of statistical significance in the impact of irrigation management (100 % 

ETC and 120 % ETC) on the number of panicles per tiller suggests that, within the studied 

range, water availability may not have been a limiting factor for panicle development. The 

numerical improvement with 120 % ETC may indicate a trend toward better performance, 

even if statistical significance was not reached. 

Length of the panicles/ tiller 

The results showed (Fig.5.9) that the length of panicles per tiller on this experiment 

had a significant effect on nutrient management treatments as well as on the interaction 

effect in this experiment. I2T3 treatment, the highest number of nitrogen administrated 

treatment, was found to produce the highest number of panicles per tiller, which suggests 
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that nitrogen levels play a crucial role in determining panicle length (Zhang et al., 2013; 

Ding et al., 2013). However, the absence of statistical significance in the impact of 

irrigation management (100 % ETC and 120 % ETC) on panicle length, along with the 

interaction effect, requires careful consideration. The combined impact of irrigation levels 

and nitrogen application on panicle length is likely additive as suggested by Cao et al. 

2017. These factors may interact in a synergistic or antagonistic way, indicating that the 

simultaneous presence of both water and nutrition management influences the panicle 

length response. 

Number of spikelets/ panicle 

The number of spikelets/ panicle of aerobic rice cultivation had no significant 

impact by the nutrient management treatments as well as water management levels in this 

particular experiment (Fig.5.9). I2T3 was found to produce the longest panicles per 

tiller compared to other treatments and I2T2 had the smallest panicles per tiller. However, 

the numerical improvement with 125 % N application with 120 % ETC suggests a trend 

that may permit further investigation or could be indicative of conditions favouring panicle 

development. High nitrogen availability encourages protein synthesis, which is essential 

for rice grain development. Increased protein availability has a beneficial impact on the 

quantity of spikelets, grains per panicle, and panicle filling (Ghosh et al., 2013). As a result, 

there are more grains overall, which raises the yield.  

Number of hollow spikelets/ panicle 

The results of a statistical analysis of the data (Fig.5.9) showed that the treatments 

used throughout the experiment, differing water and nutrient management had a significant 

impact on the number of hollow spikelets per panicle. Nitrogen levels appear to have an 

impact on spikelet development, as evidenced by the substantial difference in the number 

of hollow spikelets per tiller in aerobic rice culture between different nutrient management 

strategies and the observation of fewer hollow spikelets in the 125 % N application. For 

grain development, including spikelet formation, nitrogen is essential (Langer et al., 1973; 

Ansari, et al., 2003). Increased nitrogen concentrations, as seen by the 125 % N treatment, 

might give the plants enough resources for healthy spikelet development, which decreases 

the likelihood of hollow spikelets. 
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Number of grains/ panicle 

The number of grains/ panicle of aerobic rice cultivation had a significant impact 

on the nutrient management treatments in this experiment (Fig.5.10). I2T3 treatment 

record its highest number of grains per panicle, while I2T1 was used to record the lowest 

number of grains per panicle. Nitrogen plays a crucial role in the creation of chlorophyll, 

the green pigment that uses light energy to carry out photosynthesis. Higher levels of 

nitrogen availability encourage higher levels of chlorophyll, which in turn promotes higher 

photosynthetic rates and higher grain yields (Guo et al., 2019). With 125 % N in particular, 

the increased nitrogen levels probably improved overall plant growth and development, 

leading to more grains per panicle. 

However, even though 120 % ETC had numerically better results, there are a variety 

of reasons why the impact of irrigation management (100 % ETC and 120 % ETC) on the 

number of grains per panicle did not reach statistical significance. Numerous factors affect 

the number of grains per panicle, therefore it's possible that the irrigation levels within the 

tested range had no discernible impact on this particular metric. It's possible that additional 

irrigation did not significantly boost grain formation since the plants were getting enough 

water from the 100 % ETC. 

Number of filled grains/ panicle 

The number of filled grains/ panicle of aerobic rice cultivation had a significant 

impact by the nutrient management treatments in this experiment (Fig.5.10). With I2T3 

treatment, the highest number of filled grains/ panicle was observed. According to 

Samonte et al. (1998), rice grain yield was significantly positively impacted by the quantity 

of filled grains per panicle.  Suryaprabha et al. (2011) and Sowmya & Ramana (2012) both 

showed similar results. The application of nitrogen has an impact on grain quality as well 

as quantity. However, the application of water management levels had no statistical impact 

on the filled grains per panicle. Despite the lack of statistical significance, the numerical 

superiority of 120 % ETC can point to a trend or a possible beneficial effect that would 

grow more pronounced in other circumstances or over a longer length of time. 

Weight of thousand grains 

The weight of thousand grains of aerobic rice cultivation had no significant impact 

by the nutrient management treatments as well as water management levels in this 
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experiment (Fig.5.10). The weight of thousand grains is a crucial indicator for evaluating 

crop production since it offers comprehensive information on the weight and size of 

individual grains (Ishimaru et al., 2013; Abdipour, et al., 2016).  I2T3 was used to record 

the thousand-grain weight at its highest, while I1T1 was used to record the thousand-grain 

weight at its minimum. The fact that 125 % nitrogen (N) application and 120 % ETC had 

better numerical values for TGW despite not reaching statistical significance suggests that 

these treatments may have positively influenced grain development and weight. For rice 

grains to mature, there must be enough amount of water and nitrogen to encourage grain 

weight and thus grain yield (Sun et al., 2012).  

 

 

Fig.5.9. Yield characteristics is represented as Mean ± Standard Error (SE) of five 

replications. Where, I1- 100 % ETC , I2 – 120 % ETC , T1- 75 % N- application of 

inorganic fertilizers, T2- 100 % N application of inorganic fertilizers, T3- 125 % N 

application of inorganic fertilizer. 
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Fig.5.10. Yield characteristics is represented as Mean ± Standard Error (SE) of five 

replications. Where, I1- 100 % ETC , I2 – 120 % ETC , T1- 75 % N- application of 

inorganic fertilizers, T2- 100 % N application of inorganic fertilizers, T3- 125 % N 

application of inorganic fertilizer. 

Harvest index  

A key component of yield-related rice experiments is the Harvest Index (HI), 

which offers important information about how well resources are distributed between 

harvested grain and overall plant biomass. Indicating the plant's capacity to transform 

assimilates into a profitable yield, is a crucial indicator (Wang et al., 2019). In this 

experiment, the nutrition management treatments had a major effect on the rice harvest 

index (Fig.5.10). The experiment's I1T3 and I2T3 treatments yielded the greatest harvest 

index. Bahmaniar & Ranjbar’s (2007) study suggests that stabilization of HI over rising N 

rates is more likely to lead to future yield gains than biological yield growth, which is in 

agreement with this experiment. However, the application of water management levels had 

no statistical impact on the harvest index in this experiment. The reduced harvest index 

might be due to more biomass going toward the vegetative parts or might be due to the 

pests’ attack towards the rice crop.  

Yield 

The nutrient management treatments significantly affected the experiment's yield. 

As the amount of nitrogen increased to 125 kg N ha-1, the grain production increased 
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noticeably (Fig.5.11). In rice, nitrogen has a role in the build-up of carbohydrates in the 

grain during the ripening stage and in the culms and leaf sheaths during the pre-heading 

stage (Bahmanyar & Ranjbar, 2007).  The application of varying nitrogen levels (75 %, 

100 %, and 125 % N) directly influences the nutrient availability for the rice plants. 

Nitrogen is a crucial element for plant growth, and the higher application (125 % N) likely 

provided more optimal conditions for the plants, resulting in improved yield. Sufficient 

nitrogen availability encourages photosynthetic activity, better growth, and ultimately 

higher grain yield. The lack of statistical significance in the irrigation management results 

(100 % ETC and 120 % ETC) suggests that, within the studied range, the water 

requirements of the rice plants might have been adequately met even at the 100 % ETC 

level. 

 

Fig.5.11. Yield  is represented as Mean ± Standard Error (SE) of five replications. 

Where, I1- 100 % ETC , I2 – 120 % ETC , T1- 75 % N- application of inorganic 

fertilizers, T2- 100 % N application of inorganic fertilizers, T3- 125 % N 

application of inorganic fertilizer. 
 

5.3.3. Relationship study between yield and other yield characters. 

The Pearson’s correlation was carried out to study the relationship between yield 

and other yield parameters, specifically like number of panicles per tiller (NP), length of 

panicle per tiller (LP), number of spikelets per panicle (NS), number of hollow spikelet 

per panicle (NHS), number of grains in one panicle (NG), number of filled grains (NFG), 

weight of thousand grains (WTG), harvest index (HI). The obtained data are presented in 

Fig.5.12. Paddy yield was positively and significantly correlated with most growth 
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parameters except the number of hollow spikelets per panicle, which is negatively 

correlated with yield.  The number of panicles per tiller, number of grains per panicle, 

number of filled grains per panicle, harvest index and yield were negatively significantly 

and synergistically correlated with the number of hollow spikelets per panicle. Previous 

researchers like Pathak & Patel (1989), Chandra et al. (2008), Ekka et al. (2011), and 

Sravan et al. (2012) for panicle length and thousand-grain weight; Deosarkar et al. (1989) 

and Chandra et al. (2008) for the number of grains per panicle; Chauhan et al. (1993), 

Singh et al. (2000), and Sravan et al. (2012) for harvest index, confirmed the observed 

positive correlation between grain yield and various traits.  

Correlation between yield and harvest index in this experiment could be influenced 

by several factors related to the complex dynamics of plant growth, resource allocation, 

and environmental conditions (midland laterite), the correlation seems to be less powerful. 

Harvest index is the ratio of economic yield to total above-ground biomass, and factors 

like extreme temperatures can impact the relationship. Also, the timing of measurements, 

cultural practices, and experimental conditions might also affect the relationship.  

 
 

Fig.5.12.  Correlation graph between yield and yield characters.  The name of each variable 

is shown on the diagonal, where NP - number of panicles per tiller, LP- length of panicle 

per tiller, NS -number of spikelets per panicle, NHS- number of hollow spikelet per panicle, 

NG- number of grains in one panicle, NFG- number of filled grains, WTG- weight of 

thousand grains, and HI- harvest index HI. 
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Leaf rolling experiment 

5.3.4. Crop biometrics 

All the growth parameters were greater in healthy plants and were lower in affected 

plants. Growth attributes, such as plant height, leaf number, LAI, leaves and stem dry 

weight, fresh weight and biomass of rice showed a significant reduction under water stress 

treatments as compared to well-irrigated plants. The availability of optimal water and soil 

moisture positively influences various plant biometrics in rice cultivation by providing the 

necessary conditions for growth, nutrient uptake, and photosynthesis.  Consistent moisture 

levels support the development of a robust plant structure, increased leaf area, and overall 

biomass production, contributing to improved crop performance and yield.  Surendran et 

al. 2021 stated that the growth parameters and yield of aerobic rice may be lower by 20–

30 % than the flooded conditions, which is similar to the experimental plots exhibited leaf-

rolling in current study.  

5.3.5. Soil moisture 

Earlier studies revealed that irrigation practices and the texture of the soil play a 

major role in soil moisture variability (Sugathan, et al., 2014; Surendran et al., 2021). 

These results confirmed that soil moisture is depleted to a larger extent in the leaf rolling 

observed plot than in the healthy plants area and this deficit in soil moisture might have 

affected the growth of the plants (Fig.4.4). Deficit in soil moisture is due to unevenness of 

the moisture in the lateritic soil of the experimental field. Optimum water supply is 

essential for normal plant growth and productivity. Continuous or intermittent water stress 

constrain the growth and performance of cultivated crops more than any other 

environmental factor (Anupoju & Kambhammettu, 2020). 

5.3.6. Relative water content and Membrane leakage 

At 30-50 % of RWC turgor had been lost and rice plants showed leaf rolling 

(Fig.4.5). Plants when exposed to water stress,  might evolve a defense strategy as an 

adaptation measure such as leaf rolling and this will reduce the surface area exposed to 

radiation and then that will reduce the energy load on the leaf ultimately supporting the 

plant to overcome the water stress (Chaturvedi, et al., 2012). In a large-scale screening of 

rice cultivars, the leaf rolling factor under drought stress was found to be one of the best 

metrics for evaluating degrees of drought tolerance (Pandey & Shukla, 2015; Swapna and 
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Shylaraj, 2017; Naresh et al., 2018; Manikanta et al., 2020).  These results confirmed that 

the area, where leaf rolling is noticed is due to the water stress observed in the plot because 

of unevenness  of the lateritic soil in the experimental plot which resulted in soil moisture 

deficit.  

Soil amendments improved the moisture content in the soil and thus reduced the 

water stress condition in the rice plants. The superior qualities of the moisture-absorbing 

materials, such as maximum organic carbon, and favourable physical properties like water 

holding capacity (WHC), nutrient retention capacity, total pore space (TPS), etc., maybe 

the reason for the higher RWC of plants under different soil amendments compared to 

plants in soil alone and the leaf rolling affected area (Fig. 5.13). These properties will help 

to maintain the moisture of the soil, which in turn helps to have a higher RWC. 

In membrane leakage (ML) also similar results were observed. Incorporation of 

Moisture-absorbent materials (cocopeat, compost, sawdust and vermiculite) into the soil 

significantly reduced the ML in plants with soil amendments and the maximum ML, which 

implies the increased stress level,  was recorded in Plants with soil alone and Plant from 

leaf-rolling affected area (Fig.5.14).   The amount of electrolyte leakage is a function of 

membrane permeability and that gives an indication about the degree of membrane 

stability. When the plants are exposed to any kind of stress, these cellular membranes will 

lose their integrity and result in increasing permeability (Blokhina et al., 2003). During 

stress, membranes are more likely to become 'leaky,' especially in cells with a low 

saturated fatty acid profile (Scafaro, et al., 2021). These membranes are the primary targets 

of drought, and they get disturbed as a result of acquired tissue water stress, which can be 

detected by solute leakage from the damaged tissue (Chaturvedi et al., 2012; Naresh et al., 

2018; Manikanta et al., 2020).  

RWC and ML are key indicators of the degree of cell and tissue hydration and stress. 

Water status is pivotal for the optimum physiological functioning and growth processes. 

Under drought stress, cell membranes are subject to changes such as penetrability and a 

decrease in sustainability (Pruthvi et al., 2014). The study indicated that the lea- rolled 

samples which have less RWC and higher ML are under drought stress, they failed to 

maintain protoplast hydration for a longer span under drought stress conditions.  
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Fig.5.13. Relative Water Content (RWC) of paddy leaves after the incorporation of 

different moisture absorbent media in the soil. 

 

Fig.5.14.  Membrane leakage (ML) of paddy leaves for different moisture absorbent 

treatments 
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5.3.7. Spectral reflectance and correlation study 

Plants experiencing higher stress levels exhibit increased Membrane stability index 

(MSI), establishing an indirect correlation with various water and vegetation indices, as 

evident from the correlation analysis in this study (Fig.5.15). Plant physiological processes 

are intricately linked directly to plant tissue water and indirectly to the soil's water 

supplying capacity. Relative Water Content (RWC) serves as an indirect variable 

reflecting crop growth as well as moisture stress. Numerous studies have affirmed the 

sensitivity of various water and vegetation indices to plant tissue water content, ultimately 

influencing crop growth and yield. This study further highlights that these spectral indices 

encapsulate critical information related to crop growth and development, demonstrating 

predictive capabilities for assessing any kind water stress/ deficit with plants. 

Previous research has emphasized the essential role of Leaf Area Index (LAI) in 

evaluating vegetation water status (Gopinath et al., 2024). In this study, LAI emerges as a 

key factor for estimating leaf water content through hyperspectral remote sensing. These 

vegetative and water indices collectively play a pivotal role at the canopy scale, upscaling 

leaf water content through LAI, effectively presenting crop growth and water conditions 

in the leaves—findings corroborated in this study. This confirms the potential of spectral 

values generated using spectroradiometer in identifying various stresses faced by paddy 

crops, serving as a valuable tool for developing effective management strategies when 

accompanied by proper machine learning models and algorithms. 

Besides, the study also emphasizes that these spectral signatures not only accurately 

monitor crop water status but also encompass additional information such as chlorophyll, 

biomass, or LAI and bio chemical constituents (Zhang and Zhou, 2015; Zhang et al., 2015; 

Gopinath et al., 2024). While RWC effectively reflects crop water stress, obtaining leaf 

spectral information at turgor using optical remote-sensing techniques can be challenging. 

Spectroradiometer-derived spectral signatures offer insights into the health status of leaves 

based on these indices, and the significant positive correlation allows for the estimation of 

RWC through hyperspectral remote sensing techniques 
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Fig.5.15. Correlation graph between spectral reflectance indices RWC) and ML 

 Where, NDVI- Normalized Difference Vegetation Index; GDVI- Generalized 

Difference Vegetation Index; LAI- Leaf Area Index; VI- Vegetation Index, RVI- 

Ratio Vegetation Index/ Simple Ratio; GRI- Green Ratio Index; DVI- Direct 

Vegetation Index; TVI- Transformed Vegetation Index; Cl(G)- Green Chlorophyll 

Index; Cl(R)- Red-edge Chlorophyll Index; SIPI- Structure Insensitive Pigment 

Index; IPVI- Infrared Percentage Vegetation Index; NDWI- Normalized Difference 

Water Index; RWC- Relative water content; ML- Membrane leakage  
 

Pot culture experiment  

5.3.8. Observations 

The results suggest that soil containing moisture-absorbent media like cocopeat 

can reduce leaf rolling and sustain paddy yield in aerobic rice (Reddy,  2019). Results were 

also in agreement with the present findings. Cocopeat is known for its excellent water 

retention properties (Noguera et al., 1998; Awang et al., 2009; Hussain & Farooq, 2023). 

It can hold moisture and release it gradually, providing a more consistent water supply to 

the rice plants. This helps in preventing water stress, which is a common cause of leaf 
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rolling in plants. Consistent soil moisture levels contribute to healthier plants and better 

yields. While cocopeat retains moisture, it also allows for proper aeration of the soil. This 

is crucial for aerobic rice cultivation, as rice plants need oxygen for their root development. 

The use of moisture-absorbent media like cocopeat can also help in reducing water 

evaporation from the soil surface. This is particularly important in aerobic rice cultivation, 

where water conservation is a key factor. 

Cocopeat is a renewable and environmentally friendly substrate, making it a 

sustainable choice for soil improvement. It is also a byproduct of coconut processing, which 

helps in utilizing waste materials. It's important to note that the success of using cocopeat 

or any other moisture-absorbent media depends on various factors such as the specific 

conditions of the cultivation site, climate, and the rice variety being grown. Additionally, 

proper management practices, including irrigation scheduling and nutrient management, 

play a crucial role in maximizing the benefits of these soil amendments. 

5.4. Experiment -4        

Assessing the influence of different organic management practices on farmer’s paddy yield 

This experiment was done in the farmers’ field with the Karuna rice cultivar and 

was to assess the effect of different organic management practices under common 

agricultural practices. The results obtained from this experiment are discussed hereunder. 

5.4.1 Biometric characteristics  

Growth attributes consist of the number of tillers, plant height, LAI, root length, 

and no. panicles are represented in Fig.5.16. Significant differences were observed in the 

numbers of tillers, plant height, LAI, root length and number of panicles among treatments. 

Plant height 

Plant height was significantly influenced by various management practices at all 

stages of crop growth. Maximum plant height was recorded with the treatment with 

compost and Azolla along basal nutrients (P4) which was statistically superior to the rest 

of the treatments at all the stages of crop growth. It might be due to more nutrient 

availability of P4 plants to attain more height. Compost and Azolla are known to enhance 

soil fertility by providing essential nutrients, such as NPK, which are crucial for plant 

growth (Razavipour et al., 2018; Ssenku, et al., 2021). The organic matter in compost 

improves soil structure and water retention, promoting better nutrient absorption by the 

rice plants. Azolla, being a nitrogen-fixing plant, contributes to increased nitrogen 
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availability in the soil (Talley et al., 1977; Ito & Watanabe, 1985; Mandal et al., 1999; 

Nayak et al., 2004; Akhtar et al., 2020 ). 

Number of tillers  

The higher number of tillers/ hill was recorded in treatment with compost and 

Azolla along basal nutrients (P4). Plants treated with P4 had a better chance of obtaining 

more nutrients, allowing them to make better use of growth factor to increase the number 

of tillers per hill. The synergistic effect of compost and Azolla, when applied as part of  

basal nutrient management, likely contributed to enhanced nutrient availability and soil 

fertility (Sadegh Kasmaei et al., 2018). 

The combined application of compost and Azolla likely created a favourable 

environment for root development and nutrient absorption, leading to increased tillering 

in rice plants which is in agreement with Razavipour et al., 2018. The improved nutrient 

profile and enhanced soil structure created by these organic amendments can stimulate the 

physiological processes within the plant, resulting in a higher number of tillers. This 

demonstrates the potential of integrating organic practices like compost and Azolla into 

basal nutrient management for optimizing rice plant growth and productivity  

LAI 

The highest values for LAI were recorded in treatment with compost and Azolla 

along basal nutrients (P4) followed by treatment with the application of Azolla with basal 

nutrients (P3), Application of compost with basal nutrients (P2), and Farmer’s traditional 

management practices (C). The leaf area index was improved by increasing the number of 

tillers in the P4 treatment, which increased the leaf area that covered the ground area. 

Because of the rapid root and shoot growth, a high leaf area index is linked to enhanced 

food assimilation through photosynthesis, resulting in better yield. Hussain et al. (2001) 

have observed similar findings. Different management practices affected significantly the 

LAI at all growth stages 30, 60, 90 and harvest stages, as well. Lower growth parameters 

were recorded under the treatment P1 (Application of basal nutrients only) at all growth 

phases mainly due to insufficient nutrient supply resulting in  a reduction in all growth 

parameters. Eventually, it led to decline in photosynthesis activity which ultimately 

recorded the  lowest yield. However, all of these parameters were greater in treatment with 

both the compost and Azolla with basal nutrients and were lower in treatment with 

application of basal nutrients only. 
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Fig.5.16. Growth characteristics such as number of tillers, plant height, LAI, Root 

length and number of panicles of the of rice plant cv. Karuna, are represented by its 

value of four replications. Error bar represented as the standard error (SE) of the 

four replications.  Where, P1- Application of basal nutrients only (FYMs); P2- 

Application of compost with basal nutrients and P3- Application of Azolla with basal 

nutrients, P4- Application of both compost and Azolla with basal nutrients, and C- 

Farmer’s traditional management practice 
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5.4.2. Post-harvest soil chemical parameters 

Post harvest soil nutrients concentration showed that organic amendments 

significantly increased soil nutrients concentration (Fig.5.17). The pH of the soil retained 

in its alkaline nature after  in the post-harvest analysis. Combined effect of Azolla and 

compost treatments applied in the soil during the growing period increases the electrical 

conductivity (EC) and organic carbon of the soil which is in agreement with results of 

Abou Hussien et al. (2021). Applications of more Azolla and compost result in higher 

carbon residue in the soil, which can raise the soil's organic carbon content. This is 

primarily due to an increase in photosynthetic production and soil rhizosphere distribution, 

which raises the amount of carbon input into the ground (Satapathy et al., 2015). There 

were significant variations in the experimental plots' soil available N condition. The 

experimental plots with fewer organic amendments showed a faster rate of reduction in the 

soil's available N content. This could be because the rice uptake subsequently removed 

nitrogen from the soil. This was aligned with the findings of Rahman et al. (2009). 

Significant difference in the soil available P status of the experimental plots were observed. 

Since the current Azolla regulates the actual mobilization and release of P, it positively 

affects the release of phosphorus compounds which resulted in increase the amount of P 

in the soil (Wang et a., 2019). 

The post-harvest soil analysis in the experimental field revels, the available soil 

potassium, available zinc, available iron, available boron, available calcium and 

magnesium were not influence significantly by the different organic amendments  

Azolla like bio-fertilizers is those containing living cells of different types of 

beneficial microbes (bacteria, fungi, protozoa, algae and viruses), which play a number of 

vital roles in soil fertility by releasing nitrogen and P upon decomposition and improve 

crop productivity and profitability (Saha & Bauddh, 2020. Due to the increase in N 

concentration in soil treated with Azolla compost implies that these amendments might 

improve the soil nitrogen and organic carbon status (Singh et al., 2020). The findings 

further imply that the priming effect of these amendments—increased mineralization of 

native soil N—was due to the greater proliferation of soil microbes. (Sadegh Kasmaei et 

al., 2019). 
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Fig.5.17. Chemical parameters of  post-harvest soil are represented by its value of 

four replications. Error bar represented as the standard error (SE) of the four 

replications (Were, EC- Electrical conductivity; OC- Organic carbon; N- Nitrogen, 

P – Phosphorus; K -Potassium; Zn- Zinc; Fe – Iron; B – Bron; Ca – Calcium;  Mg – 

Magnesium) 
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5.4.3. Yield  

The Karuna variety treated with Azolla and compost with basal nutrients produced 

higher 50 % growth and yield parameters than Farmer’s traditional management practices. 

Higher yield under P4 treatment was due to better crop growth and development resulting 

in to high yield attributes which had direct link on the grain yield. A crucial morpho-

physiological characteristic of rice is the number of efficient tillers, which typically rises 

with rising N rate. Given that the number of tillers per plant and the number of panicles is 

tightly correlated, the high tillering capacity is a desirable characteristic in the production 

of rice. Tillering capacity can, to some extent, be used to describe the yield potential of a 

rice variety (Razavipour et al., 2018). The higher number of panicles per hill in P4 

treatments compared to other management practices could explain why this treatment 

outperforms others in terms of grain yield. A similar result was observed in the study of 

Subedi & Shrestha (2015). It is obvious that the Azolla biofertilizer significantly improved 

the rice yield (Yao et al., 2018). According to them, the application of bio-fertilizers such 

as Azolla and compost improve not just rice productivity but also long-term soil fertility. 

The increased assimilation translocation from the source to the sink that results from the 

efficient uptake of N, P, and K may be the reason of the increase in rice grain yield. 

Furthermore, higher morphological features might be linked to higher yields (Fig.5.18). 

Furthermore, increased rice grain yield may result from the combination of synthetic 

fertilizers and high carbon efficiency ratios in the soil (Samarajeewa et al., 2005). 

 

Fig.5.18.  Yield of paddy in kg ha-1. Error bar represented as the standard error 

(SE) of the four replications.  Where, P1- Application of basal nutrients only (FYMs); 

P2- Application of compost with basal nutrients and P3- Application of Azolla with basal 

nutrients, P4- Application of both compost and Azolla with basal nutrients, and C- 

Farmer’s traditional management practice 
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5.4.4. Relationship study between yield and soil characters 

The relationship study between yield and soil characters were graphically 

represented in Fig.5.19.  According to the current study, the application of Azolla increased 

the N, OC, and P levels of the soil, suggesting that N and P in the Azolla were released 

into the soil following its breakdown, these results are in line with Singh & Singh's (1987), 

Watanabe et al. (1988), Azmal et al. (1997), Singh et al. (2005), and Novair, et al. (2020) 

findings. By adjusting irrigation, crop residue management, and cultivation techniques, 

this soil organic N pool can be temporarily managed to satisfy the rice crop's immediate 

needs (Craswell & Vlek, 1982; Andrews et al., 2021). According to Mahapatra & Patrick 

(1968), Guppy et al. 2005,  Khan et al. 2019, and Li et al. 2023, organic matter used the 

mechanisms of chelation and reduction to influence phosphorus transformation in wet soil. 

Apart from the soil's surface, the plant root zone also has an aerobic-anaerobic 

interfacial area. This area's neutral pH, low redox potential, and inadequate aeration create 

a suitable environment for heterotrophic nitrogen fixation (Ponnamperuma, 1972; Rao et 

al., 1998;). Azolla's addition raised the soil's organic carbon content, which may have 

improved heterotrophic nitrogen fixers' ability to fix nitrogen. Composts derived from 

various feedstocks contain portions of organic C and N that may improve soil fertility 

(Diacono & Montemurro, 2010;Vano et al., 2009)  as well as increase enzyme activity and 

microbial biomass in paddy soil (Ros et al., 2006). As a result, Azolla compost can increase 

soil microbial activity, which in turn can improve nutrient recycling in treated soil (Jumadi 

et al., 2014). So, A sufficient amount of nutrients is available to maintain the green leaf 

area after heading, which in turn promotes photosynthesis and raises grain yields (Yoshida, 

1981; Aulak & Malhi, 2005). 

Inorganic fertilizers are increasingly used in farming to combat pests and provide 

plant nutrition. While they seem to improve yield and plant resistance, their long-term 

effects on soil, microorganisms, human health, and the environment are detrimental. Soil 

pollution lowers soil biodiversity and fertility, affecting agricultural production. 

Alternative strategies like biopesticides, bio-remediation methods, plant-associated 

microbes, and transgenic crop cultivation are effective. Beneficial microbes, such as 

Rhizobia, Mycorrhizae, Azospirillum, Bacillus, Pseudomonas, Trichoderma, and 

Streptomyces, help decompose organic matter, increase macro-nutrient availability, and 

improve crop quality. They also reduce the need for chemical fertilizers, reducing 

environmental pollution (Bhattacharyya et al., 2016). 
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Fig.5.19.  Correlation graph between yield and soil characters. 

Where, EC- electrical conductivity, OC- organic carbon, N-nitrogen, P- 

phosphorus, K- potassium, Zn- Zinc, Fe- Iron, B-Boron, Ca- Calcium, Mg- 

magnesium. 

5.5. Experiment -5      

Assessing the effect of different water and straw management practices on decomposition 

and GHG emission in post-harvest rice fields 

This experiment was conducted in the experimental field of IRTA, Spain as a part 

of the CLIFF-GRADS scholarship programme was conducted to assess the different post-

harvest field managements to lower the greenhouse gas (GHG) emissions.  

5.5.1. Percentage mass loss 

The percentage mass loss of rice straw from coarse and fine-meshed litter bags was 

affected by the water and straw management (Fig.5.20).  Flooding conditions enhance 

methane emissions due to its anaerobic conditions. In the current experiment, WFL 

accelerates more decomposition than NWF which is in accordance with Devêvre & 

Horwáth (2000) finding. Because the anaerobes' decomposition ability under flooded 

conditions was sufficiently high to decompose plant material comparable to that of the 

aerobes under aerobic conditions (Yadvinder-Singh et al., 2004).  But this result is 

contradictory to the findings of Schmidt et al. (2015) and Tang et al. (2016). According to 

them aerobic condition accelerates more straw decomposition. 



Discussion 

275 

In the present study, along with the water and timing of straw management litter 

bags with smaller (fine) mesh sizes, undergo more decomposition, and higher mass loss, 

than in coarse meshed bags. This is contradictory to the findings of Schmidt et al (2015, 

2016b) and Widyastuti’s (2003), in which loss of mass in coarse-meshed bags was higher 

than in fine-meshed bags under similar conditions. This may be due to the priming effect 

of straw inside the litter bags. The priming effect is often explained as an increased 

microbial activity resulting from the higher availability of soil organic matters (SOM) in 

a noticeably brief period (Fontaine et al., 2003).  
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Fig.5.20. Percentage mass loss of the straw bag after decomposition during the post-

harvest season and growing season in 2022 a fine (FIN) litter bags and coarse 

(COA) litter bags (NWF ESI- Non winter flooding with early straw incorporation; 

NWF LSI- Non winter flooding with late straw incorporation; WFL ESI- Winter 

flooding with early straw incorporation; WFL LSI- Winter flooding with late straw 

incorporation). 
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5.5.2. Decomposition rate 

The mass remaining at extractions from non-flooded treatments (NWF) was more 

than in the flooded treatments (WFL). WFL accelerates decomposition more quickly than 

NWF conditions. Hence, the decomposition rate constant of litter bags under NWF 

treatments was less when compared to the same of WFL treatment (Fig.5.21), which is 

consistent with the findings of Devêvre & Horwáth (2000). On the other hand, the mass 

remaining in LSI treatments was more than ESI. This denotes that the litterbags from LSI 

tend to retain their mass or in other words, the samples from LSI tend to undergo less or 

minimum decomposition process than the samples from ESI. The impact of the 

environment is responsible for this. By delaying the addition of straw until December, you 

can stop or slow down the rate of decomposition by lowering the microbial activity in the 

soil because of the onset of winter (Sorensen et al., 2018). However, the addition of straw 

accelerates the rate of decomposition by adding a carbon source, which ultimately 

increases the production of methane, especially in the late October and early November 

period when soil bacteria are most active (Wessén & Berg,1986). This again states that the 

ESI management practice promotes more decomposition whereas LSI management 

contributes to less decomposition. 
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b 

 
Fig.5.21.  Decomposition curves of fine and coarse straw bag at five extractions (E1, 

E2, E3, E4, & E5) during the post-harvest season in 2017 (a) Coarse litter bags  

(b) fine litter bags (NWF ESI- Non winter flooding with early straw incorporation; 

NWF LSI- Non winter flooding with late straw incorporation; WFL ESI- Winter 

flooding with early straw incorporation; WFL LSI- Winter flooding  

with late straw incorporation). 

 

5.5.3 Methane emissions 

The emissions of methane (CH4) in the post-harvest are influenced by the 

management of winter flooding and the timing of straw incorporation (Fig.5.22). The 

practices examined in this study have significant implications for greenhouse gas 

emissions in paddy fields. The incorporation of straw serves as a source of organic carbon, 

while the moisture and temperature of the soil regulate the processes of mineralization 

(Devevre & Horwath, 2000). These processes, as observed in this study, are affected by 

the management of water and the timing of straw incorporation. During the post-harvest 

season, the highest emissions were observed in flooded fields with early straw 

incorporation (WFL ESI treatments). Dry fields during the winter season greatly reduced 

post-harvest CH4 emissions due to the fact that methanogenesis occurs under anaerobic 

conditions. Delaying the incorporation of straw from October to December resulted in a 

significant decrease in post-harvest CH4 emissions, likely due to a drop in soil temperature 

to 9 °C, which is below the optimal range for methanogenesis (Fey et al., 2004; Fey & 

Conrad, 2003).  
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The substantial reduction in CH4 under non-flooded conditions can be accounted 

for the exponential response of methane emissions to temperature, as explained by 

Camacho et al. (2017). The occurrence of the CH4 peak, immediately after the introduction 

of straw in November (Fig.5.23) aligns with the lag phase time of methanogenesis 

described by Fey et al. (2004). This finding suggests that the management of WFL-ESI in 

the rice field provided the optimal conditions for methane formation. This could be due to 

a deficiency of readily available soil organic carbon content or because the carbon was 

protected in organo-mineral complexes, as proposed by Wang et al. (2009). 

 

 

 

 

 

 

 

 

 

 

 

Fig.5.22.  Methane flux during the post-harvest season of 2022 under different 

water and straw management (NWF ESI- Non winter flooding with early straw 

incorporation; NWF LSI- Non winter flooding with late straw incorporation; WFL 

ESI- Winter flooding with early straw incorporation; WFL LSI- Winter flooding 

with late straw incorporation). 

In the context of climate change, the outcomes of this study underscore the 

ecological and environmental benefits of adopting site-specific post-harvest field 

management practices. By favouring non-winter flooding and late straw incorporation, not 

only can farmers potentially reduce GHG emissions, but they may also contribute to 
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climate change mitigation efforts. These sustainable practices present an environmentally 

conscious approach to agriculture, promoting resilience in the face of evolving climatic 

5.6. Experiment- 6 

The results acquired from the research work entitled “Calibration and validation of crop 

simulation model -DSSAT and temperature sensitivity analysis” were collected and elucidated. 

This experiment was conducted to understand the application of crop simulation model, 

DSSAT, for water and nutrient management on yield of rice under different climatic 

scenarios and to understand the impact of temperature on rice yield with sensitivity 

analysis using DSSAT model.   

5.6.1 Calibration and Validation of Crop Simulation Model- DSSAT 

DSSAT CERES-Rice was used to simulate rice development and yield.  Three 

stress-free treatments (P1T1, P1T2, P2T1, and P2T2) from the experiment conducted in 

2019 and 2020 were used to calibrate and validate the genetic coefficients. The values for 

genetic coefficients were established for Uma rice verity under aerobic rice cultivation for 

midland and upland areas. The measured and simulated number of days taken to 

physiological maturity (PMD) was on par during 2019 and 2020 experiments.  The 

simulated and the observed data as given in Fig.5.23 revealed deviation within – 4 to + 4 

days between observed and simulated days taken to attain maturity in different treatments 

during in both 2019 and 2020. The results simulated for leaf area index and yield revealed 

that the observations were matched closely with observed LAI and yield for all the 

treatments. A comparison between observed and simulated values for leaf area index and 

yield are presented graphically in Fig.5.24 and Fig.5.25. The results revealed that 

simulated leaf area index and yield were matched closely with observed values for all the 

treatments. It is therefore feasible to simulate rice yields in aerobic systems for the midland 

and upland regions of Kozhikode under different planting, irrigation, and nitrogen 

conditions using the latest version of DSSAT-CERES-Rice (V4.7). Vysakh et al. (2016) 

conducted a field experiment in Thrissur, district used two rice varieties (Jaya and Jyothi) 

and five planting dates to simulate phenology and grain yield using CERES-Rice model, 

but overestimated rice cultivars' grain yield, requiring further refinement. 
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Fig.5.23. Number of days taken to attain physiological maturity in different 

treatment during 2019 and 2020 experiments. Where, P1- DSR, P2- Transplanted, 

T1 is 125 % of inorganic fertilizers, and T2 is 100 % of inorganic fertilizers 

 

 

Fig.5.24. Leaf area index (LAI) calculated in different treatment during 2019 and 

2020 experiments.  Where, P1- DSR, P2- Transplanted, T1 is 125 % of inorganic 

fertilizers, and T2 is 100 % of inorganic fertilizers 
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Fig.5.25. Yield (kg ha-1) calculated in different treatment during 2019 and 2020 

experiments.  Where, P1- DSR, P2- Transplanted, T1 is 125 % of inorganic 

fertilizers, and T2 is 100 % of inorganic fertilizers 

The study by Alejo (2020), used the DSSAT-CERES-Rice model to evaluate 

climate change's effects on aerobic rice production. Results showed the model can 

accurately simulate crop and nutrient management strategies, and guide long-term climate 

change adaptation and mitigation plans.  Singh et al. (2007), Ray et al. (2018), Jha et al. 

(2020), and Lu et al. (2022b) conducted many studies using the DSSAT rice model to 

determine the optimum management methods specific to their environmental 

conditions and to increase rice production for different rice varieties. Their findings 

demonstrated that the CERES-Rice model, which had a positive D index, a low n RMSE, 

and a high correlation coefficient between the simulated and observed similar as in the 

present study, had an excellent simulation effect on the yield. Site specific management 

practices improve the results by balancing every possible component (input data) and it 

reflects in the good yield prediction.  

5.6.2. Model simulation under the temperature sensitivity analysis 

Climate change will be one of the deciding variables affecting global food supply 

in the future since crop development is very susceptible to variations in climatic 

circumstances. Because rice is a staple food for Keralites, it is critical to understand the 

effects of climate change on the country's rice production.   
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Simulation studies in this current experiment showed that, paddy yield production 

(in kg ha-1) was predicted by calibrated DSSAT software under different temperature 

sensitivities (with 0.50 C, 10 C, and 1.50 C increments for the maximum and minimum 

temperatures both separately and together of 2019 climate data) were significantly affect 

the production and was compared with simulated yield for calibrated model for 2019 field 

experiment. Initially, in all four treatments, rice yield was projected to increase with 0.50 

C and 1.0o C temperature increment both maximum and minimum temperatures, then a 

sharp decline in the yield was predicted for scenario with 1.50 C increase in both minimum 

and maximum temperature (Fig.5.26 A). 16.3 % to 31.1 % of yield loss was predicted 

among different treatment under the scenarios with 1.50 C increase in both maximum and 

minimum temperature. But rice yield predicted for scenarios with 0.5 0C, 1.0 0 C and 1.5 

0C increments in maximum and minimum temperature separately for all four treatments 

showed increase in yield, which seems to be positive when comparing with the yield 

simulated for 2019 experiment (Fig 5.26 B & C).  

Similar with the present study, Ray et al. (2018) and Basak et al. (2010) have been 

also discovered that increases in the daily maximum and minimum temperatures beyond a 

level tend to decline the yield. Dias et al. (2016) results are also aligned with present study 

which show that changes in temperature and solar radiation, combined with less rainfall, 

affect rice growth and yield. Grain yield in both varieties is declining by 25 % to 35 %.  

Rice cultivation is sensitive to temperature changes, which can negatively impact 

yield due to various factors. High temperatures can decrease photosynthesis, increase 

respiration rates, reduce pollen viability, cause sterility and spikelet fertility, shorten the 

growing period, increase vulnerability to pests and diseases, and constrain water 

availability (Fahad, 2019). The specific impact of temperature on rice yield can vary 

depending on the rice variety, local climate conditions, and cultivation practices. Climate 

change and global warming may exacerbate these challenges, making it crucial for 

agricultural practices to adapt to changing environmental conditions. Therefore, it is 

essential for agricultural practices to adapt to changing environmental conditions. 
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Fig.5.26. Yield simulations in different treatment under different temperature 

sensitivity scenarios. Where, P1- DSR, P2- Transplanted, T1 is 125 % of inorganic 

fertilizers, and T2 is 100 % of inorganic fertilizers 
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5.7. Experiment -7 

The results acquired from the research work entitled “Suitability analysis and rice 

yield prediction for Kozhikode and Palakkad districts under future climate scenarios” 

were collected and elucidated.  

This experiment was conducted to identify the potential areas appropriate for rice 

production through suitability analysis and yield predictions for Kozhikode and Palakkad 

district under future climate scenarios. 

5.7.1. Paddy suitability 

Paddy is suitable for 48 % of the Kozhikode district area, whereas 3% of the land 

is highly suitable for paddy production. In the case of Palakkad district's land, namely 96 

%, is suitable for paddy farming. The remaining portion is classified as marginally 

appropriate (0.86 %) or inappropriate (1.36 %) because of soil and environmental 

problems that make rice farming unfeasible. The area of each class, however, is assumed 

to fluctuate based on variations in soil characteristics, rainfall, water availability, and other 

related factors (Singh et al., 2019). A similar study by Raju et al. (2022) mapped the rice 

fields in Kerala's Palakkad district using remote sensing and geographic information 

systems (GIS). Using administrative boundaries and Sentinel-2 data, the area was 

estimated to be 24742.76 ha, with an accuracy rate of 88.33 % on average. According to 

Chandrakala et al.'s 2019 study, there is around 14.79 % of very suitable land for paddy 

production in Kerala's Idukki district. Simultaneously, AbdelRahman et al. (2016) 

projected that the mountainous and sloping upland lands in the Chamarajanagar district of 

Karnataka, India, would always be unsuitable because of extremely severe drainage and 

slope limits.   

Overall, the results and discussion of the paddy suitability map of Kozhikode and 

Palakkad districts using the AHP method can provide valuable insights into the suitability 

of different areas in the district for paddy cultivation. To determine which locations are 

ideal for rice farming, it incorporates a number of spatial variables. By highlighting areas 

that are particularly favourable for growing paddy, the map can help guide agricultural 

planning and decision-making in the district, ultimately contributing to the sustainable 

development of the agricultural sector in Kozhikode and Palakkad districts. 
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5.7.2. Yield estimation 

 The results of the study showed that climate change is likely to have a negative 

impact on paddy yield in the Palakkad and Kozhikode district, as projected paddy yields 

for future scenarios were decreased across all four climate models considered (CMCC-

ESM2, EC-Earth3, EC-Earth3-Veg, and GFDL-CM4) for the years 2025 to 2100 under 

both the SSP 2 – 4.5 and SSP 5 – 8.5 scenarios, with a corresponding increase in 

temperature.  However, in current yield estimation, there was evidence of both 

overestimation and underestimate. The reduction of rice yield in future climatic scenarios 

might be due to the elevated temperatures proposed by the climate models which is higher 

than the suitable temperature range of rice crop as evidenced from the previous 

experiment.  

The study by Lin & Jain (2022) reported, rice production is expected to decline by 

14.5 % to 1.1 by the end of the 21st century due to climate change and elevated CO2 levels. 

The study uses a global land surface model, ISAM, driven by CMIP6 projections to 

estimate rice yield and production in South and Southeast Asia which was similar with 

current predictions. In order to anticipate the future climate of central Kerala, Aswathi et 

al. (2022) used the ECHAM and GFDL-CM3 models based on RCP 4.5 and RCP 8.5. They 

also evaluated the CERES Rice model.  The decrease in yield was attributed to rising 

temperatures and increased precipitation. 

This suggests that climate change is likely to lead to a decline in agricultural 

productivity, posing significant challenges for food security in the region. Therefore, it can 

be inferred that the projected impact of climate change on paddy yield in the Palakkad and 

Kozhikode district is consistent across all the five climate models considered under both 

the SSP245 and SSP585 scenarios. 

5.7.3. Adaption strategies for improving the rice production using DSSAT model 

Growing paddy, which serves as many farmers' primary source of income, is one 

of the most important agricultural practices in the state. However regional paddy farming 

is severely endangered by rapidly changing climate trends, which include increased 

temperatures, changed rainfall patterns, and a rise in the frequency of extreme weather 

events. Identifying the suitable adaptation strategies to improve the yield with respect to 

local environments under the climate changing scenarios is crucial. The DSSAT modelling 
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system may prove to be a valuable instrument in evaluating the potential effects of climate 

change and crop management strategies on various rice types and other crops.  

In order to minimize the yield reduction, different adaptation techniques were 

investigated include altering the sowing date, altering the spacing, and planting alternative 

plant populations as the sowing time approaches. Changing the planting window affected 

the yield significantly. By planting five days earlier than the actual transplanting date, the 

negative effects of the temperature increase on rice yield are reduced. The simulated yield 

by preponing the planting by five days had increased the yields of 13.33 % in P1T1 

treatment, 16.06 % in P1T2 treatment, 6.62 % in P2T1 treatment and 8.52 % in P2T2 

treatment, comparing with its simulated yield with actual planting date. This shows that 

altering the planting dates has a significant impact on the rice production. Thus, it can be 

said that increasing rice output in the experimental area benefits from five days early 

sowings.  

DSSAT Model results showed that, increase in particular, may make rice 

production more susceptible to transplanting dates in addition to decreasing yield (Basak 

et al., 2010; Hasan & Rahman, 2019; Jha et al., 2020). According to Azdawiya et al. 

(2016), Jha et al. 2020, and Alejo (2020), choosing the ideal planting windows can 

maximize output and save significant financial losses. Early rice planting will enhance rice 

yield by 3.4 % to 10.2 %, according to Zhang et al.'s (2023) simulation of the effect of 

modifying the planting date on rice yield using the DSSAT 4.5 for various experiments 

which are consistent with current findings as well. The planting of rice 10 days to 1 month 

early can be recognized as a non-cost climate change adaptation technique for rice 

production under various scenarios of increased temperatures, according to studies by 

Dharmarathna et al. (2012) and Lu et al. (2022b). The variation in the experimental results 

may be due to soil and weather parameters variation. 

Temperature sensitivity, phenological changes, water availability, pest and disease 

dynamics, and the duration of the crop's growth cycle are all factors that can be influenced 

by the sowing date. An earlier sowing date may lead to accelerated growth stages, affecting 

the synchronization of flowering with optimal environmental conditions. Water 

availability may also be affected, especially in flooded regions. The timing of sowing can 

also affect the crop's growth cycle, potentially affecting grain filling and overall yield. 

Adapting sowing practices according to the locality and selecting suitable rice varieties are 
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crucial for maintaining or improving rice yield in the face of changing climate conditions. 

These findings could offer insightful information on the possible effects of climate change 

on rice yield as well as appropriate adaptive strategies to lessen the negative effects of 

future climate change in India and other rice-growing nations. 

Changing the planting window affected the yield significantly. By planting five 

days earlier than the actual transplanting date, the negative effects of the temperature 

increase on rice yield are lessened. The simulated yield by preponing the planting by five 

days had increased the yields of 13.33 % in P1T1 treatment, 16.06 % in P1T2 treatment, 

6.62 % in P2T1 treatment and 8.52 % in P2T2 treatment, comparing with its simulated 

yield with actual planting date. The yield rises in different simulated scenarios were also 

impotent and recommendable. Thus, it can be said that increasing rice output in the 

experimental area benefits from five days early sowings.  

Therefore, we can conclude that the crop yield decreases with increasing 

temperature when analysing data from 2020 to 2100 under the SSP 5-8.5 scenario. This 

suggests that climate change is likely to lead to a decline in agricultural productivity, 

posing significant challenges for food security in the region. Therefore, it can be inferred 

that the projected impact of climate change on paddy yield in the Palakkad and Kozhikode 

district is consistent across all the five climate models considered under both the SSP245 

and SSP585 scenarios. Adaptation strategies like changing the sowing date and nutrient 

management significantly reduce the predicted yield loss in the future climate scenarios. 
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6. Summary and Conclusions 

Modern agriculture needs to improve more than ever because uncertainty surrounding 

climate change is a major issue. This chapter summarizes an in-depth examination of multiple 

facets, ranging from field experiments to the application of advanced models for assessing the 

dynamics of water and nutrient management under changing climatic scenarios. This study was 

focused to establish rice water and nutrient recommendations using various field 

experiments, calibration and validation of crop modelling using simulation studies, as well 

as to quantify the impact of various environmental variables including climatic and soil 

variability on rice growth and production under IPCC CMIP 6 – SSP climate changing 

scenarios, with the help of GIS and remote sensing tool. Additionally, studies were carried 

out to assess the effects of various postharvest management techniques on reducing 

methane emissions from rice fields.  Through thoroughly examining each experiment, this 

thesis identified better management practices to give expected flexibility against changing climate 

situations and sustain the rice productivity. Seven distinct experiments that were meticulously 

conducted to meet the study's main objective are included in this thesis. Together, this research 

employed a range of strategies to address issues in water saving technologies, nutrient 

management, and other agronomic adaptation strategies in climate changing scenarios in rice 

farming.  

• In conclusion, the first experiment evaluating different irrigation and nutrient 

management strategies on four rice varieties, namely Jyothi, Jaya, Uma, and 

Kanchana, revealed different treatments had significant impacts on plant 

biometric parameters. Throughout the three growth stages, measurements of 

plant height, number of tillers, Leaf Area Index (LAI), and number of panicles 

were recorded and it showed that, flooded conditions combined with 120 % 

nitrogen management exhibited superior growth characteristics. Least values 

were observed with Alternate Wetting and Drying (AWD) treatment applied 

with 0 % nitrogen. Among the varieties, Uma variety demonstrated significant 

responsiveness to the various treatments. Importantly, the experiment resulted in 

a substantial 37.52 % water savings compared to conventional flood irrigation, 

highlighting the potential for sustainable water management practices in rice 

cultivation. These findings highlight the importance of optimizing irrigation and 

nutrient management strategies for enhanced rice crop performance, with 
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implications for both productivity and resource conservation under changing 

climate scenario. 

• Second experiment aimed at evaluating aerobic rice management techniques as 

a water-saving technology provided valuable insights into nutrient and planting 

strategies. Among the management approaches, Direct Seeding of Rice (DSR) 

with 125 % inorganic fertilizers exhibited superior yield and growth 

characteristics, emphasizing its potential for optimizing aerobic rice production. 

Conversely, transplanting with 100 % organic manure application resulted in 

least biometric parameters and resulting in poor yield , highlighting the 

importance of careful nutrient selection and method of planting for effective 

cultivation practices. Furthermore, the study made a noteworthy effort to 

quantify water savings achieved through aerobic rice cultivation across three 

growing seasons in Kerala. The findings emphasize the role of aerobic rice as a 

sustainable water-saving technology, with potential implications for water 

resource management in rice growing regions. As agriculture faces increasing 

challenges related to water scarcity, adopting such practices could contribute to 

both improved crop productivity and efficient utilization of water resources in 

rice farming. 

• In the next phase, an experiment was conducted to evolve effective water and 

nutrient management practices under aerobic rice in lateritic soils in Kerala. 

Among the nutrient management strategies, the application of 125 % nitrogen in 

inorganic fertilizers significantly influenced plant growth and yield parameters, 

demonstrating its efficacy in enhancing rice productivity. On the other hand, the 

application of 75 % nitrogen showed the lowest impact. In the case of irrigation 

levels, even though the yield and other parameters are  not statistically 

significant, but numerically higher values were observed in 120 % ETC 

treatment. However, during the experiment with a few water stress treatments, 

rolling of leaves was observed, and when explored for the reasons, it was due to 

soil moisture deficit and plant water stress. Based on these results, a few 

experiments were conducted to understand the impact of leaf rolling on plant 

growth and physiological aspects. The results showed that plant growth 

parameters, relative water content (RWC), membrane leakage (ML), and 

spectral signatures were significantly affected by the leaf rolling, which resulted 
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in low productivity. A management strategy of adding cocopeat to the soil results 

in overcoming this water stress and also speedy recovery when water stress is 

induced. In addition, the novelty of using spectral signatures for identifying 

water stress was also explored, and it was found that the results were encouraging 

and with this advanced technology water stress in rice plants can be identified 

with the help of different vegetative indices. These findings confirm that for an 

aerobic rice production system, in midland lateritic soils of Kerala,  to sustain 

the crop productivity of rice, the soil needs to be incorporated with cocopeat, 

which will help to retain the soil moisture sufficient for rice growth in the case 

of upland soils. 

• Fourth experiment assessed the impact of various organic management practices 

on farmers' paddy yield, with the following  treatments : P1 involved the 

application of basal nutrients using Farm Yard Manure (FYMs), P2 utilized 

compost along with basal nutrients, P3 incorporated Azolla with basal nutrients, 

P4 combination of both compost and Azolla with basal nutrients, and C 

represented the control plot with farmer's traditional management practices. The 

results demonstrated that the P4 treatment, which involved the joint application 

of compost and Azolla with basal nutrients, yielded not only enhanced growth 

characteristics but also exhibited superior crop yield . Moreover, to comprehend 

the fertility improvement under organic agriculture, a post-harvest soil analysis 

was conducted, and the results showed the positive impact of the organic 

management practices on soil health and nutrient levels. This assessed the 

potential benefits of incorporating compost and Azolla into basal nutrient 

applications for sustainable and improved paddy cultivation practices. Chemical 

fertilizers in farming improve plant nutrition but have long-term negative effects 

on soil, microorganisms, human health, and the environment and these organic 

farming practices will help in improving both soil and crop quality. 

• In the fifth experiment assessing different post-harvest field management 

strategies to mitigate greenhouse gas (GHG) emissions at IRTA, Spain yielded 

valuable insights. Among the treatments tested, Non-Winter Flooding with Late 

Straw Incorporation (NWF LSI) demonstrated lower emissions compared to 

other treatments. The combination of non-winter flooding and delayed straw 

incorporation proved to be particularly effective in reducing GHG emissions. 
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Furthermore, the litter bag experiment corroborated these findings by indicating 

higher decomposition rates in flooded fields, supporting the link between 

flooding and methane emissions during the post-harvest period. 

• The sixth experiment investigated the application of the crop simulation model, 

DSSAT to simulate the crop yield under different management practices, in 

terms of nutrients, water and planting methods, to identify the best management 

practices and also to understand the impact of weather parameters on rice 

growth. DSSAT-CERES Rice model was calibrated and validated for Uma rice 

cultivar with field experiment data. Rice yield simulated by the model under 

stress-free experiments closely matched with the field observed values indicated 

by low values of RMSE, MBE, MAPE and high correlation coefficient. Further, 

the model was used to project rice yield under temperature sensitivity analysis 

and predicted a decrease in rice production by an average of 37 % when the 

temperature increased by 1.5 oC in maximum and minimum temperature. The 

crop simulation model confirmed that with the increase in temperature, beyond 

a limit, rice yield tends to decline and hence suitable adaptation mechanism’s 

needs to be evolved to sustain the rice production and for ensuring food security. 

• In the final experiment, this study offers insightful information about how the 

Kozhikode and Palakkad districts’ paddy farming is affected by climate change 

and potential solutions to reduce its adverse effects. Crop suitability analysis 

using the AHP method, revealed  that most of the paddy land was highly or 

moderately suitable for both districts. These results can be considered as the 

solution for the identification of new cropping areas for upland rice cultivation 

in the climate change scenarios. The results of the study showed that climate 

change scenarios were likely to affect the paddy yield in the Palakkad district, as 

projected paddy yields decreased across all five climate models of IPCC CIMIP 

6 considered (CMCC-ESM2, EC-Earth3, EC-Earth3-Veg, and GFDL-CM4) 

under both the SSP245 and SSP585 scenarios, with a corresponding increase in 

temperature. The combination of yield estimation, climatic scenario evaluation, 

and mapping of paddy adaptability can aid the identification of adaptation 

techniques. As an adaptation measure different sowing dates as well as altering 

the fertilizer management were attempted for future climate scenarios and the 
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results showed that yield reduction can be minimized by preponing the sowing 

date and applying more nitrogenous fertilizers. 

Overall, the findings from this comprehensive study evaluated the critical impact of 

site-specific water and nutrient management practices on rice yield in the context of a 

changing climate. The field experiments emphasized the necessity of tailored approaches 

for optimizing yield, while crop modelling confirmed the upcoming threat of climate 

change-induced reductions in rice production, posing challenges to regional food security. 

Transitioning to water-efficient technologies, such as AWD/ Aerobic rice/ and precision 

farming with best management of nutrients, emerges as a viable solution, not only reducing 

the pressure on water resources but also enhancing overall agricultural efficiency. 

Moreover, the study highlights that the adoption of innovative water and nutrient 

management practices, integrated with Crop Simulation Models (CSM), holds promise for 

sustainable cultivation strategies. The sensitivity analysis with CSMs revealed strong 

relationships between rice growth and various factors, including weather, soil health, 

irrigation, planting methods, and rice varieties. In addition, effective post-harvest 

management practices which reduces the GHG emissions were also explored. As the 

region faces the challenges of climate change, the suitability study recommends 

identifying and utilizing every feasible space for paddy cultivation to address the growing 

demand for food. The results offer crucial insights for policymakers, farmers, and 

stakeholders, enabling them to make informed decisions and develop strategies to mitigate 

climate change's potential impacts on rice yield and overall agricultural productivity. By 

striking a balance between productivity and environmental stewardship, this research 

advocates for a more sustainable future in agriculture, contributing to the goal of a carbon-

neutral state in Kerala by 2050 and securing the well-being of current and future 

generations 
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7. Recommendation and Future Perspective 

• Water and nutrient management practices significantly influenced the rice growth and 

yield - Direct Seeding of Rice (DSR) with 125% inorganic fertilizers exhibited superior 

yield and growth characteristics, emphasizing its potential for optimizing aerobic rice 

production. 

• Alternate Wetting and Drying (AWD) technique can be implemented in up-land and 

mid-land area, wherever assured irrigation facilities are available, which results in 

water conservation and subsequent yield enhancement. 

• Under aerobic rice cultivation, soil moisture must be closely monitored, and 

management strategies such as application of cocopeat and other moisture absorbent 

mediums needs to be used to sustain the crop and water productivity. 

• Organic nutrient management practices with compost, Azolla and Farm yard manure 

resulted in higher paddy yield. Incorporation of organic amendments improves the 

water holding capacity, biotic stress and soil health. 

•  For low to medium N soils, a higher dose of N fertilizer is needed to increase yield. 

Soil tests should be conducted to determine the best recommendation. 

• Site specific post-harvest straw management i.e. Non-Winter Flooding with Late Straw 

Incorporation reduces the GHG emissions from rice fields and hence this needs to be 

adopted in post-harvest flooded fields. 

• Adjustment of crop calendar/ transplanting date/ Direct seeding date will reduce the 

negative impact of climate change and improve yield. 

 

Future thrust 

 

Results showed that different rice varieties exhibit distinct variations to the water 

and nutrient management practices in changing climatic scenario, hence leveraging 

advancements in genetics and biotechnology, rice varieties that can withstand the 

challenges posed by changing climates, including temperature extremes, altered 

precipitation patterns needs to be identified and given to the farmers for sustaining the rice 

production. Empowering farmers with the knowledge and skills are necessary to adapt to 

changing climates and hence policy should be designed in such a way to facilitate 

sustainable rice production in the face of evolving climatic conditions.  
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