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ABSTRACT 
 
 
The efficiency of applied urea-N is very low in farmers’ fields in Nepal. High 
temperatures combined with high floodwater pH during the day (effect of the activity of 
the photosynthetic aquatic biomass) favor the loss of newly applied mineral fertilizer N 
through ammonia volatilization, particularly during the early growth stages of lowland 
rice. Previous studies showed that a dense cover of the floodwater by the floating fern 
Azolla can reduce NH3 losses by buffering the diurnal variations in the floodwater 
chemistry and by direct N absorption. The role of Azolla in reducing ammonia 
volatilization, in N sequestration and in N use efficiency in a rice-(Oryza sativa L.)-
wheat (Triticum aestivum L.) cropping system in Nepal was investigated in farmers’ 
fields and in a complementary pot experiment between 2001 and 2002. Application of 
five urea-N rates (0-30-60-90-120 kg split-applied N ha-1), Azolla alone (5 t ha-1), and 
Azolla plus urea (60 kg N ha-1) to lowland rice were compared and the residual effects 
in the subsequent wheat crop evaluated. Azolla cover decreased the floodwater pH by 
1.4-2.2 units and the NH3 partial pressure by 0.336 Pa, thus reducing the potential for 
NH3 volatilization from the flooded rice field after urea application. Consequently, the 
application of Azolla in combination with urea enhanced the rice yields and N recovery. 
In  both field and pot experiments, the yield increase was 5-20 % above the treatment 
with sole urea. The agronomic N-use efficiency increased from 8.5 kg grain kg-1 N 
applied in sole urea to 21.8 kg grain kg-1 N applied in the presence of Azolla. The 15N 
balance study shows that regardless of the Azolla cover, the 15N recovery at maximum 
tillering from the first dose of urea (30 kg N ha-1) was low (44 %). The higher losses of 
N suggest that losses are due to the combined effect of NH3 volatilization, leaching and 
denitrification. The 15N recovery for the second dose of urea was significantly higher 
with Azolla cover (98 and 92 %) than in the treatment with urea alone (83-62 %) for the 
first and second year. Azolla competed only weakly with the rice plants for the first urea 
dose and immobilized 1.7-2.8 kg ha-1 of the total 30 kg ha-1 of urea-N two weeks later. 
An even lower amount of urea-N was immobilized by Azolla following the second urea 
application, as more N was taken up by the rice plants during the ripening phase. 
Although sequestration of urea-N by Azolla was low, N was released to the rice-soil 
system by the Azolla showing that Azolla can conserve N, which it releases later. No 
significant residual effects, neither from urea-N nor Azolla-N on the subsequent wheat 
crop, were observed. Azolla plus urea could be an effective practice in lowland rice for 
reducing N losses, conserving N, and increasing the efficiency of applied urea-N.  

 
 
 
 
 
 

 
 
 
 
 



 

Die Wirkung von Azolla auf die Stickstoffnutzungseffizienz in Reis-
Weizen-Rotationen in Nepal 
 
KURZFASSUNG 

 
Die Effizienz von Harnstoff-N-Dünger ist auf den kleinbäuerlichen Feldern in Nepal 
sehr niedrig. Hohe Temperaturen zusammen mit einem hohen Stauwasser-pH während 
des Tages (Wirkung der Aktivität der photosynthetischen aquatischen Biomasse) fördert 
den Verlust des mineralischen Dünger-N durch die Verflüchtigung des Ammoniaks, 
besonders während des frühen Wachstumsstadiums von Tieflandreis. Einige Studien 
zeigen, dass eine geschlossene Decke aus dem schwimmenden Wasserfarn Azolla die 
NH3-Verluste durch das Puffern der Tagesvariationen der Stauwasserchemie und durch 
direkte N-Absorption reduziert. Die Rolle von Azolla bei der Reduzierung der NH3-
Verflüchtigung sowie die N-Speicherung und N-Nutzungseffizienz in einem Reis-
(Oryza sativa L.) – Weizen-(Triticum aestivum L.)-Anbausystem in Nepal wurde in 
Farmfeldern und in ergänzenden Topfversuche in 2001 und 2002 untersucht. Fünf 
Behandlungen mit Harnstoff-N (0-30-60-90-120 kg N ha-1 geteilte Anwendung), nur 
Azolla (5 t ha-1) sowie Azolla plus Harnstoff (60 kg N ha-1) bei Tieflandreis wurden 
verglichen und die Wirkung der N-Rückstände beim nachfolgenden Weizenanbau 
untersucht. Eine Azolla-Bedeckung senkte den Stauwasser-pH um 1.4-2.2 Einheiten und 
den Partialdruck des NH3 um 0.336 Pa und verringerte dadurch das Potential für die 
NH3-Verflüchtigung. Folglich erhöhte die Azolla-Anwendung in Verbindung mit 
Harnstoff die Reiserträge und N-Rückgewinnung. Sowohl bei den Feld- als auch den 
Topfversuchen war die Ertragszunahme 5-20 % höher als bei der reinen 
Harnstoffbehandlung. Die 15N-Bilanzierung zeigt, dass, unabhängig von der Azolla-
Bedeckung, die 15N-Rückgewinnung von der ersten Harnstoffgabe (30 kg N ha-1) zum 
Zeitpunkt der Hauptbestockung niedrig war (44 %). Die höheren N-Verluste deuten 
darauf hin, dass diese durch die kombinierte Wirkung von NH3-Verflüchtigung, 
Auswaschung und Denitrifikation verursacht werden. Die 15N-Rückgewinnung von der 
zweiten Harnstoffgabe war signifikant höher in den Behandlungen mit Azolla-
Bedeckung (97.9 %) als in denen nur mit Harnstoff (83.1 %) im ersten Jahr; im zweiten 
Jahr betrug die Rückgewinnung 91.7 % bzw. 61.8 % mit bzw. ohne Azolla-Bedeckung. 
Azolla konkurrierte mit den Reispflanzen um die frühe Harnstoffgabe und 
immobilisierte 1.7-2.8 kg ha-1 des Gesamtharnstoff-N (30 kg ha-1) zwei Wochen nach 
der ersten Gabe. Eine sehr geringe Menge Harnstoff-N wurde durch Azolla nach der 
zweiten Harnstoffgabe verbraucht, da N durch die Reispflanzen für den Reifevorgang 
benutzt wurde. Obwohl die Speicherung von Harnstoff-N durch Azolla niedrig war, 
wurde eine N-Abgabe durch Azolla in das Reis-Boden-System beobachtet; dies zeigt, 
dass Azolla den Stickstoff speichern kann, um ihn später in den Boden abzugeben. Es 
wurde keine signifikante Wirkung von Harnstoff-N und Azolla-N auf den 
nachfolgenden Weizenanbau beobachtet. Die Azolla- und Harnstoffintegration scheint 
eine wirksame Methode zu sein, um bei Tieflandreis N-Verluste aus den verschiedenen 
N-Umwandlungen zu reduzieren, um N zu erhalten und um die Effizienz des 
ausgebrachten Harnstoff-N zu erhöhen.  
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1 INTRODUCTION 

 

Rice (Oryza sativa L.) is the most important food crop in Nepal, feeding a population of 

23 million. Wheat (Triticum aestitivum L.) is grown after the rice crop in the same field 

on an area covering 350,000 hectares in the Terai (< 300 m asl) and 140,000 hectares in 

the mid-hills (700-2000 m asl) of Nepal (Pandey et al., 2001). Today, the rice-wheat 

rotation occupies 0.5 million hectares in the country. The rice-wheat cropping system is 

of critical importance to avoid food scarcity and to secure livelihoods in large parts of 

South Asia (Hobbs et al., 1997), including Nepal. The area and production of both crops 

are increasing, but productivity levels lack behind their potential and scope (Hobbs and 

Adhikari, 1996). In recent years, both crops have shown either decline or stagnation in 

productivity. The growth in rice production rates is low (grain yield 2.07 % per annum) 

compared to the rate of population growth (2.2 % per annum). This trend has led the 

country to become a net rice importing country after being an exporting country in the 

1960’s and 1970’s (Sah, 2000). It is a future challenge for Nepal to better exploit the 

potential of the rice-wheat cropping system to meet the country’s growing food grain 

requirement without endangering the environment. There is a considerable gap between 

actual and potential yields of the rice-wheat system in Nepal, requiring urgent research 

attention (Pandey et al., 2001).  

The use of chemical fertilizers is one option to boost the yield of crops. The 

trend to the use of fertilizer is increasing in Nepal (Pilbeam et al., 2002) although farm 

yard manure (FYM) and compost remain the major source of nutrients for crops, 

particularly in the mid-hills (Turton et al., 1995). Fertilizer is one of the key input 

investments prioritized by the Nepal government next to irrigation and road 

construction. The nutrient application rate increased from 20 kg ha-1 in 1992 to 42 kg 

ha-1 in 1999.  The Agricultural Prospective Plan (APP) of Nepal aimed to increase the 

input of fertilizer nutrients to 68 kg ha-1 by 2002 and forecasts 150 kg ha-1 by 2014-2015  

(Pandey and Joshy, 2000). These government policies and reforms have significantly 

increased the use of chemical fertilizers, particularly of urea (Yadav, 2000). However, 

this has led to an unbalanced and haphazard use of fertilizers which may have a 

negative effect on soil quality and fertility, on the economy and on the environment. 

This calls for research to improve fertilizer-use efficiency. With respect to fertilizer-use 
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efficiency, Nepal’s top priority should obviously be the best management of fertilizer 

nitrogen (N) in rice fields as N dominates the fertilizer-use pattern. The efficiency of 

fertilizer N in most of the rice-growing regions is less than 40 %, making purchased N 

costly for the farmer (Joshy, 1997).  

Many researchers have demonstrated the low efficiency of N-fertilizer in 

lowland rice (De Datta, 1987; Vlek and Craswell, 1981), which is caused by high losses 

of N (De Datta, 1986). Hence, a low N-fertilizer recovery is a major limitation in the 

rice-wheat system of Nepal, especially in transplanted rice (Adhikari et al., 1999). 

Generally, fertilizer N recovery by rice ranges from 10-60 % (Craswell and Vlek 1979; 

Fillery et al., 1984). The farmers usually broadcast urea directly into the floodwater one 

or two weeks after transplanting, where it is hydrolysed into ammonia. When not 

absorbed into clay particles or plant biomass, this ammonia is prone to losses.  Vlek and 

Craswell (1979) have shown 40-60 % loss of 15N labeled ammoniacal fertilizer N, 

particularly when it was broadcasted to the floodwater. The poor efficiency of N under 

such  conditions is due to the susceptibility of N to loss mechanisms, among which 

ammonia volatilization is recognized to dominate in flooded rice (Roger et al., 1987). 

About 50 % of applied urea can be lost within two weeks of application, depending 

upon fertilizer management and environmental conditions (Vlek et al., 1995).  N losses 

due to ammonia volatilization increase with high temperature, high floodwater pH 

during the daytime (effect of the activity of the photosynthetic aquatic biomass), high 

wind speed, and high ammonium concentration in floodwater (Freney et al., 1995; 

Fillery et al., 1986; Vlek and Craswell 1981).  Several approaches, such as use of urea 

super-granules, urease inhibitors, coated urea, and slow-release-N, have been used to 

control ammonia volatilization. These however are usually too expensive for farmers in 

developing countries, as they involve special chemicals and are costly to apply (Cissè 

and Vlek, 2003a).  

Recent studies under greenhouse and field conditions have shown significant 

improvement in urea use-efficiency by Azolla and urea integration (Cissè 2001; De 

Macale 2002; Vlek et al., 1995). Intercropping the small floating fern Azolla with rice is 

common practice of green manuring in many Asian countries. Apart from a direct 

nutritional effect, Azolla can also act as a physical barrier to the escaping NH3, has a 

cooling effect on the floodwater, and also acts as a windbreak. It absorbs a large amount 
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of NH3 and NH4
+, which is released upon mineralization, and it increases the pCO2 of 

floodwater through respiration, leading to a decrease in floodwater pH (Vlek et al., 

1995). The importance of N2 fixation by Azolla in symbiosis with the cyanobacterium, 

Anabaena azollae and their contribution of N to rice fields has long been recognized. 

Azolla has been used as a fertilizer in rice fields over many centuries in China and 

Vietnam (Watanabe et al., 1981). With the advent and ready availability of N-fertilizer, 

the use of Azolla is drastically declining in many parts of Asia (Giller, 2001). However, 

besides being an N2-fixing green manure, Azolla can reduce losses of N from applied 

urea under flooded rice conditions. A recent greenhouse study by Cissè and Vlek 

(2003a) and a study under field conditions by De Macale and Vlek (2002) in the 

Philippines showed that a dense cover of the floodwater by  Azolla can reduce NH3 

losses by buffering diurnal variations in floodwater chemistry and by direct N 

absorption. They also report that Azolla released N, and that urea plus Azolla gave a 

more than additive improvement in the yield of the rice crop. 

Therefore, integration of Azolla with urea might be a viable option to improve 

N-fertilizer use efficiency for countries like Nepal, where fertilizers are being 

increasingly used but where cost are rapidly increasing.  To test this hypothesis, a field 

and complementary pot experiment were conducted in the mid-hill region of Nepal in a 

rice-wheat system. It is assumed that Azolla integration will reduce ammonia 

volatilization from the flooded surface after urea application. Furthermore, Azolla may 

sequester some N, which it will release for uptake by rice and the subsequent crop of 

wheat. The objectives of the study were: 

• To validate the effect of Azolla on the reduction of ammonia 

volatilization from applied urea in rice fields of the subtropical mid-

hills of Nepal. 

• To determine the effect of combined Azolla and urea use on the yield 

of rice and wheat grown in an annual double crop rotation. 

• To evaluate nitrogen-use efficiency of applied mineral fertilizer, and of 

Azolla-sequestered nitrogen under both pot and field conditions.  

• To quantify N sequestration by Azolla, and determine its contribution 

to rice and the subsequent crop of wheat using the 15N-tracer technique. 
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2 LITERATURE REVIEW 

 

2.1 Importance of rice and rice-based cropping systems 

Rice (Oryza sativa L.) is one of the world’s most important crops (Dawe, 2000) and has 

supported a greater number of people for a longer period of time than any other crop 

since it was domesticated (Fairhurst and Dobermann, 2002). Asia is the home of Oryza 

sativa and rice has been cultivated on this continent for an estimated 5000 years. It is 

the staple food of the majority of the Asian population, which has grown from about 

1.70 billion in 1961 to 3.52 billion in 1997 (IRRI, 2003). Rice is adapted to a wide 

range of agro-ecological zones from Nepal, which has the highest-altitude rice-lands in 

the world, to the lowlands of the arid and humid tropical and subtropical world. In terms 

of nutritional value, rice is the most important crop for the human diet and in value of 

production. Rice provides between 35 % and 80 % of the calories consumed by 3.3 

billion people in Asia (CGIAR, 2003). The increase in total production of rice is the 

result of increased yields and cropping intensity. Worldwide, about 79 million ha of 

irrigated rice are harvested annually and the intensive lowlands will remain the major 

source of rice production till at least 2025 (Dobermann and Witt, 2000).  

Wheat (Triticum spp.) is the second most important staple crop in Asia. It now 

makes up 19.2 % of the total calorie supply and global production of wheat is  

approaching 600 million tons (CGIAR, 2003). The literature on rice and wheat is 

extensive, the physiology and agronomy of both crops are well understood. They are 

high yielding and production of both crops is sustainable when they are grown on the 

same land in annual cycles (Timsina and Connor, 2001).   

Rice and wheat are mostly grown in sequence in South Asia. In the rice-wheat 

system, rice and wheat are grown sequentially in the same field in the same farming 

year (Woodhead et al., 1994). The emergence of the rice-wheat system in South Asia 

serves as an important source of food supply, and is the result of the green revolution in 

wheat and rice (Pingali, 2001).  The rice-wheat system is currently practiced on about 

13.5 million ha of prime agricultural land in Bangaladesh, India, Nepal, and Pakistan, 

with another 12 million ha in China (Ladha et al., 2000). Hundreds of millions of poor 

farm families rely on this cropping system for a large share of their income and 

employment. Technology changes introduced through the green revolution led to a rapid 
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expansion of the rice-wheat system, increased its productivity and the farmers’ income, 

reduced food costs for low income consumers, and generated employment for landless 

laborers (RWC, 2003). The green revolution focused on securing increased production 

of rice and wheat through the use of improved higher yielding, disease and insect 

resistant varieties (HYVs), and subsidies on power and fertilizer inputs (Hobbs and 

Gaunt, 2003). The real challenge in countries where rice-wheat are produced is to 

develop high yielding production systems that are profitable and sustainable. The 

decline in yield of the rice-wheat system in both farmer and on-station field experiments 

have been identified (Abrol et al., 2000; Hobbs and Morris, 1996). The long-term 

experiment in Bhairawa, Nepal, also showed a similar decline in grain yield of early rice 

during 15 years (Regmi et al., 2002). Dawe (2000) examined the yield decline of rice-

based cropping systems with recommended fertilizer dose and found a significant 

decline in the rice of rice-wheat systems. World demand for rice is projected to increase 

by 1.13% per year for the period from 1998 to 2020, so that irrigated rice yields will 

have to rise to an average of 6 t ha-1 by 2010 and 7 t ha-1 by 2020 (Dobermann, 2000). 

The increase in yield could be achieved through farmer education coupled with 

improved irrigation and more efficient use of fertilizer (Timsina and Conner, 2001).     

   

2.2 Chemical fertilizer 

The use of chemical fertilizers in agriculture is the key to the production of sufficient 

food to maintain the global human population (currently around 6.3 billion), which is 

expected to rise to 10 to 12 billion (Lawlor et al., 2001). The chemical fertilizer 

consumption in Asia, which in 1990/91 was 56.2 Mega tons (Mt), grew rapidly through 

the last decade and reached 71.7 million tons in 1998/1999 (IFDC, 2003). Between 

1900 and 1960, world-wide N-fertilizer use increased from 1 to 10 Mt, to 15 Mt in 

1966, and to 50 Mt in 1977, reaching 80 Mt in 1990 (Bock and Hergert, 1991).  

Fertilizer use in Asia accounts for about 47 % of the global fertilizer use. The 

growth rate of fertilizer use is around 7.3 % per annum. Although countries like Korea 

and China have high rates of nutrients per unit area, South Asian countries have 

application rates below 100 kg of nutrients per hectare (Pingali et al., 1996). For 

example, in Nepal, the consumption of chemical fertilizer is the lowest in South Asia 

both per unit of land and crop production. Chemical fertilizer was first introduced in 
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Nepal by private traders in 1952. Fertilizer consumption was 100 metric tons in 1954 

and increased to about 1500 metric tons by 1965. The organized supply of fertilizer 

began with the establishment of the Agricultural Input Corporation (AIC) in 1966 

(Joshy, 1997). However, the monopoly of the AIC in the import of fertilizer was 

replaced after trade liberalization in fertilizer import in 1997 (Basnet, 1999), which 

dramatically increased the import of chemical fertilizers, particularly urea. Nitrogen 

fertilizer (urea) sales in Nepal amount to 29,528 metric tons (CBS, 2002).  

Fertilizer N is one of the major inputs in rice production. The efficiency of all 

rice production inputs must be improved to maintain sustainability at high yield levels 

(Balasubramanian et al., 1999). Urea is the most popular solid N fertilizer in world, and 

its use grew much more rapidly than that of other materials; more than 50 Mt of urea is 

now produced annually (Fertilizer Manual, 1998). The only way to reduce the amount 

of fertilizer used is to increase its efficiency. When applied fertilizer is lost to the 

atmosphere, this is an expensive waste to the farmer as well a significant driver of 

environmental change (Vitousek et al., 1997). In the intensive rice production areas, 

fertilizer application rates are very high, and the marginal productivity is close to the 

real price of fertilizer, indicating that it would not be economical for farmers to apply 

more fertilizer. Fertilizers account for almost a quarter of the production cost in these 

intensive areas; farmers could, therefore, benefit more by increasing fertilizer-use 

efficiency rather than by further increasing the quantity applied (Pandey, 1999).  

 

2.3 Nitrogen-use efficiency 

Cereal N-use efficiency is 42 and 29 % in developed and developing countries, 

respectively. An increase in N-use efficiency of 20 % would result in a saving in excess 

of $ 4.7 billion per year (Raun and Johnson, 1999). Many 15N recovery experiments 

report losses of fertilizer N in cereal production ranging from 20-50%. Losses are 

particularly high from lowland rice. The main fertilizer used for rice in Asia is urea, but 

it is not used efficiently, and the rice crop only recovers about 30 to 40% of the applied 

N (De Datta, 1987). Asian farmers usually broadcast urea directly into the floodwater 

two or three weeks after transplanting rice. De Datta (1987), and Craswell et al. (1981) 

reported only 30 % recovery of fertilizer N by rice crops in dry and wet seasons when 

urea was broadcasted into the floodwater. The intensive field and greenhouse research 
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by Mikkelsen et al. (1978) showed that ammonia loss from surface-applied urea was 

about 20 %.  Estimated losses by ammonia volatilization ranges from 2-47 % of applied 

N (Fillery et al., 1984). The floodwater chemistry drives the ammonia volatilization 

losses from flooded rice soils.  

 

2.4 Nitrogen loss mechanism in flooded paddy rice 

Nitrogen transformation in flooded soils and sediments is different from that taking 

place in drained soils and affects not only the amount of N available for biological 

activity but also influences global N budgets (Patrick, 1982). Paddy soils are soils that 

are managed for the wet cultivation of rice; they are leveled and flooded to give about 5-

10 cm of water above the soil surface and then puddled. Puddling destroys the soil 

structure, makes the soil impermeable and retains the floodwater. During the period of 

submergence, the soil undergoes reduction and turns dark gray (Ponnamperuma, 1972). 

The submerged soil has two distinct zones based on oxygen penetration: the surface 

oxidized layer and underlying reduced layer measuring only a few centimeters (De 

Dutta, 1981). The presence of a thin aerobic soil layer in close proximity to an aerobic 

soil is ideal for N transformations such as ammonia volatilization, nitrification, and 

denitrification (Vlek and Fillery, 1984).  Ammonia, a product of N mineralization, is 

formed continuously in the soil and water of a flooded soil. The use of nitrogenous 

fertilizer such as urea, particularly when applied in the floodwater, causes the 

development of a high concentration of NH4
+ ions in water and favors the ammonia 

volatilization (Craswell and Vlek, 1979; Mandal et al., 1999).  The urea-N 

transformation processes in the floodwater of a rice paddy can be represented by the 

following reaction: 

 

CO(NH2)2    H2
O    CO2 + 2NH3     H2

O        NH4
+ +OH-   OH-  H2O + NH3 

 

N-losses increase with high temperature, high pH, high NH4
+ concentration 

and high wind speed (Vlek and Craswell, 1981; Freney et al., 1995).  NH3 volatilization 

is a function of the partial pressure of ammonia in the floodwater, which in turn is 

determined by ammoniacal-N concentrations and pH of the floodwater (Vlek et al., 

1995). The diurnal fluctuations in floodwater pH are caused by the activity of 
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photosynthetic aquatic biomass (Mikkelsen et al., 1978). The algae assimilate N and 

affect N transformations mainly by increasing pH during the daytime and by affecting 

the depth of the aerobic layer through their O2 input (Thind and Rowell, 1999).  

Many strategies have been developed to increase the efficiency of urea-N such 

as proper timing, rate, placement of urea, modified forms of fertilizer, and the use of 

nitrification and urease inhibitors (Fillery and Vlek, 1986; Mohanty et al., 1999; Roa 

and Moorthy, 1993; Singh et al., 1995). Several modified urea products have developed 

such as gypsum urea, which have shown an increase in N uptake by plants (Tripathi et 

al., 1999). Similarly, neem-cake-coated urea, Lac-coated urea, and urea super granules 

have been tested to improve apparent N recovery (Patel et al., 1989). The placement 

technology for urea super granules such as deep placement have shown improved N-use 

efficiency (Mohanty et al., 1999) and, similarly, band placement of liquid urea 

improved crop N recovery (Schnier et al., 1988; Devasenapathy and Palaniappan, 

1996). Reddy and Sharma (2000) evaluated the effects of urea amended with pyrite or 

potassium chloride in combination with copper sulfate in controlling NH3 loss from urea 

and improving N-use efficiency. In addition to the above-mentioned modified urea, 

experiments have been conducted with aquatic biomass such as algae, Azolla, and green 

manure to reduce ammonia volatilization from the floodwater. The presence of algae 

leads to an increase in the rate of urea hydrolysis, and algae assimilate N for their 

growth and so affect the quantity of N available for plant uptake and gaseous losses 

(Vlek et al., 1980; Savant et al., 1985; Meyer et al., 1989). Thind and Rowell (1999) 

have shown that algae biomass assimilates large quantities of N from the floodwater, 

which would otherwise be prone to ammonia volatilization. Roger et al. (1987) 

described that in addition to an increase in floodwater pH by algal biomass through 

photosynthetic activity, the algae biomass also temporarily binds up available 

ammonium and releases N at a later rice growth stage. Similarly, Thind and Rowell 

(2000) reported that the application of green manure might increase fertilizer-N use 

efficiency due to the maintenance of a high NH4
+-N content in floodwater during the 

first few days after the application of urea, which is crucial for N uptake by rice. The 

role of an Azolla cover on the reduction of ammonia volatilization through alteration of 

the floodwater chemistry and improvement in fertilizer-N efficiency has also been 
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emphasized by various researchers (Vlek et al., 1992; Vlek et al., 1995; Mandal et al., 

1999; Cissè, 2001; De Macale and Vlek, 2002; Vlek et al., 2002). 

 

2.5 Azolla and its role in N-use efficiency 

Azolla is a genus of aquatic ferns, a small floating plant native to Asia, Africa, and the 

Americas (Lumpkin and Plucknett 1982) occuring in ditches, lakes, and rivers where 

water is not turbulent. The fern has been used as green manure for a long time due to its 

rapid growth and high N content (3 to 6 % N by dry weight) (Watanabe et al., 1981). It 

has a similar N potential to that of legumes. It can be grown in flooded rice fields and is 

easy to incorporate (Roger et al., 1987). Cyanobacteria (Anaebaena azollae) live in 

symbiotic association with this aquatic fern, which has been shown to be the most 

important system for maintaining and improving the productivity of rice (Roger, 1996). 

When used intensively, Azolla may contribute up to 100 kg N per hectare (De Datta, 

1981). Azolla directly or indirectly leads to specific changes in the physical, chemical 

and biological properties of the soil and soil-water interface in rice fields, which are of 

agronomic importance (Mandal et al., 1999). By using the 15N dilution method, the N 

derived from the atmosphere (% Ndfa) could be measured for legumes and also for the 

aquatic N2 fixer Azolla and blue green algae. It was estimated that 70 % of the Azolla-N 

was Ndfa or atmospheric N (Roger and Ladha, 1992). One crop of Azolla at full cover 

can accumulate 20-100 kg N ha-1 (Watanabe and Roger 1984) and two crops of Azolla 

can supply the necessary N for a rice crop (Watanabe and Liu, 1992). 

 Azolla is widely distributed throughout the world in warm temperate and 

tropical regions, occurring in a broad latitudinal range on five continents (Lumpkin and 

Plucknett, 1982). Azolla species will grow in the temperature range of 20-30°C. The 

cool temperate climate of China and Vietnam is good for its cultivation, though some 

strains can tolerate temperatures higher than 35°C (Watanabe and Berja, 1983). Light 

saturation for Azolla growth is at 20-50% of full sunlight and optimum growth, and N2-

fixing activity were observed at about 50% of full sunlight (Li Zuoxin et al., 1987). 

Azolla growth is correlated with day-length. Better for Azolla growth are the higher 

latitudes with long, cool days than the tropics with a constant day length.  Shading by 

the rice crop can help in hot periods by reducing the temperature of both the floodwater 

and the air close to the surface. Conversely, shading by rice can severely limit the 
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growth of Azolla as the fern requires high light intensity for growth (Lumpkin, 1987).  

The physiochemical factors that affect Azolla growth are pH and some plant nutrients. 

The pH for optimum growth of Azolla is in range of 4.5-7.0. Phosphorus is the main 

limiting nutrient for Azolla growth in the field and P fertilization is usually required for 

satisfactory Azolla cultivation in many soils where other nutrients such as N and 

potassium are less limiting (Watanabe and Ramirez 1984). There are seven recognized 

species of Azolla: Azolla caroliniana, A.filiculoides, A. mexicana, A. microphylla, A. 

rubra, A. pinnata, and A. nilotica. All Azolla species contain a heterocystous N2-fixing 

cyanobacterial symbiont, referred to as Anabaena azollae (Giller, 2001). 

Many studies have shown that Azolla integration helps to improve the 

efficiency of N fertilizers for wetland rice. Kumarasinghe et al. (1986) reported that the 

recovery of 15N by rice of N applied as urea at 199 kg N ha-1 increased from 26% when 

it was applied alone, and to 37 % when it was together with 250 kg N ha-1 as  Azolla 

green manure. The percent recovery of N from the Azolla increased from 32 % when 

Azolla was applied alone, and to 43-53 % when it was applied in combination with 100 

kg N ha-1. This shows that there was an interaction between the two sources, which 

resulted in a more efficient use of N from both sources (Kumarasinghe and Eskew, 

1993).    

The effects of Azolla on the fate of applied N, particularly in flooded soil of 

rice have been studied. By shading the floodwater, Azolla may help to reduce algal 

growth, temperature and pH, which in turn reduce ammonia volatilization. Kröck et al. 

(1988a) showed a drop in the O2 concentration and pH in rice field flood water due to 

an Azolla cover. The floodwater-pH does not rise because of light interception by 

Azolla. The presence of an Azolla cover reduced ammonia volatilization by 20-50 % of 

that without Azolla (Villegas and San Valentin, 1989). The experiment in the Fujian 

Academy of Agriculture Science, China, using 15N labeled urea, showed that 50 % of 

the urea-N was lost when urea was applied to floodwater 2 weeks after transplanting 

rice. When N fertilizer was applied to the Azolla mat, the loss was 42 %. When Azolla 

was incorporated in the soil 2 weeks after applying urea, recovery of 15N in rice further 

increased, and loss was reduced to 25 % (Watanabe and Liu 1992). The experiments 

coordinated by IAEA (International Atomic Energy Agency), FAO, SIDA (Swedish 

International Aids Agency) in various Asian countries on the use of 15N in N2 fixation 
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of Azolla and blue green algae confirmed the beneficial effects of Azolla cover on 

reducing ammonia volatilization. In an Indonesia experiment, 15N % recovery with urea 

sole treatment was 59 %, while urea +Azolla recovered 62 %. In Beijing, China, 

recovery was 16 % in urea sole treatment, while with urea + Azolla, it was 30 % 

(Watanabe and Liu, 1992). Azolla application on the surface of floodwater without 

incorporation into the soil helps to reduce ammonia volatilization by lowering pH 

values and restricting the diurnal cycle of photosynthesis and respiratory activities of the 

green algae (Vlek et al., 1995).  Mandal et al. (1999) reported that Azolla cover in rice 

fields changes the composition of floodwater and the soils underneath owing to 

variations in the light transmission ratio and photosynthetic activity. In an aquatic 

system experiment with glass containers with Azolla and green algae, light competition 

between Azolla and green algae inhibits algal photosynthesis (Vlek et al., 2002). 

Although Azolla is popular among scientists, actual use by farmers in Asia is  

limited. Azolla use has declined drastically since the 1950’s (Roger and Watanabe, 

1986). It is estimated that Azolla is currently used in less than 2 % of the world’s rice 

systems, although this is still some 3 million hectares (Giller, 2001). In China and 

Vietnam, its use has diminished because of the availability of chemical N fertilizer and 

the cultivation of more economical crops. Due to technical and socio-economic limiting 

factors for the use of biological N fixers such as green manure, both Azolla and legumes 

are under-utilized in rice cultivation (Roger, 1991). The main constraints in the use of 

Azolla are: 1) the difficulties in maintaining Azolla inoculum throughout the year, 

particularly in the dry season, 2) P deficiency, 3) low tolerance to high temperature, 4) 

damage by insects and fungi, and 5) poor water control. To overcome these constraints, 

technical improvement and selection of Azolla strains suitable for various conditions 

have been sought  (Watanabe and Liu 1992). The reasons for not using Azolla are 

complex, but ready availability of N-fertilizers in many parts of Asia has undoubtedly 

contributed greatly to the reduction in the use of Azolla. Widespread use of Azolla will 

be limited in regions where fertilizers are available and labor is abundant (Giller, 2001). 

However in the present situation, for multitudes of farmers in many parts of the world 

who cannot afford chemical fertilizer, Azolla application can enhance their economic 

status, increasing yield while minimizing costs (Vlek et al., 2002). 
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2.6 Nitrogen-15 in soil plant studies 

The first application of 15N in agronomic research was in 1943 by Norman and 

Werkman, who used it to study uptake of nitrogen by soybeans (Hauck and Bremner, 

1976). There are three nitrogen isotopes; 13N, the radioactive isotope with a half life of 

9.97m; and 14N and 15N, stable isotopes which occur in the air in the ratio 272:1 or are 

expressed in the normal terminology of stable isotopes; 15N has a natural abundance of 

0.3663 atom %. 15N is easy to use because it is stable and not radioactive thus having no 

radiation effect on the biological system under study (Hauck and Bremner, 1976). 

Today, the N-labeled methodology is being used almost routinely in studies of N 

transformation processes in plants and animals, soils, air, and waters to understand, 

evaluate, and monitor the effects of different approaches to N management in 

production agriculture (Hauck, 1994). Nitrogen tracer techniques provide a method of 

quantitative measurements of N transformation processes which could not be attained 

by conventional methods (Bartholomew, 1971). 

‘‘Addition of a material with an unusually high or low concentration of 15N to 

a system will result in an increase or decrease in 15N concentration in all or part of the 

system, the extent of change depending on how much tracer was incorporated into the 

various nitrogenous components of the system. Naude (1930) discovered the15N isotope 

of nitrogen and H.C.Urey isolated 15N in 1937. The change in the N isotope ratio in 

samples obtained from the system permits study of the added tracer material. The 

amount of change in the isotope ratio from the background level permits calculation of 

the extent to which the tracer has interacted with and become part of the system’’ 

(Hauck and Bremer, 1976). When the soil-plant system is enriched with 5-10 atom % 

excess fertilizer, the 15N atoms from the fertilizer are presumed to undergo the same 

chemical and microbial transformation as 14N atoms in the soil. Some are taken up by 

the plants, some are lost by leaching and volatilization, and some are immobilized in the 

soil. The analysis of the plants and soil for 15N content at the given time will indicate the 

fraction of the 15N-enriched fertilizer in each component. The un-recovered 15N serves 

as a measure of fertilizer-N loss from the plant/soil system (Buresh et al., 1982).  The 
15N enrichment of the fertilizer used must be high so that after dilution with the larger 

pool of unlabeled nitrogen, the 15N content of the soil is measurably different from 

0.3663 atom % at the time of sampling (Hauck and Bremer, 1976). 
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Thus, 15N labeled fertilizers such as urea and ammoniacal fertilizer are applied 

in the plant-soil-water system and the 15N tracer technique determines the fate of 

applied N in the system. Isotope techniques are also used to label Azolla, green manure 

and organic materials. These help to quantify the amount of N2 fixed by Azolla, and also 

to assess the amount of Azolla N available to rice (Kumarasinghe and Eskew, 1993). 

Soil pre-labeling is also possible with 15N fertilizer, and carbon source and crop N 

uptake from organic residues can be estimated by the 15N isotope dilution techniques 

(Hood et al., 2000). 
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3 MATERIALS AND METHODS 

 

The role of the floating fern Azolla with respect to N losses in rice-wheat rotation 

systems of Nepal was investigated in a 2-year field experiment and complementary pot 

studies in a screen house in 2001 and 2002. 

 

3.1 Experimental site 

A farmer’s field was selected in the Bageswhori Village Development Committee of 

Bhaktapur District (Map1 and Map 2), which is representative of the rice-wheat 

cropping area of the mid-hill region (700-2000 m asl) of Nepal. It is situated at 

27°41.5277’ north latitude and 85°27.9156’ east longitude at 1314m asl. The site is 

located on gently sloped terraces. 

The study area falls within the sub-tropical summer rain agro-ecological zone 

with cool dry winters and warm humid summers. The total annual rainfall of the area is 

about 2000 mm. Much of this rainfall is concentrated in the monsoon season between 

June and August. The mean maximum temperature in the rice-growing period ranged 

from 25 to 29°C in 2001 and from 26 to 29°C in 2002. The mean temperature during the 

wheat-growing season (November-April) was 16°C. The monthly rainfall and mean 

temperatures for the 18-month study period are given in Figure 3.1. 

The experimental soil was a well-drained strongly acidic silt loam Inceptisols 

classified as a Dystrochepts (Soil Survey Staff, 1975). The physical and chemical 

properties of the experimental soil are given in Table 3.1.  

The pot experiment was conducted in a screen house of the Soil Science 

Division (SSD) of the Nepal Agricultural Research Council (NARC), Khumaltar, during 

the rice-growing season 2002.  Mean maximum and minimum temperatures during the 

experimental period ranged from 27°C during the day to 17°C at night. The soil was 

collected from the experimental plot of the NARC research station from a depth of 0-15 

cm. Physical and chemical soil properties are given in Table 3.1.  
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Map 1 : Map of Nepal  

 

 

Map 2: Map of experimental site, Bageswori, Bhaktapur Nepal 
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Figure 3.1. Monthly rainfall (mm) and temperature (°C) range during the 18-month 
period of the field experiment (Bageshwori, Bhaktapur, Nepal, 2001-2002) 

 
 
Table 3.1.  Chemical and physical characteristics of the soils of farmers’ field, 

Bhaktapur, and on-station pot experiments, Khumaltar, Nepal. Wet seasons 
2001 and 2002. 

Characteristics                   Field Experiment                            Pot Experiment 
PH (water 1:1)                             3.7                                                     4.6 
Total N %                                    0.14                                                   0.11 
Organic C %                                0.85                                                  1.58 
Cation exchange capacity            22.0                                                  31.0 
(c mol kg-1) 
Exchangeable K (mg g-1)             0.16                                                  0.26 
Available P Olsen(mg g-1)           0.05                                                  0.11 
Soil texture                                 Silt loam                                            Silt loam 

pH                               1:1 (water) ( Jackson,1958) 
Carbon                        Walkley and Black (Hesse, 1971) 
Nitrogen Total            Kjeldahl method ( Hesse,1971)           
Available P                 Olsen ( Olsen et. al., 1954) 
Exchangeable K         Ammonium Acetate Extraction (ADAS,1981) 
CEC                            Ammonium Acetate Extraction (ADAS,1981) 
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3.2 Plant material 

3.2.1 Rice 

The lowland rice (Oryza sativa L.) variety Khumal – 4 was planted in both field and pot 

experiments. It is the fine grain type variety (Parentage: IR 28/ Pokhareli Masino) with 

140 days maturity and the most popular variety in the study region. Seeds were obtained 

from the Agronomy Division of NARC, Khumaltar. The detailed morphological 

characteristics of the variety are given in the Appendix IV. Seeds were soaked 24 hours 

before seeding and seeded in a seedbed measuring 5 m x 2 m.  

Twenty-day-old seedlings were transplanted with 20 cm x 20 cm spacing in 

the flooded experimental plots with three to four seedlings per hill. For pots, three 

seedlings per hill were transplanted and six hills were maintained per pot. 

Hand weeding was performed 35 and 70 days after transplanting (DAT). All 

weeds were incorporated into the plots to minimize nitrogen losses.  Insecticide was 

sprayed during the first year of the experiment due to insects in the experimental site at 

the panicle initiation stage. 

 

3.2.2 Wheat  

Wheat (Triticum aestivum L.) was seeded into the rice plot after the rice crop had been 

harvested. The bold grain type variety BL-1473 (163 days to maturity), which is the 

released variety for the mid and high hill region of Nepal, was used. Maturity was 182 

days. Seeds were obtained from the Agronomy Division, NARC, Khumaltar. Wheat 

seeds were pre-treated with an insecticide a week before seeding as a precaution. Wheat 

was row-seeded at a rate of 120 kg ha-1 with 20 cm row spacing. Hand weeding was 

done at 62 and 140 days after seeding (DAS).   

 

3.2.3 Azolla  

Azolla caroliniana, which is a small floating fern (housing blue green algae) with a pH 

tolerance from 6 to 8 and a temperature tolerance of 5 to 26°C, was used. For the first 

year, Azolla was collected from the pond of the Horticulture Division, NARC, 

Khumaltar, where it had been multiplied 6 months before. For the second year, it was 

multiplied in the cemented pond (10 m x 6 m x 1 m) in the Soil Science Division, 

NARC. The pond was filled with water up to a depth of 50 cm and the level maintained 
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for the multiplication period. The previous-year inoculum was used for propagation and 

multiplied for five months. Super phosphate (P2O5 @15 kg ha-1) was broadcasted in the 

pond. 

Azolla was harvested and weighed a day before its application, i.e., four days 

after transplanting. The Azolla containing 2.8-3.0 % N was spread evenly on the 

puddled plots at the rate of 5 t ha-1 (0.5 kg m-2), thus achieving a water surface coverage 

of approximately 75%.  

 

3.3 Experimental procedure and treatment application 

3.3.1 Field experiment 

The field was plowed before rice transplanting. Two terraces were used which 

comprised 36 plots.The experiment was conducted in a randomized complete block 

design (RCBD) with 4 replications. The main experimental plot measured 4 m x 4 m; 

the bund was 0.3 m high and 0.3 m wide. All plots were puddled. The micro-plots 

consisted of  galvanized frames sized 1 m x 1 m x 0.5 m, which were pushed into the 

puddled soil of the main treatment plots 3, 7, 8 and 9 to a depth of 20 cm.  Triple super 

phosphate (40 kg P ha-1) and muriate of potash (30 kg K ha-1) was basally applied to all 

main and micro-plots before transplanting rice. Twenty-day-old rice seedlings were 

transplanted with 20 cm x 20 cm spacing in the flooded soil of the main and micro plots 

on 3 June 2001. 

The treatments were: 

T1  Control 
T2  15 + 15 kg N ha-1 (split applied urea) 
T3  30* + 30* kg N ha-1 (split applied urea) 
T4  45 + 45 kg N ha-1 (split applied urea) 
T5  60 + 60 kg N ha-1 (split applied urea) 
T6   Azolla @ 5 t ha-1  (basal application) 
T7   30** + 30* kg N ha-1 + Azolla  
T8   30* + 30** kg N ha-1 + Azolla  
T9   30* + 30*   kg N ha-1 + Azolla 

Notes:  *  15N labelled urea 
            **  labelled Azolla biomass exchanged with unlabelled Azolla.(See Table 3.2). 
 

 

 

 



Materials and methods 

19 

Fertilizer application was as follows: 

Treatments T1 toT5 are for the nitrogen response curve in the main plots. All split doses 

of commercial urea were applied 8 days after transplanting (8 DAT) and at maximum 

tillering (38 DAT). Urea with 5.14 % atom (in 2001) and 5 % atom  (in 2002) was 

broadcasted at a rate of 6.25 g N m-2  (corresponding to 30 kg N ha-1) in the micro-plots. 

T6 was to determine the effect of Azolla cover alone. Treatments 7, 8 and 9 were 

designed to study the effects of Azolla on the fate of urea-N applied as basal dose (8 

DAT) and top dressed at maximum tillering (38 DAT).  

Urea was applied as 15N labeled or unlabeled as shown in Table 3.2. Azolla 

was exchanged between 15N-labeled and unlabeled treatments 2 weeks after urea 

application so that the interaction between Azolla and urea as sources of N to rice could 

be studied. In T7, the effect of the first urea dose was determined in 3 micro-plots (A, B, 

C). The Azolla from the A-plot was exchanged with the non-labeled Azolla from the B-

plot. Thus, the fate of 15N absorbed by Azolla in the A-plot over these 2 weeks and its 

availability to the standing rice crop could be followed in the B-plot, which had been 

tracer-free until then. The C-plot was harvested at the time of the Azolla exchange in 

order to assess the N-content and 15N-content of the Azolla cover.  Treatment 8 

comprised 3 micro-plots: D, E and F, where 15N urea was applied 38 DAT. The 

exchange of Azolla between the C and D plots was conducted only for the second split. 

In T 9 with the micro-plots A and B, Azolla remained in the system without any change 

until harvest (Table 3.2).  

 
Wheat crop 

After the rice harvest, each experimental plot was plowed individually in order to avoid 

mixing of soils. Wheat was row-seeded into the same experimental plots on 9 

November 2001. Basal N was homogenously applied at the rate of 30 kg N ha-1. P and 

K were applied basally at the rate 40 and 30 kg ha -1 using triple super phosphate and 

muriate of potash.  
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Table 3.2.  Timing and fertilizer application procedure in farmers’ field experiment
 Bhaktapur, Nepal. Wet seasons 2001 and 2002. 

Treat 
ment 

Timing                                8DAT                    23 DAT                        38 DAT                                  53 DAT     

1 
2 
3 
3a 
3b 
4 
5 
6 
 
7 
 
7a 
 
7b 
 
7c 
8 
 
8a 
 
8b 
 
 
8c 
9 
 
9a 
9b 
             

  Control                                 ----                            ---                                 ---                                             ---      
Urea (30kgNha-1)Mp         15kg Nha-1                  ---                                15kgN-1                                     ---         
Urea (60kgNha-1)Mp         30kg Nha-1                  ---                                30kgN-1                                                       --- 
Micro plot A                      6.52 g N*m-2                     ---                                        6.52 g N m-2                              --- 
Micro plot B                      6.52 g N m-2                       ---                                       6.52 g N*m-2                             --- 
Urea (90KgNha-1)Mp         45kg Nha-1                 ---                               45kg N ha-1                               --- 
 Urea (120KgNha-1)Mp       60kg Nha-1                 ---                               60kg N ha-1                               --- 
Azolla 
(5t/ha Basal application)        ---                           ---                                    ---                                         --- 
Urea 
(60Kgha-1+Azolla)Mp       30KgNha-1                 ---                                30Kg Nha-1                               --- 
Micro-plot A                      6.52gN*m-2          Exchange 
                                                                       Azolla with B                     6.52 g Nm-2                              ---      
Micro-plot B                      6.52g Nm-2           Exchange 
                                                                      Azolla with A                      6.52 g Nm-2                              ---     
Micro-plot C                      6.52*g Nm-2              Harvest                            ---                                           ---         
Urea 
(60Kgha-1+Azolla)Mp     30 KgNha-1                 ---                                  30 kg N ha-1                             ---    
Micro-plot D                     6.52g Nm-2                 ---                                  6.52 g N*m-2                 Exchange 
                                                                                                                                                    Azolla with E 
Micro-plot E                     6.52g Nm-2                  ---                                  6.52g N m-2                  Exchange 
                                                                                                                                                    Azolla with D  
 
Micro-plot F                      6.52 g Nm-2                 ---                                   6.52 g N*m-2                  Harvest 
Urea 
(60Kgha-1+Azolla)Mp     30 kg N ha-1                ---                                  30KgNha-1                               ---           
Micro-plot A                    6.52 g N*m-2               ---                                   6.52g Nm-2                             --- 
Micro-plot B                    6.52 g N m-2                ---                                   6.52 g N*m-2                          --- 

  
 * 15N labeling of fertilizer                
 Mp    Main plot 
---  no action                                 
 DAT Days after transplanting    
 

Second rice crop 

Rice was transplanted for a second experiment on 8 June 2002 into the same 

experimental plots as in 2001.  The micro-plots were shifted to new locations within the 

main plots in order to avoid 15N contamination from previous applications. The 

treatments were identical to those of 2001.  

 

3.3.2 Pot experiment 

The pot experiment was conducted in a screen house of the Soil Science Division, 

NARC, Khumaltar, between June and November 2002. Earth pots lined with 

polyethylene were filled with 6 kg soil, sieved to 2 mm. The soil was fertilized with 180 

mg P pot-1and 240 mg K pot-1, which was mixed into the top 10 cm of the soil. The pots 
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were flooded with de-ionized water a day before transplanting. The water level was 

maintained in each pot at 5 cm during the whole experimental period.  

Twenty-one-day-old rice seedlings were transplanted in the pots (6 plants per 

pot). Pots were inoculated with 15 g pot-1 (equivalent to 5 t ha-1) of fresh Azolla 

caroliniana 4 days after rice transplanting. A total of 8 treatments was applied and 

replicated 6 times in the randomized complete block design (RCBD).  

The first 4 treatments were for the establishment of a nitrogen response curve. A total 

dose of urea was applied 5 days after transplanting. Urea was applied as 15N labeled (5 

atom %) in the treatments 3, 6, 7 and 8. T5 was to determine the effect of Azolla alone, 

and treatments 6, 7 and 8 to determine the effect of urea and Azolla.  Azolla was 

exchanged between 15N-labeled and unlabeled treatments two weeks after urea 

application. The Azolla from the A-pot of T7 was exchanged with non-labeled Azolla 

from the B-pot of T8. Thus, the fate of the 15N absorbed by Azolla in the A-pot over 15 

days and its availability to the standing rice crop could be followed in the B-pot, which 

had been tracer-free until then. In T6, the Azolla remained in the system until harvest. 

The spare pots in treatments 7 and 8 were harvested at the time of exchange in order to 

assess the N-content and 15N content of plant, soil and Azolla cover at that time. The 

fertilizer application procedure is given in Table 3.3. 

 

Table 3.3. Timing and fertilizer application procedure in on-station pot experiment, 
Khumaltar, Nepal. Wet season 2002. 

Timing                          5DAT                     20DAT                                    70DAT(Max.till.)    

Maturity 

Treatment              
Control                             ---                          ---                                             --- 
Urea                              180 mg N                  ---                                             --- 
Urea                              360 mg N*                ---                                             --- 
Urea                              720 mg N                  ---                                             --- 
Azolla                            15 g pot-1                  ---                                             --- 
Urea + Azolla                360 mg N*                ---                                            --- 
Urea + Azolla(A)          360 mg N*               Exchange Azolla with B           --- 
Urea + Azolla(B)          360 mg N                 Exchange Azolla with A           --- 

 

     * 15N labeled 
    --- No action 
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3.4 Measurements and analyses 

3.4.1 Flood-water measurements 

Floodwater pH, temperature and ammoniacal N concentration were measured daily 

between 12:00 and 14:00 hrs for the first 10 days following the application of the first 

dose of urea. In order to take comparable measurements in the floodwater, the plot 

water level was maintained constant. Temperature and pH were measured in the field, 

whereas ammoniacal nitrogen was determined in the laboratory. The floodwater was 

sampled in 100-ml plastic bottles and kept in the freezer till analysis. Ammoniacal N 

was determined colorimetrically (salicylate method) with a spectrophotometer at a 

wavelength of 650 nm (Keepers and Zweers, 1986). Ammoniacal N pressures were 

calculated according to Denmead et al., 1983. 

 

3.4.2 Soil sampling 

Soil samples were collected from 0-15 cm depth after land preparation before treatment 

application using an auger. Soils were air-dried, sieved (2mm), and analyzed for pH, 

organic carbon, total N, available P, exchangeable K, CEC and texture. 

Soil samples from depths of 0-15 cm and 15-30 cm were then collected from 

the main plots of the rice and wheat crop using a 5-cm-diameter auger at 3 different 

dates: at the time of Azolla exchange, maximum tillering and harvesting. All soil 

samples were air-dried and ground (0.2 mm). Soils samples were analyzed for N 

concentration by the automated C-N analyzer (EURO EA Elemental Analyzer). 

 

Organic matter measurement 

Organic matter measurements were taken at the time of maximum tillering and at 

harvesting. Six netted cores (core size 15 cm diameter) were inserted in each plot of 

treatments 1, 3, 6 and 9 at the time of rice transplanting. Samples were collected from 0-

2 and 2-5 cm with the help of the netted soil core. Two composite samples per plot were 

collected. The samples were analyzed for organic carbon in the automated C-N analyzer 

(EURO EA Elemental Analyzer). 
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3.4.3 Azolla samples 

Azolla was sampled prior to inoculation for total N analysis. It was dried at 60- 70°C for 

72 hours in a forced air-draft oven and then ground. 

 

3.4.4 Plant samples 

 

Grain yields 

Rice and wheat grain yields were determined from a 2m x 2m area in the center of each 

main plot. Plants were cut at the base and threshed to separate grains. Grain samples 

were cleaned, weighed and measured for moisture content using the moisture meter. 

Yield components 

Yield components, such as 1,000-grain weight, filled and unfilled grains, number of 

spikes per panicle, were measured from 10 panicles randomly sampled from each plot. 

Moisture content was taken for 1,000-grain weight. The number of tillers per hill was 

counted from 10 hills at harvest. Aboveground biomass was determined from oven-dry 

grains and straw weight. 

N-content measurement 

Rice and wheat plants were sampled at the maximum tillering stage and harvest for 

assessment of N concentration from 4 hills. Roots were washed thoroughly with water 

and separated from the stem. Samples were weighed and dried at 60-70°C for 72 hours 

in an air-draft oven. The samples were ground (1 mm) and sent to the Institution of 

Plant Nutrition (IPE), University of Bonn, Germany. Nitrogen concentration was 

measured using an automated C-N analyzer (EURO EA Elemental Analyzer). 

 

3.4.5  Micro-plot sampling and 15N analysis 

Plants 

Rice plant samples were taken from the micro-plots for 15N analysis. Sampling was 

done at Azolla exchange stage, maximum tillering and harvest. Wheat was sampled at 

maximum tillering and harvest. Four hills from the middle of the micro-plot were 

sampled at Azolla exchange. Roots were washed thoroughly and separated from the 

stem. Four hills were sampled for both stem and roots at maximum tillering stage, and 

grain and straw at harvest. The roots, stem and grain subsamples were dried in an air-
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draft oven at 60-70°C for 72 hours. After measurement of dry weight, samples were 

ground and sieved through a 1 mm sieve. The grinder was cleaned thoroughly between 

samples to avoid contamination between two samples. Samples were sent to the 

Institution of Plant Nutrition (IPE), University of Bonn, for 15N analysis using a mass 

spectrometer (ANCA SL coupled to 20-20 stable isotope analyzer IRMS).   

In the pot experiments, plant sampling was done at the Azolla exchange stage, when 4 

hills were harvested from the spare pot of treatments 7 and 8. One hill per pot was 

sampled 70 DAT from all pots. Finally, straw, grain and roots were sampled at harvest 

and processed and analyzed per field plot samples. 

 

Soils 

Soils were sampled at depths of 0-15 cm and 15-30 cm from the micro-plots at Azolla 

exchange stage, maximum tillering and harvest. Soil samples were ground and sieved, 

materials that remained on the sieve were ground again and mixed with the remaining 

sample. All soil samples were sub-sampled for gravimetric moisture determination. 

About 20-25 g of soil was weighed in an aluminum can and dried in the oven at 105°C 

till the weight remained constant. The moisture content was determined with the 

following formula: 

                             Fresh weight of soil – Oven-dry weight of soil 
% Moisture =             X  100 
                                            Oven-dry weight of soil 
 
All micro-plot soils were determined for bulk density after wheat and rice 

harvest for later 15N calculation. The bulk density was determined with the following 

method (Rowell, 1994):  

Soil samples were taken by gently driving the cores vertically into the soil. 

The cores were sampled at depths of 0-15 and 15-30 cm. The samples were also used 

for moisture determination and were, therefore, immediately wrapped in aluminum foil. 

In the laboratory, samples were weighed with cores and dried at 105°C till constant 

weight. Core weights were taken before sampling. 

Volume of core = π r 2 L 

Mass of oven-dry soil = M 

Bulk density (Mg m –3)  = M / π r 2 L 
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In the pot experiment, soil sampling was done at the time of Azolla exchange, maximum 

tillering and harvesting. Soil sampling was done from a depth of 0-5 cm and 5-10 cm. 

All samples were air-dried, ground and sieved (0.2 mm).  

All samples were sent to IPE, University of Bonn, for 15N analysis with a mass 

spectrometer (ANCA SL coupled to a 20-20 stable isotope analyzer IRMS). 

 

3.5 Nitrogen use efficiency calculation  

3.5.1 15N labeled urea 

N derived from fertilizer (Ndff) 

N derived from fertilizer was calculated according to FAO/ IEAE manual (2001): 

 
             Atom % 15 N excess plant sample – 0.3663 
Ndff =   
             Atom % 15 N excess fertilizer    –  0.3663     
 
                    Atom % 15 N excess plant sample – 0.3663 
% Ndff =                                                                     X  100 
                  Atom % 15 N excess fertilizer –  0.3663     
 

15N recovery  

N yield or N uptake (kg ha-1) = Dry matter yield (kg ha-1) x % N / 100 
 
Dry matter yield  =  Dry matter yield of grains, shoots or roots 
 
N recovered (fertilizer N yield) kg ha-1 =  N yield (kg ha-1) x % Ndff / 100 
 
 

                                                                    Fertilizer N yield 
% fertilizer N utilization or recovery =                                         X 100 
                                                                   Rate of N application             
 

 

The amount of 15N excess in rice, Azolla and soil samples was computed as 

         
                                 15N(%) excess X total N 
15N amount  =                        
                                                100  
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3.5.2 Non-labeled urea  

Nitrogen use efficiency in the non-labeled urea plots was calculated according to 

Dobermann and Fairhurst (2000). 

Nutrient uptake 

To calculate nutrient uptake with grain and straw the following equation was used: 

Nutrient uptake (kg ha –1) =  (Gy x NGr) /100 + (Sy x Nst)/100 

Where Gy = oven-dry grain  (kg ha-1) 
             Sy = oven-dry straw (kg ha-1) 
      N Gr = nutrient concentration in grain (%) 
      N st = nutrient concentration in straw (%) 
 

Recovery efficiency (apparent recovery) of applied N fertilizer (RE) 

RE is defined as kg of N taken up per kg of fertilizer applied. 

REN ( kg kg-1) =  (UN+N –UN0N) /  FN 

Where UN is total N uptake (kg ha-1) with grain and straw 

             FN is amount of fertilizer N applied (kg ha-1)   

 
Agronomic efficiency of applied N fertilizer ( AE) 

AE is defined as kg grain yield increase kg-1 N applied (Synonym to N-Use efficiency). 

             AEN = (Gy +N – GY 0N) /FN) 
 Gy +N  = grain yield in treatment with N application 
 GY 0N = grain yield with treatment without N application 
 FN  =  amount of fertilizer N applied ( kg ha-1)   

 

Physiological efficiency (PE) of applied nitrogen  
PE is defined as kg grain yield increase per kg fertilizer N taken up. 
              PEN = (Gy +N – GY 0N) / (UN+N –UN0N) 
              Gy +N  = grain yield in treatment with N application 
              GY 0N = grain yield with treatment without N application 
              UN  = Total N uptake (kg ha-1) 
 
 
3.5.3 Nitrogen response curve 

The nitrogen response curve was derived from 5 different rates of fertilizer application. 

The relationship between the levels of an input factor and the corresponding responses 

were observed (Mandal and Nambiar, 2001) and a suitable regression equation was 

used. 
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3.6 Statistical analysis 

Analysis of variance for a randomized block design and least significance difference 

(LSD) test were used to compare treatments. The treatments averaged with Azolla and 

without Azolla effects were compared using Duncan’s Mean Range Test (DMRT) and t-

test at the 5 % level of probability. The data was analyzed using the statistical packages 

Statistix V.2.0 (Statistix for Windows, Analytical software, 1998) and SPSS 11.0 for 

Windows.  
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4 RESULTS AND DISCUSSION 

 

4.1 Floodwater chemistry 

Temperature, pH, and ammonium concentration in the floodwater are the key 

parameters for determining the extent of ammonia volatilization. The effects of 

increasing rates of applied mineral N and an Azolla cover on these parameters are 

studied and presented thereafter.  

 

4.1.1 Floodwater pH 

The floodwater pH was recorded between 12:00 and 14:00 for 10 days after urea 

fertilizer application (DAF) in 2001 and 2002 (Figure 4.1). Over the study period of 10 

days, the mean pH varied from 4.2 to 7.8 in 2001 and 3.6 to 8.7 in 2002. The pH pattern 

between two years probably differed as the result of rainfall during the 10-day 

measurement period in 2001. The pH increased up to 4 DAF in both years and then 

decreased. On the day of urea application there were no differences in pH among 

treatments. On day 2 DAF, floodwater pH drastically increased in all treatments.  The 

highest pH (8.0) was observed in the application of 60 kg N ha-1 and this pH value 

declined with reduced rates of N application. The presence of an Azolla cover had a 

significant effect (p< 0.01) on floodwater pH reduction in both years. Without Azolla 

cover, the pH of the floodwater ranged from 6.2-6.5 in the first year and from 7.1-8.0 in 

the second year, compared to a pH range of 5.4 - 5.6 with Azolla in the first and 5.5-5.8 

in the second year. This decrease in pH with Azolla cover (by 1.2-2.2 units) was most 

pronounced during the first 4 days after urea application (Figure 4.1).  

Usually, urea is hydrolysed within 2 to 4 days when broadcasted into the 

floodwater (Cassman et al., 1998). Rapid hydrolysis is likely to have taken place during 

the first 5 days of the present experiment. Once the urea is hydrolyzed, there is an 

explosive bloom of photosynthetic aquatic biomass (PAB) in the floodwater (Roger, 

1996) as the hydrolysis of urea causes the production of the weak ammonium 

bicarbonate in the floodwater solution (Vlek and Craswell, 1981), which serves as the 

main carbon source for  
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Figure 4.1.   Effect of urea N rate and Azolla cover on the dynamics of the floodwater 
pH during a 10-day period. Farmers’ field experiments, Bhaktapur, Nepal. 
Wet seasons 2001 and 2002. 
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PAB. The PAB enhances the diurnal fluctuation in the floodwater pH. It depletes CO2 in 

floodwater during the day and partly replenishes it at night through respiration 

(Mikkelsen et al., 1978), which offsets the bicarbonate buffer system in the floodwater 

and results in the diurnal pH amplitude. However, the presence of Azolla in this system 

restricts the diurnal cycle of photosynthesis and respiratory activities of the PAB (Vlek 

et al., 1992; Kröck et al., 1988a), which consequently prevents the rise in pH of the 

floodwater.  This is the reason for the decrease of pH under Azolla cover in this 

experiment; with Azolla cover, the pH remained below 6.0 in contrast to plots where 30 

kg N ha-1 urea was applied alone. When Azolla is spread on the floodwater surface, it 

prevents an algal-induced pH rise by suppressing algal grow through interception of the 

incoming light (Vlek et al., 2002). It also increases the partial pressure of CO2 of 

floodwater by respiration, which decreases the floodwater pH (Kumarasinghe and 

Eskew 1993; Sisworo et al., 1995).  Similar results were obtained by De Macale (2002) 

from a field experiment in the Philippines, where Azolla reduced the floodwater pH by 

1.8 units. In greenhouse experiments, Cissè (2001) observed a pH decrease by 4.5 units, 

while a reduction by 2.5 units was reported by Vlek et al. (1995). Kröck et al. (1988a) 

observed a drop in the pH by 1.4 units due to Azolla growth in a field experiment. 

 

4.1.2 Floodwater temperature 

As floodwater temperature plays an important role in ammonia volatilization, combined 

with other factors such as pH, ammoniacal N concentration and partial pressure of NH3, 

it was measured for 10 days from the day of urea application. 

The floodwater temperature varied from 29° to 43°C in 2001 and 30° to 42°C 

in 2002 during the 10 days of measurement. Air temperatures for the second year were 

slightly higher than the first year. The treatments had no effect on the floodwater 

temperature in the first-year experiment, but Azolla cover tended to reduce temperature 

extremes in the second year (Figure 4.2). 
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Figure 4.2.  Floodwater temperature during 10-day measurement. Farmers’ 
fieldexperiments, Bhaktapur, Nepal. Wet seasons 2001and 2002. 

 

The statistical analysis showed a significant (p<0.05) difference with and 

without Azolla cover in the floodwater temperature in the second year. An average 

difference of 2°C was recorded from 2 DAF to 6 DAF.  Azolla can protect the 

floodwater from heating and also act as a barrier against cooling of the floodwater in a 

cold environment (Kröck et al., 1988b). The result obtained is similar to that recorded in 

a greenhouse experiment by Cissè (2001) and in a field experiment by De Macale 

(2002), who found a significant reduction in the floodwater temperatures between 

Azolla-inoculated and non-inoculated treatments. 
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4.1.3 Ammoniacal N concentration in floodwater 

The mean ammoniacal N [NH4 + NH3(aq)] concentration in the floodwater during the 10 

days after urea application in 2001 and 2002 is shown in Figure 4.3.  It ranged from 

0.24 to 21.5 g Nm-3 in 2001 and from 0.30 to 25.6 g Nm-3 in 2002. Azolla coverage did 

not lower the ammoniacal N concentration. The highest levels of ammoniacal N (8-21 g 

Nm-3) in the floodwater over the first 4 days were recorded in both years. The plot with 

30 kg N ha-1 +Azolla led to a higher ammoniacal N concentration than 30 kg N ha-1 

alone (an increase by 4-9 g Nm-3 in both years). Similar results were reported by De 

Macale (2002), where an application of 160 kg N ha-1 plus Azolla produced 8.6 g N m-3 

in the floodwater. Cissè (2001), in a pot experiment, also reported a higher ammoniacal 

N concentration under Azolla cover. The floodwater N concentration depends on the 

soil type (particularly texture and permeability), fertilizer rate and source (Vlek and 

Crasswell, 1981) rather than on the Azolla cover.  Azolla itself uses some of the applied 

N for its growth as does PAB, which may increase or decrease the floodwater NH4 

level, depending on whether the PAB is decaying or growing. Even with a high 

ammoniacal concentration, little NH3 is lost through volatilization due to the low pH of 

the floodwater under Azolla cover. 

Surface-applied urea-N is hydrolyzed before it is added to the floodwater NH+
4 

pool. Urea-amended plots showed higher ammoniacal N than the non-fertilized plots, 

which never exceeded 5g Nm-3 in both years. This result is consistent with the pot 

experiment findings of Vlek and Crasswell (1979), where ammoniacal N did not exceed  

5 ppm in the un-fertilized plots. The peak concentration (21-25 g Nm-3) was observed at 

2-4 DAF in the plot where 60 kg N ha-1 was applied, which then gradually declined 

after day 4 and fell to below 5-7 g Nm-3 after day 5 in both experiments. This finding is 

consistent with the findings of Mikkelsen et al. (1978) and Chauhan and Mishra (1989), 

who reported a peak value of ammoniacal N on 3 and 4 DAF. These results indicate that 

the hydrolysis of urea was completed within a 5-day period.   
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Figure 4.3.  Effect of N rate and Azolla cover on the floodwater ammoniacal 
Nconcentration, Bhaktapur, Nepal. Wet seasons 2001and 2002. 
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4.1.4 Floodwater aqueous ammonia concentration 

The intensity of ammonia volatilization is directly related to the concentration of 

dissolved ammonia in the water [NH3 (aq)] (Vlek and Stumpe, 1978). The dissolved 

ammonia or aqueous ammonia was computed as follows: 

 A = C / [ 1 + 10 (0.09018 + 2729.92/ T – pH) ] (Denmead et al., 1983), 

         Where A = aqueous NH3 concentration in floodwater in g N m–3 

 C = ammoniacal-N concentration in the water (aqueous  

       ammonia plus ammonium) in g Nm- 3 

 T = floodwater temperature in degrees Kelvin 

 

The aqueous ammonia concentration for the experiments 2001 and 2002 is 

given in Figure 4.4. The highest NH3 (aq) concentration was associated with the highest 

rate of applied urea. The NH3 (aq) concentration decreased after 4 DAF. The highest 

concentration of 1.27 g Nm-3 was reached with an application of 60 kg Nha-1 in 2001 

and it reached 5.84 g Nm-3 in 2002. The NH3 (aq) concentration was generally higher in 

2002 than in 2001, which may be explained by the higher floodwater pH values in 2002. 

The concentration of NH3 (aq) increases approximately 10-fold per unit increase in pH 

(Vlek and Stumpe, 1978). Azolla cover resulted in significantly (P<0.01) less NH3 (aq) 

as compared to the Azolla free plots in both years. In plots where 30 kg N ha-1 was 

applied alone, aqueous ammonia levels reached 3.18 and 2.37 g Nm-3 on 2 DAF and 3 

DAF respectively, whereas with Azolla these dropped to 0.13 and 0.06, respectively, in 

the second-year experiment. This difference remained up to 6 days. Once the pH is 

lowered by the Azolla cover, NH3 (aq) is also decreased, subsequently lowering the 

intensity of ammonia volatilization for those plots.  
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Figure 4.4.  Effect of increasing urea application rates and Azolla cover on floodwater 
aqueous ammonia, Bhaktapur, Nepal. Wet seasons 2001 and 2002. 

 
 
4.1.5 Ammonia partial pressure  

Ammonia volatilization is a function of the partial pressure of NH3 (ρNH3) in the 

floodwater (Vlek et al., 1995) and results from the differences in ammoniacal vapor 

pressure between the ammonia solution and the ambient air. The solution vapour 

pressure is determined by the concentration of aqueous NH3 and the temperature is 

calculated by the following equation: 

 

Po = 0.00594 AT / 10(1477.81/T-1.6937) (Denmead et al., 1983). 
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The higher the partial pressure of the ammonia, the higher the potential for NH3 

volatilization losses, which thus is the driving force for ammonia volatilization. The 

NH3 partial pressure (ρNH3) patterns for both experiments are similar to those of the 

aqueous ammonia concentration pattern (Figure 6). Thus, the mean partial pressure (Pa) 

is generally higher in 2002 than in 2001. 
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Figure 4.5.  Effect of increasing urea application rates and Azolla cover on  floodwater 
partial pressure of ammonia, Bhaktapur, Nepal. Wet seasons 2001and 2002. 

 
 
 

Azolla cover reduced the ρNH3 significantly (p<0.05) in 2001. Only negligible 

amounts of ρNH3 were observed when the application of 30 kg N ha-1 was combined 

with an Azolla cover; without Azolla cover on 2 DAF 0.21 Pa was observed, whereas 

with Azolla cover the value was 0.0013 Pa. In the 2002 experiment, with Azolla cover 
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there was a significant (p<0.01) decrease in ρNH3 on 3 DAF from 0.53 Pa to 0.02 Pa. 

Where values are less than 0.05 Pa, loss of NH3 could hardly occur, which confirms the 

effect of Azolla on the NH3 volatilization potential reduction. These results are similar 

to the results given by Vlek et al. (1995), who reported that NH3 volatilization (ρNH3) is 

reduced with increasing Azolla coverage at the time of fertilization; values were 0.55-

0.8 Pa with the 60 kg N ha-1 rate on day one.  

It can be summarized that NH3 volatilization potentials were highest with the 

application of 60 kg N ha-1. Azolla cover reduced the potential for ammonia 

volatilization losses via significant reduction in floodwater pH. The floodwater pH 

appears to be the major factor determining the ammonia volatilization, which is the 

highest 3-4 days after the application of urea fertilizer.  

 

4.2 Dry matter accumulation of rice 

The dry matter accumulation of rice (shoot and root) was determined at the time of 

maximum tillering while straw and grain yield were determined at maturity.  

 

4.2.1 Dry matter accumulation of rice at maximum tillering  

Figure 4.6 and 4.7 illustrates the total dry matter of shoot and roots and the total N 

uptake by rice at maximum tillering (before the application of N topdressing). Azolla 

alone did not affect dry matter accumulation in either year at maximum tillering, but 

produced a higher amount than control although statistically it was not significant (0.62 

Mg ha-1).  In the presence of Azolla combined with urea (30 kg N ha-1), the dry matter 

accumulation was enhanced in both years but it was not significantly different with 

treatment where urea (30 kg N ha-1) was applied alone.  The dry matter accumulation 

increased with increased rate of N application. The highest dry matter of 5.6 Mg ha-1 

and 5.0 Mg ha-1 was accumulated by the treatments where 60 kg N ha-1 was applied in 

2001 and 2002, respectively.  
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Figure 4.6.  Effect of basal dose of urea application on dry matter accumulation of riceat 
maximum tillering. Farmers’ field experiments. Bhaktapur, Nepal. 
Wetseasons 2001 and 2002. (Vertical bars indicate standard error of mean with n = 4) 
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Figure 4.7.  Effect of first dose of urea application and Azolla on N uptake (kg ha-1)by 
rice (shoot + root) at maximum tillering. Farmers’ field experiments. 
Bhaktapur, Nepal. Wet seasons 2001 and 2002. 

 (Vertical bars indicate standard error of mean with n = 4) 
 
 

The total N uptake by rice (shoot + root) after the first dose of urea application 

was higher in the first year than in the second year (Figure 4.7). There was no 

significant increase in N uptake in response to the different treatments. The N uptake 

with the combined urea + Azolla   combined application was 65 kg N ha-1 and equals the 

N uptake with 30 kg N ha-1 application (63 kg ha-1). In the second year, total N uptake 

by rice with Azolla alone was 49 kg N ha-1, which equals the N uptake by rice with 30 

kg N ha-1 application. Azolla in combination with 30 kg N ha-1 led to a N uptake (53 kg 

N ha-1) which equalled that obtained in plots with 45 kg N ha-1 treatment. 
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4.2.2 Dry matter yield at harvest 

The dry matter yield of grain, straw and N accumulation of rice at harvest in 2001 and 

2002 are given in Table 4.1 and Table 4.2. The effect of treatments on the grain dry 

matter production was highly significant (p<0.01).  Azolla alone produced almost the 

same grain dry matter as that produced by 30 kg N ha-1 or 60 kg N ha-1. Azolla alone 

produced 0.90 Mg ha-1 more grain dry matter than the control; however, statistically this 

is not significant. Azolla plus urea gave 15 % higher grain dry matter than urea alone. 

The highest dry matter yield of grain was with the 120 kg N ha-1 application followed 

by 90 kg N ha-1, which gave a significantly higher yield (p<0.01) as compared to the 

control, i.e., 2.36 Mg ha-1 and 1.97 Mg ha-1 higher grain dry matter, respectively, than 

the control.  

 

Table 4.1. Effects of increased rates of N and Azolla integration on grain and straw dry 
matter yield, N uptake, apparent N recovery (%), agronomic efficiency, 
physiological efficiency in rice at harvest. Farmers’ field experiments. 
Bhaktapur, Nepal. Wet season 2001.    

Treatments Grain      
(Mg ha-1)    

N 
uptake 
(kg ha-1) 

Straw 
(Mg ha-1) 

N 
uptake 
(kg ha-1) 

ARE 
(%) 

AE 
kg grain 
kg-1 

applied N 

PE 
kg  
grain kg-1N 
accumulation 

Control 
30 kg N ha-1 
60 kg N ha-1 
90 kg N ha-1 
120 kgNha-1 
Azolla 
60 kg N ha-1 
+ Azolla 
 
LSD(0.05) 
p value 

5.98 
6.66a 
6.48 
7.95 
8.34 
6.88 
7.29 
 
 
1.10 
** 
 

53 
55a 
66 
74 
80 
70 
78 
 
 
18.47 
* 

5.96 
7.58 
8.52 
9.81 
9.88 
6.49 
8.27 
 
 
2.31 
* 

28 
46 
48 
49 
49 
28 
42 
 
 
20.32 
ns 

- 
66.7 
55.0 
46.7 
40.0 
- 
65.0 
 
 
1.26 
** 

- 
22.7 
8.3 
21.9 
19.8 
- 
21.8 
 
 
0.74 
** 

- 

34.0 
15.1 
46.9 
49.2 
- 
33.6 
 
 
0.57 
** 

*Significant at p < 0.05      ARE apparent Recovery efficiemcy 
 ** significant at p <0.01     AE agronomic efficiency 
 ns non significance     PE physiological efficiency 
 a   Means of three replications 
 LSD least significant difference 
 

The effect of treatments on the N uptake was significant (p<0.05). Azolla alone took up 

70 kg N ha-1, which was significantly higher (p<0.05) than for the control and the 30 kg 

N ha-1 application. The N uptake was also higher with urea +Azolla and the difference 
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was significant (p<0.05). The lowest N uptake was found in the control followed by the 

30 kg N ha-1 treatment. The highest N uptake of 80 kg N ha-1 and 78 kg N ha-1 were 

observed where 120 kg N ha-1 and 60 kg N ha-1+ Azolla, respectively, were applied.  

The straw dry matter yield trend was similar to that of the grain dry matter 

yield. The highest straw dry matter was produced by 120 kg N ha-1 followed by 90 kg N 

ha-1, 60 kg N ha-1, and urea +Azolla treatments. The plot where only Azolla was applied 

produced 0.53 Mg ha-1 more straw dry matter than the control.  

The grain dry matter yield in the second year was lower than in the first year, 

and the highest dry matter yield of both grain and straw was produced with 90 kg N ha-1 

(Table 4.2). The grain dry matter with this treatment was significantly higher (p<0.05) 

than that of the control and the other treatments. The dry matter yield with the Azolla 

treatment was higher than that of the control. The plot with urea +Azolla produced 5 % 

more grain dry matter than the treatment with urea alone.  

In the second year, a high N rate (120 kg ha-1) produced less grain and straw 

dry matter than in the first year. This might be due to the continuous cropping which 

causes the depletion of native N. It could also be due to the higher ammonia 

volatilization in the second year as compared to the first year. The ammonia pressure, 

which is directly proportional to the ammonia volatilization, was higher in the second 

year than in the first. Consequently, the N uptake was also lower. The dry matter yield 

given with Azolla was lower due to a heavy Azolla cover in the second year. The Azolla 

itself must have used higher N resulting in competition between rice and Azolla. This 

was not yet evident at maximum tillering time when the rice produced more dry matter 

than the control. In the plots where urea + Azolla was applied there was no such 

competition due to urea supplementation and mineralization of Azolla by that time. 

Cissè and Vlek (2003a) described that the capacity of the rice plants to compete with 

Azolla for N increased later in the growing season and found that N losses were 71 % 

without Azolla and 14% with Azolla. The loss phenomena for this experiment will be 

discussed in later sections.   
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Table 4.2. Effects of increased rates of N and Azolla integration on grain and straw dry 
matter yield, N uptake, apparent N recovery (%),agronomic efficiency, 
physiological efficiency in rice at harvest. Farmers’ field experiments. 
Bhaktapur, Nepal. Wet season 2002. 

Treatments Grain      
(Mg ha-1)    

N uptake 
(kg ha-1) 

Straw 
(Mg ha-1) 

N uptake 
(kg ha-1) 

ARE 
 (%) 

PE   
 kg grain  
kg-1N 
accumulation 

Control 
30 kg N ha-1 
60 kg N ha-1 
90 kg N ha-1 
120 kg N ha-1 
Azolla 
60 kg Nha-1 
+Azolla  
 
LSD(0.05) 
p value 

5.92a            
6.02              
5.89              
7.18             
5.83            
5.34               
6.14            
 
  
0.98                
*                   

66 
69 
69 
96 
71 
60 
71 
 
 
11.89 
** 

8.33 
9.89 
8.12 
10.0 
8.44 
9.35 
9.02 
 
 
2.29 
ns 

40 
47 
45 
62 
48 
43 
43 
 
 
17.31 
ns 

- 
33.3 
13.3 
58.0 
11.0 
- 
13.3 
 
 
0.8 
** 

- 
10.0 
3.8 
24.2 
7.0 
- 
27.5 
 
 
0.49 
** 

*significant at p < 0.05   
** significant at p <0.01, ns non significance 
a  Means of three replications  
LSD  least significant difference 
ARE apparent  recovery efficiency 
AE  agronomic efficiency 
PE physiological efficiency 
 

Apparent recovery efficiency 

The apparent recovery efficiency (ARE) (apparent utilization) was calculated by the 

difference method. Mean apparent recovery efficiency of N by rice in the first year 

ranges from 40-66 %, going down with increasing rates of fertilizer. Highest recoveries 

were found for the low dose of N (30 kg N ha-1). Urea +Azolla gave a 10 % higher 

recovery efficiency (ARE) than urea alone (Table 4.1). In the second year, recoveries 

were lower than the first year. Adhikari et al. (1999) reported 31 % ARE of N by rice in 

the Terai region (plain flat region) of Nepal with 100 kg N ha-1 application. In 

comparison, 90 kg N ha-1 gave 39 % in 2001 and 58 % in 2002. ARE reported by 

Cassman et al. (1996) for the Philippines in the dry season was 36-39 % for rice 

growing in farmers’ fields.  Vlek and Byrnes (1986) reported that in general, flooded 

rice recovery varies from 20-40% of applied N. Low ARE is the major constraint to 

achieving higher rice yields. With good agronomic management and favourable growth 

conditions an ARE of 50 % could be achieved in irrigated rice systems (Cassman et al., 

1993). 
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Agronomic efficiency and physiological efficiency 

Agronomic efficiency (AE) represents the response of rice crop in terms of grain yield 

to N fertilizer, and is the product of RE and PE (Cassman et al., 1998). The AE 

increased from 8.3 kg grain kg-1 N applied in the treatment with  urea alone to 21.8 kg 

grain kg –1N applied in the presence of Azolla. AE decreases with increasing rates of 

fertilizer N (Table 4.1). A similar result was obtained for AE by Adhikari et al. (1999) 

for the plains region (Terai region) of Nepal where they found an AE of 6-11 for a rice 

crop with 100 kg N ha-1 applied. The AE observed by Cassman et al. (1996) in farmers 

fields of Philippines in the wet season was 18-30 kilogram grain kg-1 N applied.  

In the first year, physiological efficiency (PE) ranged from 15-45 kg grain kg-1 

N accumulation (Table 4.1). The treatment with Azolla cover and urea had higher a PE 

of 33.6 grain kg-1 N as compared to the urea alone treatment. The highest PE was also 

obtained in the high N doses applications.  In the second year, the highest PE was also 

observed in the urea plus Azolla (27.5 grain kg-1 N) followed by the 90 kg N ha-1 

treatment (24.2 grain kg-1 N) (Table 4.2). The mean PE reported by Adhikari et al. 

(1999) was 31 kg grain kg-1 N accumulation for rice crops in Nepal and 35 grain kg-1 N 

for wet season rice in the Philippines. 

 

4.2.3 Grain yield and its response to applied nitrogen 

The adjusted grain yield (14 % moisture) response to the different levels of N addition 

and with and without Azolla is illustrated in Figure 4.8 for both experiments 

(2001/2002). The grain yields resulting from the various treatments in both experiments 

were higher than the average grain yields in Nepal and the Bhaktapur District. The 

Nepal national rice grain average yield for 2000-2001 was 2.70 Mg ha-1 and for the 

Bhaktapur district 5.38 Mg ha-1 (MOA, 2001). Pandey et al. (2001) reported that rice 

yields exceeded 6.0 Mgha-1 in the mid-hill district of the Kathmandu valley. The 

average yield of the variety used (Khumal-4) is 4.70 Mg ha-1 (Agricultural Botany 

Division, 1999). In this experiment, the highest yield was produced with the 90 and 120 

kg N ha-1 applications in 2001, i.e., 7.13 Mg ha-1 and 7.44 Mg ha-1, respectively (Figure 

4.8). 

On average, in the first year, an addition of 30 kg N ha-1 increased the grain 

yield by 570 kg ha-1 over the control. An input of 90 kg N ha-1 increased the yield 
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significantly (p<0.05) by 1.33 Mg ha-1 over the control. The plot with Azolla alone 

yielded 300 kg more than the 60 kg N ha-1 N application, though statistically the 

difference is not significant.  The plots with the treatment 60 kg N ha-1 +Azolla 

produced a grain yield 17 % higher than that in the 60 kg N ha-1 treatment, showing that 

urea and Azolla integration did raise the rice grain yields. This result is supported by 

findings of Cissè and Vlek (2003a) in a pot experiment where they found that the 

combined effect of urea and Azolla (positive synergism) was highly significant and 

increased the yield by 133%.  De Macale (2002) reported an increase in rice grain yield 

by 4-28 % with Azolla plus 80 kg N ha-1 in farmers’ field experiments in the 

Philippines. 

In the second year, an addition of 30 kg N ha-1 increased the grain yield by 577 

kg ha-1, over the control. The input of 60 kg N ha-1 did not increase the yield further, but 

application of 90 kg N ha-1 increased the grain yield by 1.2 Mg ha-1. However, 120 kg N 

ha-1 application decreased the yield by 1.0 Mg ha-1, suggesting that with higher doses of 

N, N efficiency decreases. This could be explained by the higher NH3 volatilization loss 

in this treatment in the present experiment. Such losses were related by Raun and 

Johnson (1995) to the soil-plant buffering concept that was defined as the ability of the 

soil-plant system to limit the amount of inorganic N accumulation in the rooting profile 

when N fertilization rates exceed that required for maximum grain yield. Raun et al. 

(1999) further reported that loss of N from the soil-plant system can take place via plant 

volatilization, denitrification and soil surface volatilization when this N rate exceeded 

that required for maximum yield. The effect of Azolla on grain yield was low in the 

second-year experiment due to good Azolla cover.  Azolla itself must have used 

available N. The treatment Azolla and 60 Kg N ha-1 increased the grain yield by 360 kg 

ha-1 (5 %) as compared to urea-N, but the difference was statistically not significant. 
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Figure 4.8.  Grain yield (Mg ha-1) of rice at harvest. Field experiments. Bhaktapur, 
Nepal. Wet seasons, 2001 and 2002. (Means with the same letter were not 
significantly different at 5 % level) 
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The fertilizer response curve and the fitting curves for both experiments are 

shown in Figure 4.9. The figure shows that the yield responded well to the application 

of fertilizer and follows the curve of response. There was a positive correlation (r2 = 

0.87, F value = 7.38) between N rates and rice grain yield in first year, while in second 

year the correlation was weaker (r2 = 0.36, F value 0.57). The relationship in the first 

year is described by the yield response function Y = 5.29 + 0.0172X with the linear 

curve. The yield response function of the second year experiment is Y = 5.04 + 0.017X 

– 0.0009X2   with a polynomial curve, where Y indicates grain yield, which varies with 

the N levels X.   

In a fertilizer verification trial in different districts of Nepal, FAO (1996) 

reported that usually high yielding varieties of rice responded positively to application 

of N, indicating that the native soil supply was not sufficient to exploit the yield 

potential of high yielding varieties, and a supply of additional fertilizer is needed.  The 

farmers’ common N application practice in the area around this experimental site is 70 

kg N ha-1 plus organic manure. Farmers are getting yields of 5-5.5 Mg ha-1 for the 

variety  used for this experiment (personal communication with the farmers). Therefore, 

farmers are getting the yields equivalent to those of the control and low N levels in this 

experiment. 

The economic analysis of the data for the second year shows that 90 kg N ha-1 

is the optimum N dose, where grain yield is economically profitable and the net return is 

also high. The detailed economic analysis is given in the Appendix X. Figure 10 shows 

that the treatment with urea + Azolla yielded at the level of the 60 to 90 Kg N ha-1 

treatments, which was in the profitable region in both years. 

 

 

 



Results and discussion 

47 

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

8.0

0 30 60 90 120

Nitrogen (kg ha-1)

G
ra

in
 y

ie
ld

 (M
g 

ha
-1

)

2001 2002
Linear (2001) Poly. (2002)

x
x

x

#

##

 
Yield response function (2001), Y  = 5.29 + 0.0172X 

(2002), Y  = 5.04 + 0.017X – 0.0009X2 
X   = Azolla sole treatment grain yield 2001 
XX  = Azolla sole treatment grain yield 2002 

# = Azolla + 60 kg N ha-1 treatment grain yield 
## = Azolla + 60 kg N ha-1 treatment grain yield 

 

Figure 4.9.  Response of grain yield of rice to different levels of nitrogen (fitted curve). 
Farmers’ field experiments. Bhaktapur, Nepal. Wet seasons, 2001 and 2002.  

 

Potential yield index 

Evaluation of yield components is another method for examining yield performance. 

The grain yield (t/ha) was expressed as follows by Yoshida (1981): 

Grain yield (t/ha) = panicle number m-2 X Spikelet number panicle-1 X % filled spikelets  

1000-grain weight (g) X 10-5 . 

Dawe and Dobermann (1998) defined the yield potential as the maximum 

grain yield of a given variety in a given environment without water, nutrient, 

competition, pest, or disease constraints. The yield potential of a variety will be 
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different in environments differing in temperature and solar radiation regimes.  The 

yield components such as spikelet number, panicle number, 1000-grain weight and 

filled spikelets % were measured at harvest. The potential yield index (PYI) was 

determined in terms of the number of spikelets per hill. The PYI determined for the 

first- and second-year experiments is illustrated in Figure 4.10. The effect of different 

treatments on PYI was not significant for the first year. The highest PYI was obtained 

with the treatment 90 kg Nha-1 (1841) and with the 60 kg N ha-1 urea +Azolla 

combination  (1840). In the second year, the effect of treatments on PYI was significant 

(P=0.05), and the highest PYI was obtained with 90 kg N ha-1 (2232) followed by the 

urea +Azolla combination. The lowest was found in the control and Azolla alone 

treatments. The correlation between the grain yield and PYI was calculated and was 

positive for the first (r = 0.66) and second year (r = 0.68), but was not significant. With 

other yield components such as 1000-grain weight and filled spikelets % a negative 

correlation was found. The yield component grain weight (g /1000 grain weight) and 

filled spikelets % for the variety used for present experiment is summarized in Table 

4.3. 

The effect of the treatments was not significant in the first year for both filled 

spikelets % and 1000-grain weight. In the second year, the treatment effect was 

significant for both variables but not in response to the fertilizer rates, as control had the 

higher 1000-grain weight and filled spikelets %. The filled spikelets % varies from 87 to 

94 % for the two years. Under most weather conditions, 85% filled spikelets is normally 

expected and unfavourable weather conditions induce sterility. The 1000-grain weight is 

a stable varietal character and grain cannot grow larger than the size of the hull 

(Yoshida, 1981); it varied from 21 to 25 g in both experiments. These yield components 

are important as they are a function of the grain carbohydrate which comes from 

photosynthesis during the ripening period (De Datta, 1981). 
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Figure 4.10. Effect of different levels of nitrogen, Azolla, urea-N +Azolla on the 
potential yield index (PYI) of rice. Farmers’ field experiments. Bhaktapur, 
Nepal. Wet seasons 2001 and 2002. 
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Table 4.3. Yield components: filled spikelets %, 1000-grain weight of rice var. Khumal- 
4). Farmers’ field experiments. Bhaktapur, Nepal. Wet seasons 2001 and 
2002. 

 Yield Components 
 
Treatments 

2001 
Filled                1000-grain  
spikelets %       weight (g)           

2002 
Filled                   1000-grain 

spikelets %        weight (g) 
Control 
 
30N 
 
60N 
 
90N 
 
120N 
 
Azolla 
 
60N +Az 
 
LSD(0.05) 

89                     22.6                          94                     25.2          
 
87                     21.2                          94                     25.5         

 89                      22.2                         94                    25.1 

 91                      21.7                         90                    24.1 

 88                      22.6                         92                    24.0 

 88                      21.9                         93                    25.1 

  
 90                      22.9                          91                    24.7 

7.61                   1.05                         0.85*               3.07* 
 * significant at 5 % 

 

PYI, 1000-grain weight and filled spikelets % were slightly higher in the 

second-year experiment. This might be because of higher N uptake in the second year 

than in the first. The PYI is, to a large extent, fixed by heading time and is closely 

related to the amount of N taken up between transplanting and heading (Vlek et al., 

1979).  A highly positive correlation was found between N uptake and PYI in the 

present experiments. The correlation was significant for both years with a coefficient of 

correlation r = 0.72* in the first year and r = 0.75* in the second year. 

 

4.2.4 Dry matter accumulation in pot experiment 

In the pot experiment, the dry matter yield was measured twice: 70 days after 

transplanting (DAT) and at maturity. The shoot dry matter sampled at 70 DAT is given 

in Table 4.4. 
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Table 4.4. Dry matter accumulation by shoot of rice plant 70 days after transplanting. 
On-station pot experiment. Khumaltar, Nepal. Wet season 2002. 

Treatments Dry matter g pot-1 N uptake g pot-1 
Control 
180 mg N pot-1 
360 mg N pot-1 
720 mg N pot-1 

Azolla                             
Urea (360mg) +Azolla 

4.4 
4.6 
4.3 
4.9 
4.8 
4.8 

0.08 
0.08 
0.07 
0.09 
0.07 
0.09 

 
LSD (0.05) 
p value 

 
1.67 
ns 

 
0.028 
ns 

Two hills per pot were measured at 70 DAT. 
  ns non significance. LSD Least Significance Difference 
 

 

The effect of treatments on the stem dry matter at 70 DAT was not significant 

as at this stage, treatments had not started to show any effect. The rice dry matter (grain, 

shoot and root) accumulation in the pot experiment at harvest is summarized in Table 

4.5. The results show a distinct response to urea, Azolla, and urea +Azolla treatments for 

the dry matter accumulation. There was an increase in the grain dry matter with 

increasing urea-N levels. The pot with Azolla alone produced 1.96 g more dry matter 

than the control pot. The pot with the urea +Azolla treatment produced the highest grain 

dry matter of 27.9 g pot-1, which is significantly higher (p<0.05) than with urea alone. 

Thus, the pot with urea +Azolla accumulated 10 % more grain dry matter as compared 

to the pot with urea alone (Table 4.5). A positive urea-Azolla synergism of 2.4 g pot-1 in 

grain was observed, which was more evident in the pot experiment than in the field 

experiment. 
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Table 4.5. Dry matter accumulation at rice harvest. On-station pot experiment. 
Khumaltar, Nepal. Wet season 2002. 

Treatments Dry matter g pot-1 
Grain        Shoot       Root 

N uptake g pot-1 

Grain         Shoot     Root 
Control 

180 mg N pot-1 
360 mg N pot-1 
720 mg N pot-1 

Azolla 
Urea +Azolla 

(360 mg N pot-1) 

15.7 31.8        6.9 
20.8         35.9        8.5 
23.2         39.7        8.6 
25.1         49.2        2.8 
17.6         41.6         7.3 
27.9         46.6       11.1 

0.18         0.13        0.024 
0.26         0.17        0.032 
0.29         0.19        0.037 
0.30         0.23        0.052 
0.21         0.19        0.027 
0.32         0.22        0.070 

LSD (0.05) 

P value 

1.13           7.49       4.12 

***           **           * 

0.005       0.038      0.015 

**             **            ** 

LSD=Least Significance Difference             
Means of four replications    
Significant at 5 % level 
 ** Significant at 1% level 
 *** Significant at 0.1% level 

 
 

The highest shoot dry matter of 49.2 g pot-1 was accumulated where 720 mg N 

was applied followed by the urea +Azolla (46.6 g) treatment. Integration of urea and 

Azolla produced 17 % more stem dry matter. The pot with only Azolla cover produced 

significantly more (p<0.05) shoot dry matter than the control.  The N uptake trend was 

similar to that of the dry matter yield. The urea +Azolla and 720 mg N treatment had 

taken up significantly more N (p<0.05) than the control. In the pot with Azolla cover, N 

uptake by shoots was higher than in the pot with 180 mg N pot-1, thus here Azolla 

releases the N after mineralization.  
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4.3 15N Balance 

4.3.1 15N recovery by rice at maximum tillering  

The fraction of N in the rice plant derived from the 15N labeled urea application and the 

fraction of N taken up by the rice plant (15N recovery) at maximum tillering stage is 

summarized in Table 4.6 for the first year experiment and in Table 4.7 for the second 

year experiment. The data are based on the treatments urea 30 kg N ha-1 applied one 

week after rice transplanting in the field with and without Azolla cover. In the presence 

of an Azolla cover, in the first year the loss of urea-N at maximum tillering accounts for 

58 % of the first dose of applied urea as compared to 62 % when Azolla cover is absent 

(difference was not significant) (Table 4.6). The N recovery by the rice plant (shoot + 

root) was 15 % in the plot with Azolla cover and 14.6 % in the plot without Azolla 

cover. As compared to rice plant, a higher amount of urea-N was recovered in the soil 

(15.3-17.3 %). 

 

Table 4.6. 15N-labeled urea (30 kg N ha-1) recovered by rice (shoot + root) and soil 
system at maximum tillering. Farmers’ field experiment. Bhaktapur, Nepal. 
Wet season  2001. 

Recovery 
Fraction 

N recovery from fertilizer (kg ha-1)
Urea                       Urea + Azolla 

15N recovery % 
Urea                   Urea + Azolla

Shoot 
Root 
Σ Rice 
Azolla 
Soil 

(0-15 cm) 
(15-30 cm) 

 
 

Total 
 

Unaccounted 
Nitrogen 

3.2 (0.46) 
1.2 (0.15) 

4.4 
- 

 
5.2 (0.9) 
1.9 (0.07) 

 
 

11.5 
 
 

18.5 

3.1 (0.59) 
1.4 (0.53) 

4.5 
1.7 (0.03) 

 
4.6 (0.78) 
1.9 (0.38) 

 
 

12.7 
 
 

17.3 

10.5 (1.55) 
4.1 (0.49) 

14.6 
- 
 

17.3 (3.01) 
6.5 (0.25) 

 
 

38.4 
 
 

61.6 

10.4 (1.98) 
4.6 (1.76) 

15.0 
5.7 (0.11) 

 
15.3 (2.6) 
6.4 (1.29) 

 
 

42.4 
 
 

57.6 
The values in parenthesis are standard errors (n=4) 
 

In the second-year experiment, the loss of urea-N at maximum tillering 

amounted to 47.7 % of the first dose of 30 kg N ha-1, whereas with Azolla cover it 

reduced, the loss there being 36 %. However, the difference was statistically not 

significant (Table 4.7).  
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Table 4.7: 15N-labeled urea (30 kg N ha-1) recovered by rice at maximum tillering. 
Farmers’ field experiment. Bhaktapur, Nepal. Wet season 2002. 

Recovery 
Fraction 

N recovery from fertilizer (kg ha-1) 
Urea                      Urea + Azolla 

15N recovery % 
Urea                   Urea + Azolla 

Shoot 
Root 
Σ Rice 
Azolla 
Soil 
(0-15 cm) 
(15-30 cm) 
 
 
Total 
 
Unaccounted 
Nitrogen 

5.9 (2.28) 
1.7 (0.69) 
7.6 
- 
 
6.5 (0.46) 
1.5 (0.17) 
 
 
15.6 
 
 
14.4 

6.1 (2.06) 
2.3 (0.39) 
8.4 
2.8 (0.51) 
 
4.6 (1.55) 
3.2 (0.89) 
 
 
19.0 
 
 
11.0 

19.8 (7.6) 
5.8 (2.32) 
25.6 
- 
 
21.6 (1.54) 
5.1 (0.56) 
 
 
52.3 
 
 
47.7 

20.3 (6.86) 
7.6 (1.30) 
27.9 
9.2 (1.7) 
 
15.5 (2.62)  
10.7 (2.99) 
 
 
63.3 
 
 
36.7  

    The values in parenthesis are standard errors (n=4) 
 

The N recovery in the second year was higher than in the first year, which is 

due to a better coverage of Azolla in the second year. The N recovered from fertilizer by 

Azolla itself was also higher by 2.8 kg ha-1 (9.2 %) in the second year experiment as 

compared to 1.7 kg ha-1 (5.7 %) in the first year. Therefore the Azolla itself captured 

some of the applied urea-N.  If a better Azolla cover could be maintained, the recovery 

might be higher than the values in the present studies. Even with a minimal amount of 

dry biomass of Azolla (235-302 kg ha-1), Azolla had recovered applied urea-N.  In 

contrast, the N recovery reported by Cissè and Vlek (2003a) in their pot experiment was 

higher. They reported that, without Azolla, the loss of urea-N at maximum tillering 

amounted to 66 % of the first dose of applied urea as compared to 7.3 % when Azolla 

covered the system. The rather high losses, irrespective of Azolla coverage suggest that 

loss mechanisms other than NH3 volatilization are at play under field conditions as, for 

example, leaching and denitrification. In a flooded soil, usually N transformations such 

as mineralization, immobilization, nitrification, denitrification and N fixation occur at 

the same time due to the presence of both aerobic and anaerobic zones. Thus, it is 

difficult to evaluate the significance of any single reaction (Patrick, 1982). Therefore, 

when the processes are not measured individually, N losses from the soil and plant 

system are the combined effect of ammonia volatilization, denitrification, leaching and 

runoff.  
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4.3.2 15 N recovery by rice at harvest 

The second split dose of urea (30 kg N ha-1) applied to the rice 38 days after 

transplanting (i.e., at maximum tillering) was better recovered than the first dose. The N 

unaccounted for in the plant-soil system was 17 % without Azolla cover, whereas it was 

only 2 % in the Azolla-covered plots (Table 4.8).  A total of 24.9 kg N ha-1 (83 %) was 

recovered by the rice and soil system without Azolla, whereas with Azolla, 29.5 kg N ha-

1 (98 %) was recovered by the system; this difference was significant (p <0.05).  

 
Table 4.8. Effect of Azolla cover on N-balance after application of second split 

application (30 kg N ha-1) at harvest. Farmers’ field experiment. Bhaktapur, 
Nepal. Wet season 2001. 

Recovery 
Fraction 

N recovery from fertilizer (kg ha-1) 
Urea                       Urea + Azolla 

15N recovery % 
Urea                   Urea + Azolla 

Shoot 
Grain 
Σ Rice 
Azolla 
Soil 
(0-15 cm) 
(15-30 cm) 
 
 
Total 
 
Unaccounted 
Nitrogen 

8.3 (0.82) 
12.7 (0.73) 
21.0 
- 
 
2.96 (1.09) 
0.99 (0.11) 
 
 
24.9 
 
 
5.0 

8.2 (0.29) 
14.7 (0.39) 
22.9 
1.4 (0.32) 
 
3.74 (0.36) 
1.52 (0.25) 
 
 
29.6 
 
 
0.34 

27.7 (2.73) 
42.2 (2.42) 
69.9 
- 
 
9.87 (3.66) 
3.31 (0.37) 
 
 
83.0 
 
 
17.0 

27.0 (0.99) 
48.9* (1.33) 
75.9 
4.5 (1.07) 
 
12.5 (1.22) 
5.0 (0.83) 
 
 
98.6* 
 
 
2.12  

* Significant at 5 % level by t-test. 
 The value in the parentheses are standard errors (n = 4).  

 

In the second year, 15N recovery in the plot with Azolla cover was 91.7 %, 

which was significantly (P<0.05) higher than the recovery in the plot without Azolla 

(62%) (Table 4.9). Plant N recovery and yield was lower than in the first year. The rice 

plant (grain + shoot) had recovered 17 kg N ha-1 (57 %) with Azolla cover and 11.3 kg 

N ha-1 (37 %) without Azolla.  
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Table 4.9. Effect of Azolla cover on N-balance after application of second split 
application (30 kg N ha-1) at harvest. Farmers’ field experiment. Bhaktapur, 
Nepal. Wet season 2002. 

Recovery 
fraction 

N recovery from fertilizer (kg ha-1) 
Urea                 Urea + Azolla 

15N recovery % 
Urea                   Urea + Azolla 

Shoot 
Grain 
Σ Rice 
Azolla 
Soil 

(0-15 cm) 
(15-30 cm) 

 
 

Total 
 

Unaccounted 
Nitrogen 

4.4 (1.51) 
6.9 (2.39) 

11.3 
- 
 

3.8 (0.35) 
3.5 (0.57) 

 
 

18.6 
 
 

11.4 

6.3 (0.78) 
10.8 (1.95) 

17.1 
1.94 (0.83) 

 
4.5 (0.10) 
3.9 (0.52) 

 
 

27.4 
 
 

2.6 

14.6 (5.04) 
23.0 (7.97) 

37.6 
- 
 

12.7 (1.15) 
11.5 (1.91) 

 
 

61.8 
 
 

38.2 

20.9 (2.6) 
36.1* (6.5) 

57.0 
6.5 (2.75) 

 
15.0 (0.35) 
13.2 (1.76) 

 
 

91.7* 
 
 

8.3 
 * Significant at 5 % level by t-test. 
 The values in the parentheses show standard errors (n = 4). 
 

At maturity stage, the rice plant was competitive in taking up applied fertilizer 

for reproductive purposes. Thus, in the first year grain recovered 48.9 % of urea-N in 

the Azolla-covered system, which was significantly higher (P<0.05) than without Azolla 

(42.2 %). In the second year, grain recovered 36 % of urea-N in the Azolla system, 

showing that later in the season recovery is enhanced by the N uptake by grains. The 

effect of Azolla integration was prominent at maturity, but was not very effective before 

tillering. Apparently, NH3 volatilization was a more potent loss mechanism later in the 

season. Unfortunately, the floodwater characteristics were not monitored at this time. 

The urea-N was more efficiently used by rice plant in the presence of an Azolla cover. 

Urea-N in the range of 4.5-6.5 % was immobilized in the Azolla biomass and 9.8-15 % 

of the urea-N remained in the soil in both years. Whether these residuals were recovered 

in the following wheat crop or not will be explored in the following sections.  

 

4.3.3 N sequestration by Azolla and its availability to the rice plant 

a. Fate of first urea dose  

To quantify the amount of N which Azolla can sequester or conserve, the Azolla was 

labeled with 15N in the micro-plots and interchanged with Azolla in the non-labeled 

micro-plots. The Azolla was interchanged two weeks after the first urea application. The 
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Azolla from plot A (urea* +Azolla*) (where 15N labeled urea was applied) was 

interchanged with Azolla from plot B (urea + Azolla), which was tracer free till that 

point. The spare plot C (urea* +Azolla*) was sampled at the time of Azolla exchange 

and the 15N recovered at this time was measured (Table 4.10 and 4.11). In the first year, 

two weeks after the first split (30 kg N ha-1) urea application, only 40.8 % urea-N was 

recovered in the plant-Azolla-soil system (Table 4.10). In the second year, urea-N 

recovery was 46 % (Table 4.11). Losses were thus 59.2 % and 54 %, respectively. 

 
Table 4.10.15N enrichment and recovery in rice (shoot + root), Azolla, soil in Plot C 

(spare plot) with 4.77 atom % 15N excess urea at the time of Azolla 
interchange between Plot A and Plot B (15 days after first dose urea 
application). Rice field experiment, Bhaktapur, Nepal, wet season 2001.  

Plant parts Atom%        N yield            Ndff%      N recovered                15N 
15N excess    (kg ha-1)                         from fertilizer       Recovery% 
                                                               (kg ha-1)             

Azolla 
 
Shoot 
 
Root 
 
Soil (0-15) 

 
Soil (15-30) 

 
 

 

Total 

 1.849           4.5                   38.8               1.7                    5.7 
  (0.08)               (0.26)                   (1.73)                 (0.03)                   (0.11) 
0.927           11.9                   19.5               2.2                   7.5 
 (0.10)                 (1.71)                   (2.14)                 (0.28)                   (0.939) 
 0.689           1.7                    4.5                0.25                 0.83 
  (0.05)               (0.23)                     (1.14)                (0.02)                  (0.07) 
0.013            1898                  0.28              5.6                   18.6 
(0.001)               (272)                      (0.02)                (0.72)                   (2.4) 

 0.006           1797                   0.13              2.4                   8.2 
 (0.000)             (339)                      (0.004)               (0.26)                   (0.86) 

                                                                                    
                                                     12.1                  40.8 

        The values in the parentheses show standard errors (n = 4).   
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Table 4.11.15N enrichment and recovery in rice (shoot + root), Azolla, soil in Plot C 
(spare plot) with 4.63 atom % 15N excess urea at the time of Azolla 
interchange between Plot A and Plot B (15 days after first dose urea 
application). Rice field experiment, Bhakatapur, Nepal, wet season 2002. 

Plant parts Atom %         N  yield         Ndff%          N recovered            15N        
15N excess     (kg ha-1)                             from fertilizer      Recovery% 

                                                       (kg ha-1) 
Azolla 
 
Shoot 
 
Root 
 
Soil (0-15) 
 
Soil (15-30) 
 
Total 

1.712            6.2                   36.9                 2.8                       9.2 
 (0.05)              (1.24)                    (1.01)                   (0.51)                        (1.71) 
1.433            5.8                   30.9                 1.8                       6.1 
(0.06)               (1.50)                    (1.29)                   (0.50)                         (1.65) 
1.166           7.3                    22.9                 1.8                       6.1 
(0.016)             (0.56)                    (0.35)                    (0.15)                         (0.51) 
0.009           2145                  0.2                   4.0                       13.2 
(0.000)             (20)                        (0.001)                   (0.33)                        (1.11) 
0.009           1557                  0.2                   3.5                       11.8 
(0.00)               (46)                       (0.003)                   (0.49)                       (1.63) 

                                                        13.9                     46.4 
 The values in the parentheses show standard errors (n = 4). 
 

 These losses are similar to the unaccounted N (57.4% and 36.7%) at maximum 

tillering in the urea + Azolla treated plots (Table 4.6, 4.7). This confirms that only an 

average of 47 % of the first dose applied urea-N was recovered in the system. The 

higher losses could be the combined effect of ammonia volatilization, denitrification 

and leaching. Han et al. (2002) in their N-cycle model in a rice field in China reported 

that from 27 % of the total N losses, 20 % is from NH3 volatilization, 5% from 

denitrification and 2 % from leaching. In a study conducted in Australia on a clay soil 

with pH 8.2 Simpson et al. (1984) reported 46 % of applied N was lost from water-

plant-soil system during the first 11 days after application. Only 11 % was volatilized as 

ammonia and 35 % of applied N was lost through denitrification. In the present 

experiment, Azolla coverage suppressed the ammonia volatilization losses, so higher 

percentage losses might be due to denitrification or leaching. 

 

Transfer of Azolla-N to rice and soil at maximum tillering 

In the first year when Azolla was enriched with 4.77 atom % 15N excess urea, the atom 

% 15N excess found in Azolla after exposure of Azolla for two weeks to labeled urea was 

1.849 % and N recovered from fertilizer was 1.7 kg ha-1 ( 5.7 % recovery). The Azolla 

dry matter weight at this time was 235 kg ha-1. In the second year, the atom % 15N 

excess found in Azolla  was 1.712  and the Azolla recovery 2.8 kg ha-1 N (9.2 % 
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recovery) from the fertilizer. The Azolla dry matter weight this time was 302 kg ha-1.  

This shows that Azolla had taken up applied urea-N but only a very small amount. The 

reason is that the growth rate of Azolla was very slow with little chance of biological 

nitrogen fixation (BNF). BNF usually does not take place for a period of 5-10 days 

following N fertilization (Vlek et al., 1995). Bacteria which are involved in the 

microbial processes for N-transformations probably competed for mineralised nitrogen 

and thus only a small amount of N was available for Azolla.   

The transfer of 15N to rice and soil from this Azolla by the time of maximum 

tillering (22 days after exchange) is summarized in Table 4.12 and Table 4.13 for both 

years. The 15N enrichment in the rice plant at this time is due to the contribution of 15N 

from the Azolla. The 15N atom % in shoot, root and soil at the time of maximum 

tillering exceeded the natural abundance (0.3663).  This shows that N, which was 

sequestered by Azolla, had been released and was taken up by the rice plant within 23 

days.  A slightly higher recovery was observed in the second year due to better Azolla 

coverage.  

The application of 30 kg N ha-1 of labeled urea (4.77 atom % 15Nexcess) added 1.43 kg 
15N to the soil-plant system of the first experiment, whereas in the second year, labeled 

urea (4.63 % 15N atom excess) added 1.39 kg 15N to the system. The distribution of the 

first dose of urea applied in the various plant parts and soil was measured at maximum 

tillering. The 15N recovered in the rice plant parts of Plot B was the contribution of 

Azolla mineralization (Table 4.12 and Table 4.13). There was 0.09 kg ha-1 of 15N input 

from the interchanging of Azolla in the first year. Thus 89 % of Azolla-N was recovered 

by the Azolla-rice-soil system in plot B. The Azolla alone could not be sampled at the 

time of maximum tillering due to its low biomass and most of this was mixed up with 

the soil. Although the contribution of Azolla was low, it was shown that Azolla can 

release N which it had tied up earlier. The plot without Azolla exchange (WAE) had 

recovered 0.52 kg 15N ha-1 (36 %). This again confirmed 64 % loss of first dose of urea 

application. 
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Tabel 4.12 15N transfer to the rice and soil with 15N labeled Azolla (Azolla with 
1.849atom  % 15N excess which was enriched after first Azolla interchange) 
at maximum tillering. Farmers’ field experiment. Bhaktapur, Nepal, wet 
season 2001. 

Plots 15N 

input 

Stem Root Soil + Az 

(0-15) 

Soil + Az 

(15-30) 

Total 

Urea* + Azolla(A) 
 

Urea + Azolla*(B) 
 

Σ A + B 
 

Urea*+Azolla*(WAE) 
 

1.43 
 

0.09 
 
 
 

1.43 

0.137 
 

0.015 
 

0.152 
 

0.149 

0.035 
 

0.01+ 
 

0.045 
 

0.059 

0.22 
 

0.05 
 

0.27 
 

0.23 

0.078 
 

0.004+ 
 

0.082 
 

0.085 

0.47 
 

0.08 
 

0.55 
 

0.52 

 + mean of three replications 
 Az = Azolla 
 15N labeled 
WAE plot without Azolla exchange 
 

Table 4.13 15N transfer to rice and soil with 15N labeled Azolla (1.714 atom % 15N 
excess which was enriched after first Azolla interchange) at maximum 
tillering. Farmers’field experiment, Bhaktapur, Nepal, wet season, 2002.  

Plots 15N 
input 

Stem Root Soil + Az 
0-15 

Soil + Az 
15-30 

Total 

Urea* + Azolla(A) 
 

Urea + Azolla*(B) 
 

Σ A + B 
 

Urea*+Azolla*(WAE) 

1.39 
 

0.11 
 
 
 

1.39 

0.23 
 

0.01 
 

0.24 
 

0.24 

0.12 
 

0.007 
 

0.127 
 

0.12 

0.34 
 

0.06 
 

0.40 
 

0.20 

0.07 
 

0.03+ 
 

0.10 
 

0.12 

0.76 
 

0.10 
 

0.86 
 

0.68 
+ mean of three replications 
 Az = Azolla 
  *    15N labelled 
WAE plot without Azolla exchange 
 

In the second-year experiment, 1.39 kg 15N was added into the system (Table 16). 

Before interchanging, Azolla was labelled 1.714 atom % 15N excess and it had 

transferred 0.11 kg 15N to Plot B. The whole system (A + B) and plot without Azolla 

exchange (WAE) had recovered 54.7 % and 48.9 % of the applied 15N respectively. 

This is again in agreement with losses of the first dose of urea application. 
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b. Fate of second urea dose  

The second split dose of urea was applied 38 days after transplanting at maximum 

tillering. The Azolla was exchanged two weeks after the second split urea application 

between plots D and E. The Azolla of Plot D (urea* + Azolla*), which was labeled with 

4.77 atom % 15N excess, was exchanged with Azolla of the Plot E (urea + Azolla), 

which was tracer free till then. The spare plot (Plot F) was sampled to monitor the fate 

of the urea-N. Data are presented in Tables 4.14 and 4.15. The data show that there was 

only a minimal loss of the urea-N from the second split dose application. A total of 95.2 

% and 92.8 % N was recovered by the rice-Azolla-soil system two weeks after the 

second split application in 2001 and 2002, respectively, suggesting that at this stage the 

demand of the plant for the nutrient is very high and the chances for loss are low. 

Summarizing, it can thus be stated that split application of urea improved the N 

recovery.  

 
Table 4.14 15N enrichment and recovery in rice (shoot + root), Azolla and soil in Plot 

F(spare plot) with 4.77 atom % 15N excess urea at the time of second Azolla 
interchange between plots D and E (15 days after second split dose urea 
application), rice field experiment, Bhakatapur, Nepal, wet season, 2001.  

Plant parts Atom%            N yield                  Ndff %      15N recovery  
Recovery 
15Nexcess          kg ha-1                                        (kg ha-1)                  % 

Azolla 
 
Shoot 
 
Root 
 
Soil (0-15) 
 
Soil (15-30) 
 
Total 

1.01                   6.14                      21.2                1.4                    4.5 
(0.11)                        (0.91)                        (2.26)                 (0.32)                     (1.07) 
1.146                  81.4                      24.1               19.9                   66.2 
(0.05)                      (5.59)                          (1.07)                  (3.15)                     (0.05) 
0.6126                11.7                     12.9                1.5                     5.1 
(0.02)                       (2.64)                         (0.45)                 (0.13)                     (0.44) 
0.007                 1576                      0.2                 2.5                     8.4 
(0.003)                    (328)                          (0.02)                 (0.32)                      (1.06) 
0.007                  715                       0.2                 3.3                     11.0 
(0.00)                      (35.8)                         (0.03)                  (0.88)                     (2.9) 
                                                                              28.6                   95.2 

 The values in the parentheses shows standard errors( n = 4). 
Ndff % the fraction of N in the plant and soil derived from 15N labelled fertilizer 
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Table 4.15.15N enrichment and recovery in rice (shoot + shoot), Azolla and soil in Plot F 
with 4.63 atom% 15N excess urea at the  time of second Azolla interchange 
between  plot D and E (15 days after second split dose urea application), rice 
field  experiment, Bhakatapur, Nepal, wet season, 2002. 

Plant parts Atom%           N yield               Ndff%     15N recovery          Recovery 
15N excess      kg ha-1                                   (kg ha-1)                   % 

Azolla 
 

Shoot 
 

Root 
 

Soil (0-15) 
 

Soil (15-30) 
 

Total 

1.26                6.0                       35.2              2.0                     6.5 
(0.09)                  (2.83)                         (2.08)                (0.83)                    (2.75) 
1.52               11.0                      32.9              18.1                   60.0 
(0.11)                  (5.89)                          (2.33)               (1.47)                    (4.9) 
0.975             18.4                       21.1             2.4                     8.0 

(0.06)                 (2.64)                           (1.28)              (0.26)                     (0.88) 
0.007             2004                      0.1               2.8                     9.2 

(0.003)                (82)                              (0.03)              (0.72)                     (2.41) 
0.006             1557                     0.1                2.7                     9.1 

(0.001)               (0.001)                        (0.004)              (0.92)                     (3.07) 
                                                                        28.0                  92.8 

      The values in the parentheses show standard errors (n = 4). 
 

 

Transfer of Azolla-N to rice at harvest 

The fate of N sequestered by Azolla and the fraction of it that was available to the 

standing crop can be traced by Azolla which was labeled with 15N and exchanged with 

Azolla in non-labeled plots. The data are given in Tables 4.16 and 4.17. The 15N 

enrichment in rice plant parts followed the exposure to Azolla with 1.01 atom% 15N 

excess in 2001 and 1.26 atom % 15 N excess in 2002, which was enriched by 

exchanging labeled Azolla of Plot D with non-labeled Azolla of Plot E. At this stage, the 

rice plant itself had taken up more urea-N, so a smaller amount was available for Azolla. 

It still contributed to the grain and straw of the standing rice, which is seen from the 

atom %, which exceeded natural abundance (0.3663). The Azolla biomass was also very 

low at this stage, so its contribution was also low. Azolla dry matter weight at this time 

was 212 kg ha-1 in 2001 and 238 kg ha-1 in 2002.  In the first year, the 15N coming from 

the Azolla was 0.06 kg 15N ha-1 and contributed  to Plot E. Both rice and soil captured 

96.6 % of N supplied by Azolla.  As compared to the top dressed plots, the rice had 

recovered more urea-N, which led to 82.9 % in the exchanged plots and 92.2 % in the 

plot without Azolla exchange (Table 4.16).   
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Table 4.16 15N transfer to rice (grain + shoot) and soil at harvest with 15N labeled Azolla 
(Azolla with 1.01 atom % 15N excess which was enriched after second Azolla 
interchange). Farmers’ field experiment, Bhaktapur, Nepal. Wet season, 
2001. 

Plots 15N 
input 

Stem Grain Soil + Az 
(0-15) 

Soil + Az 
(15-30) 

Total 

Urea* + Azolla(A) 
 

Urea + Azolla*(B) 
 

Σ A + B 
 

Urea*+Azolla*(WAE) 

1.43 
 

0.06 
 
 
 

1.43 

0.346 
 

0.005 
 

0.351 
 

0.388 

0.66 
 

0.006 
 

0.666 
 

0.70 

0.12 
 

0.007 
 

0.127 
 

0.16 

0.06 
 

0.04 
 

0.10 
 

0.07 

1.186 
 

0.058 
 

1.244 
 

1.318 
+ mean of three replications 
Az = Azolla 
* 15N labeled 
WAE plot without Azolla exchange 
 

In the second year, the recovery of the 15N by the Azolla after the second split 

dose and Azolla exchange was 1.01 atom % 15 N excess and contributed 15N of 0.08 kg 

ha-1 to plot E. The rice and soil held 87.5  % of Azolla-N supplied by Azolla. A total of 

71.2 % and 84.2 % were recovered in the Azolla-rice-soil system from two plots (Σ D + 

E) with Azolla exchange and without Azolla exchange (WAE), respectively (Table 

4.17). 

 

Table 4.17. 15N transfer to rice (grain + shoot) and soil at harvest with 15N labeled 
Azolla (Azolla with 1.26 atom % 15N excess which was enriched after second 
Azolla exchange). Farmers’ field experiment, Bhaktapur, Nepal. Wet season, 
2002. 

Plots 15N 
input 

Stem Grain Soil + Az 
(0-15) 

Soil + Az 
(15-30) 

Total 

Urea + Azolla*(A) 
 

Urea + Azolla*(B) 
 

Σ A + B 
 

Urea*+Azolla*(WAE) 

1.39 
 

0.08 
 
 
 

1.39 

0.30 
 

0.003 
 

0.303 
 

0.30 

0.376 
 

0.004 
 

0.38 
 

0.49 

0.18 
 

0.02+ 
 

0.20 
 

0.20 

0.13 
 

0.04+ 
 

0.17 
 

0.18 

0.99 
 

0.07 
 

1.06 
 

1.17 
+ mean of three replications                       * 15N labeled 
WAE plot without Azolla exchange               Az = Azolla 
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4.3.4 15N balance in pot experiment 

The fate of a single application of urea at the rate of 360 mg per pot was studied by the 
15N balance. The 15N recovery by the rice plant (grain, shoot and root) and soil per pot is 

summarized in Table 4.18. A total of 78.4 mg pot-1 (21.6 %) was recovered by rice 

plants in the pot without Azolla cover and 86.0 mg pot-1 (23.7 %) with Azolla cover. 

Although the difference was not significant, with Azolla cover 64.5 % was recovered by 

the whole system (soil + rice) as compared to 55 % without Azolla cover. The soil 

recovery was higher than the rice plant recovery. The un-accounted N might have been 

due to immobilization by Azolla, as Azolla had been incorporated in the soil at the time 

of exchange, and partly due to denitrification and sampling losses. The volatilization 

losses are expected to have been suppressed by the Azolla cover.  

 

Table 4.18.Urea-N balance with Azolla cover for single dose 360 mg N per pot 
application. On-station pot experiment, Khumaltar, Nepal. Wet season, 2002. 

Recovery 
Fraction 

 N recovered from fertilizer           
              mg pot-1       
Urea        Azolla + Urea  

          15N recovery % 
 
Urea                 Azolla +Urea  

Shoot 
(70 DAT) 
Shoot 
(at harvest) 
Grain 
 
Root 
 
Σrice 
 
Azolla 

 
 
Soil 

 
 
Total 
 
Unaccounted 
Nitrogen 

17.7                          18.4 
  (2.82)                            (3.13) 
33.0                          38.6 
  (1.36)                               (3.36) 
24.3                          25.4 
  (0.63)                              (1.04) 
  3.4                            3.6 
 (0.63)                               (1.04) 
78.4                          86.0                
        
-                                 18.6        
                                   (0.52) 
 
120.2                        128.0 
(7.49)                         (13.16) 
 
198.6                         232.6  
 
161.4                         127.4 

     4.8                      5.1 
     (0.78)                     (0.87)  
     9.2                    10.7 
     (0.38)                      (0.93) 
     6.7                      6.9 
     (0.43)                       (0.07) 
     0.93                    1.00 
     (0.19)                       (0.30) 
   21.6                    23.7 
 
 -                              5.2 
                                (0.14) 
 
   33.4                    35.6 
     (2.06)                   (3.66) 
 
   55.01                    64.5 
 
   44.9                      35.5 

   The values in parentheses are standard errors (n=3). 
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A Detailed 15N labeled urea balance 

In the pot experiment, Azolla N was traced with 15N by exchanging the Azolla of the 15N 

enriched pot (Pot A) with Azolla in the pot without 15N enrichment (Pot B). The Azolla 

was exchanged 15 days after the urea application. The spare pot (Pot C) was sampled to 

monitor 15N content at the time of Azolla exchange. The 15N enrichment in the Azolla 

and rice parts at the time of Azolla exchange is given in Table 4.19. 

 

Table 4.19.15N enrichment in rice and Azolla (5 % atom urea) of  Pot C at time of Azolla 
exchange between Pot A and Pot B (15 days after urea application).On-
station pot experiment, 2002. 

 Atom % 
15N excess 

 Ndff %                  N recovered               15N 
                             from fertilizer        Recovery   
                               mg pot-1                    % 

Azolla 
Shoot 
Root 
Soil(0-5) 
(5-10) 
Total 

2.33 (0.07) 
0.99 (0.12) 
0.71 (0.10) 
0.50 (0.09) 
0.112 (0.007) 

 

51   (0.016)               18.6 (0.52)           5.1 (0.19) 
21   (0.025)               10.7 (2.96)           3.0 (0.59) 
15   (0.022)               0.4 (0.09)             0.1 (0.03) 
2.4  (0.48)                 47.7 (3.2)            13.3 (0.9) 
0.59 (0.08)                11.6 (1.8)            3.2 (0.48) 

                                 89.0                  24.7 
 The values in the parentheses represent standard errors (n=6) 
 

Two weeks after fertilization, Azolla had derived 5.1 % N from the fertilizer, 

whereas shoots derived only 3 % and roots 0.1 %. Thus, competition for applied N 

between Azolla and rice plant was strong. The remaining 3 % was found in the soil (0-

10 cm depth). A total of 24.7 % of the 15N had been recovered.  The fertilizer N yield 

and the N recovery percentage at this time were very low due to the low biomass yield 

of the rice. The Azolla recovered 18.6 mg of the applied 15N urea. This Azolla was 

incorporated in the soil during exchanging and some of this had become available to the  

rice and at harvest (Table 4.20). 

The 15N atom % in the plant parts exceeded the 15N natural abundance of 

0.3663 %. The enrichment in the plant parts indicates that Azolla had partly mineralised 

and that its N was available for the growing rice. The application of 360 mg N per pot 

of labeled urea 4.63 atom % 15N excess added 16.67 mg 15N to the soil plant system of  

Pot A (urea* + Azolla) with Azolla exchange and Pot C without Azolla exchange (urea* 

+Azolla*). Only 0.86 mg 15N was transferred to Pot B with labeled Azolla (urea + 

Azolla*) after exchange (Table 4.20). 
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The Azolla and plant system of Pot A recovered 8.96 mg 15N, i.e., 53.8 % of the 

added 15N. An additional 0.82 mg 15N was recovered in Pot B, giving a total recovery of 

9.78 mg 15N. In Pot C, without Azolla exchange, 9.83 mg 15N was recovered, i.e., 60.8 

% of the added 15N. 

 

Table 4.20.15 N transfer in rice with 15N labeled Azolla (Azolla with 2.33 atom % 15N 
excess) at harvest. On-station pot experiment, Khumaltar, Nepal. Wet season 
2002.  

Pots 15 N input 

mg pot-1 

Shoot 

70 DAT 

Shoot  

harvest 

Grain 

harvest 

Root 

harvest 

Soil Total 

A 16.7 0.76+ 0.97 1.02 0.14 6.07 8.96 

B 0.86 0.09 0.02 0.11 0.02 0.58 0.82 

Σ A + B  0.85 0.99 1.13 0.16 6.65 9.78 

C(WAE) 16.7 0.87+ 0.76 1.34 0.17 6.69 9.83 

     + Means of three replications 
    WAE pot without Azolla Exchange 

 

4.4 Residual effect of rice nitrogen on succeeding wheat crop 

 The wheat crop grown in the same plot of the preceding rice crop of the first-year 

experiment (2001) was studied for grain, straw yield in the main plots and 15N recovery 

in the micro-plots. Additional nitrogen fertilizer was applied at the rate of 30 kg N ha-1 

in all major and micro-plots. Thus, in addition to the residues of the first crop, there was 

also the effect of N added to all treatments. The wheat grain and straw dry matter yield 

and N yield are summarized in Table 4.21. There was no significant residual effect on 

the yield of wheat either by urea-N or by Azolla N. 
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Table 4.21.Effect of N fertilization of the preceding rice crop with Azolla, and/or urea 
on wheat dry matter yield and N uptake. Farmers’ field wheat experiment, 
Bhaktapur, Nepal, 2001-2002. 

Treatment Yield (Mg ha-1) 
Grain           Straw 

N uptake (kg ha-1) 
Grain              Straw 

Control 
30 kg N ha-1 
60 kg N ha-1 
90 kg N ha-1 
120 kg N ha-1 

Azolla 
Urea +Azolla 
LSD (0.05) 

P value 

2.2                3.8 
2.6                4.4 
2.3                4.2 
2.1                3.7 
2.6                3.9 
2.4                4.3 
2.3                3.9 
0.30              0.78 
ns                 ns 

 
 

35                  9 
41                  11 
38                  12 
34                 10 
42                  10 
38                  12 
38                  10 
8.03              3.47 
ns                   ns 

LSD=Least Significant Difference 
Ns= non significant 

 

To determine whether 15N applied at the time the rice crop was available for the 

succeeding crop of wheat, wheat plants were sampled twice from the micro-plots, once 

at the time of maximum tillering and a second time at harvest. The residual 15N 

calculations and the 15N fertilizer residual recovery at maximum tillering is given in 

Table 4.22. At maximum tillering, the wheat stem recovered 0.24 % of the original 

application left as residual labeled urea (0.07 15N kg ha-1) irrespective of treatment. The 

residual recovery by the labeled Azolla is very low (0.05 %). The residual recoveries by 

roots were negligible.  

 

Table 4.22. Residual recovery of fertilizer N applied to rice crop during first-year rice 
experiment (2001) by succeeding wheat crop (2001-02) with and without 
Azolla  cover at maximum tillering. Farmers’field experiment, Bhaktapur, 
Nepal. 

Treatments N recovery ( kg ha-1) 
Stem                      Root 

Recovery % 
Stem                      Root 

Urea* 

Urea*+Azolla 

Urea+Azolla* 

Urea*+Azolla* 

0.07 

0.07 

0.01 

0.07 

0.0043 

0.0048 

0.00047 

0.005 

0.24 

0.24 

0.05 

0.23 

0.01 

0.02 

0.0028 

0.02 

* 15N labeled  
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Residual recoveries at harvest were slightly higher than at maximum tillering (Table 

4.23). Wheat grain recovered < 1 % in all treatments; recovery of residual 15N labeled 

fertilizer in a succeeding crop is generally < 5%, irrespective of crop type and location 

(Pilbeam et al., 2002). Zapata and Van Cleemput (1986) found that for 15N applied to 

sugar beet the residual 15N taken up in the second crop was less than 1%. Therefore, the 

result of this experiment was similar to those reported in previous studies. 

 

Table 4.23.Residual recovery of fertilizer N applied to rice crop during first-year rice 
experiment (2001) by succeeding wheat crop (2001-02), with and without 
Azolla cover at harvest. Farmers’ field experiment, Bkaktapur, Nepal. 

Treatments N recovered from fertilizer 
(kg ha-1) 

Stem                      Grain 

15N Recovery % 
 

Stem                      Grain 
Urea* 

Urea*+Azolla 

Urea+Azolla* 

Urea*+Azolla* 

0.15 

0.10 

0.01 

0.11 

0.29 

0.16 

0.04 

0.28 

0.51 

0.34 

0.27 

0.37 

0.98 

0.52 

0.92 

0.95 

 * 15N labeled 
 

Residual recoveries in the soil at different depths are summarized in Table 4.24. 15N 

residual retention in soil is higher than recoveries by wheat. The roots and stubble 

remained in the soil after the previous rice crop harvest. Therefore, it might be the 

mineralization of the roots of rice which released N to the soil for the succeeding wheat 

crop.  At the time of wheat harvesting, the 15N recovery by soil at a depth of 0-15 cm 

ranged from 1.23 to 5.15 kg ha-1 (4-13%). Even at the 15-30 cm depth, there were 

recoveries of 3-4% (Table 4.24).  
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Table 4.24. Residual 15N recovery in soil of wheat crop from application of 15N in 
previous rice crop of 2001. Farmers’ field experiment, Bhakatapur, Nepal, 
2001-2002. 

Treatments N recovered from fertilizer 
(kg ha-1) 

0-15 cm                15-30 cm 

15N Recovery  % 
 

0-15 cm               15-30 cm 
Urea 

Urea*+Azolla 

Urea+Azolla* 

Urea*+Azolla* 

3.01 

1.54 

1.23 

5.15 

1.35 

1.38 

1.04 

1.28 

10.0 

4.6 

4.0 

13.8 

4.5 

3.6 

3.4 

4.4 

 

The high retention by the soil might be due to released N that was bound in the organic 

N pool of the soil. The possibility of N retention in the soil organic pool is explained in 

several studies (Ladd and Amato, 1986); furthermore, biological activity controls the N 

availability to growing plants (Haynes, 1999). Hart et al. (1993) claimed that most (84-

94%) of the labeled N was retained in the soil (0-23 cm) and stubble at the harvest of 

the application year. Part of the labeled N remained in inorganic form, part in dead 

organic matter and some in soil microbial biomass. They also concluded that only 16 % 

of the labeled 15N remaining in the soil (0-70 cm) and stubble in the year of application 

was taken up by subsequent crops during four subsequent years, that 29 %  was lost 

from the crop-soil system and 55 % remained in the soil. A study on crop residue 

management may give more information on this process. In the present experiment, the 

stubble residue of the preceding rice crop was not sampled for 15N analysis. 

 

Organic matter content in field soil  

To evaluate the enrichment of soil with organic matter due to the Azolla cover, soils 

were sampled from the main plots of four treatments; control, urea alone (60 kg N ha-1), 

Azolla alone, Azolla + urea (60 kg N ha-1). Soils were sampled at the depth of 0-2 cm 

and 2-5 cm with the help of netted cores. The composite samples were taken during 

maximum tillering and at harvest of the first- and second-year rice experiments. The 

samples were analysed for organic carbon and nitrogen. At maximum tillering, organic 

C and N content were found to be in the range of 1.45 – 1.66 % organic carbon and 

0.15-0.17 % N, irrespective of treatments. The sampling at harvest shows some 

variation (Figure 4.11). The soil samples at rice harvest gave slightly higher N and 
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carbon contents than at maximum tillering. The total N content in the soil of the Azolla 

alone and urea +Azolla treatments is 0.20 and 0.22 %, respectively, which is slightly 

higher than in control and the urea alone treatment (0.18 %), but statistically not 

significant.  

The organic carbon content was the same in both years for all treatments. The 

plots with Azolla alone and urea +Azolla gave slightly higher carbon contents in the 0-2 

cm depth as compared to the control and urea alone (Figure 4.12) plots. The results thus 

indicate that Azolla can add N and organic carbon to the soil. A more detailed study is 

needed to monitor organic matter enrichment by Azolla in the long term.   In this 

context, Mandal et al. (1999) found that the enrichment of soil with organic matter due 

to Azolla incorporation and inoculation is minimal due to the high decomposition rate of 

Azolla as it contains < 5% lignin in the young stage. But if Azolla is mature enough, its 

lignin content may reach 30 % (Van Hove, 1989), and if it remains in the soil for a 

longer period, it will increase the organic matter content in the soil (Mandal et al., 

1999). Sisworo et al. (1990) reported a significant increase in the organic carbon 

content in the soil due to successive Azolla cropping with rice. 
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Figure 4.11.Effect of Azolla cover on total N content of soils at rice harvest. Farmers’ 
 field experiment. Bhaktapur, Nepal. Wet seasons, 2001 and 2002. 
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Figure 4.12.Effect of Azolla cover on organic carbon addition in soils at rice harvest. 
Farmers’ field experiment. Bhaktapur, Nepal. Wet seasons,2001 and 2002. 
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5 GENERAL DISCUSSION 

 

Today’s increasingly intensive cultivation of both rice and wheat results in the 

application of larger quantities of chemical fertilizers, mainly of urea. Intensive 

cultivation is required to support a growing population, which has been projected to 

double by the end of 2004 in South Asia. The green revolution of the 1960s introduced 

high yielding and short duration rice and wheat varieties in the South Asian sub-

continent, which has facilitated the appearance and the rapid spread of multiple 

cropping systems (Sharma and Chandra 1997) such as rice-wheat systems. Rice 

production in South Asia grew steadily between the early 1960s to the 1990s, but 

recently these yield increases have started to slow down (Hobbs et al., 1997) and 

decline (Ladha et al., 2003). It has been estimated that more than 30 % of the increase in 

the productivity of rice and wheat is due to the use of chemical fertilizers (CGIAR, 

2003). However, rising fertilizer prices, different government policies, inappropriate use 

of chemical fertilizer by farmers and low efficiency of applied mineral-N raises 

questions regarding the sustainability of such systems. The poor efficiency of N 

fertilizers has been documented by many researchers in the past decades. Urea is the 

major N fertilizer for rice, but the efficiency of urea applied to flooded rice rarely 

exceeds 30-40% (De Datta et al., 1983) as N is lost by ammonia volatilization and 

denitrification (Craswell and Vlek, 1979). Loss through ammonia volatilization can 

account for as much as 50% of the applied urea within two weeks of its application, 

depending on fertilizer management and environmental conditions (Fillery and Vlek, 

1986). The extent of ammonia volatilization is determined by wind velocity and the 

partial pressure of NH3 in the floodwater, which in turn is affected by ammoniacal N 

concentration, pH and temperature (Vlek and Craswell, 1981).  

The significant role of the aquatic fern Azolla in the reduction of ammonia 

volatilization has recently been recognized through various greenhouse and field 

experiments. In a study with 15N by Vlek et al. (1995), a complete Azolla cover reduced 

losses of 30 kg and 60 kg applied urea-N from 45-50 % to 20-30 %, respectively. In the 

present field experiment, floodwater chemistry was studied in detail to quantify the role 

of  Azolla in curbing ammonia volatilization and the mechanisms involved. 
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5.1 Floodwater chemistry 

Ammonia volatilization is affected by floodwater chemistry. No major losses occur at 

low temperatures, at floodwater pH less than 7 and at ammonia partial pressures of less 

than 0.05 Pa. However the application of urea to an open water surface tends to 

significantly exceed these critical values, making ammonia volatilization likely to occur. 

The study of the floodwater chemistry following the first urea application shows that an 

active change took place during the first 5 days. The highest pH was occured in plots 

with high N application (30 and 60 kg N ha-1), and increased from an initial value of 5.5  

to 7.5 in day 5 in the first-year experiment and from 4.5 to 8.5 in the second-year 

experiment.  An Azolla cover reduced the floodwater pH by 1.2-1.4 units during the first 

4 days in 2001 and by 1.5-2.2 units in 2002. The hydrolysis of urea led to the 

production of a weak ammonium bicarbonate in the floodwater solution, which is an 

ideal growth medium for PAB (Vlek and Craswell, 1981). The photosynthesis of this 

aquatic biomass causes diurnal fluctuations in the pH of the floodwater by depletion of 

CO2 during the day through assimilatory activity and replenishment through respiratory 

activity at night (Vlek et al., 2002; Roger et al., 1987). PAB, which plays a key role in 

NH3 volatilization (Roger, 1996), could be suppressed by Azolla growth. Azolla 

intercepts the incoming light, which is necessary for photosynthetic aquatic biomass 

growth, and increases the partial pressure of CO2 of the floodwater, which subsequently 

decreases floodwater pH (Vlek et al., 1992, 1995; Kumarasinghe and Eskew, 1993).  

 Floodwater temperature, which is another factor in the change of floodwater 

chemistry, can also be affected by Azolla cover, although it is more strongly affected by 

meteorological conditions such as air temperature, wind, rainfall and sunlight intensity. 

(Kröck et al., 1988 b). From day 2 to 6 after urea application, there was decrease in 

water temperature by an average of 2°C with Azolla coverage. The finding of De 

Macale (2002) was a 5° C difference with Azolla cover for the wetland rice of the 

Philippines. The temperature effect might be more prominent in the tropics, where air 

temperature is high. Cissè (2001) also reported a 1°C difference in floodwater 

temperature between Azolla-covered and uncovered pots in a greenhouse.  Floodwater 

temperature has an indirect effect on ammonia volatilization by affecting the partial 

pressure of NH3.  In the equation described by Denmead et al. (1983) for determination 
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of aqueous ammonia concentration and ammonia partial pressure, temperature is the key 

factor after pH and ammoniacal N concentration.  

 High ammoniacal N concentrations in the floodwater are expected within the 

5-day period after N application due to the hydrolysis of urea (Mikkelsen et al., 1978; 

Chauhan and Mishra, 1989). The highest ammoniacal N concentration was found in the 

60 kg N ha-1 plot, but this decreased sharply after 5 days. Azolla coverage on the other 

hand increased ammoniacal N concentration; this is similar to the findings of Cisse 

(2001) and De Macale (2002). The floodwater ammoniacal N concentration is also 

affected by soil type, rate and source of nitrogen and growth of algal biota (Vlek and 

Craswell, 1981). Many mechanisms can induce changes in the NH4 concentration such 

as plant uptake, nitrification, denitrification leaching, immobilization, NH4
+ fixation by 

clay minerals, and thereby affect the chain of equilibria of NH4
+ and NH3, which 

determine the extent of NH3 loss (Haynes and Sherlock, 1986). 

 The aqueous ammonia of the floodwater was affected by the Azolla cover. 

Mikkelsen (1987) reported that aqueous NH3 increased by a factor of 10 per pH unit in 

the pH range of 7.5-9.5 and it increased in a linear fashion with wind speed and 

temperature. The aqueous ammonia without Azolla reached 3.18 and 2.37 g N m-3, 

whereas with Azolla it decreased to 0.13 and 0.06 g N m-3. Similar observations were 

made in the partial pressure of NH3. Without Azolla, the NH3 partial pressure reached 

0.21 Pa in 2001 and 0.53 Pa in 2002, 3 days after urea application. With Azolla it was 

reduced to 0.0013 Pa and 0.05 Pa, respectively. Ammonia volatilization hardly occurs 

when the partial pressure is less than 0.05 Pa (Vlek et al., 1995). Therefore, lower 

aqueous ammonia concentration and partial pressure under Azolla cover reduced the 

potential for ammonia volatilization.  

 Even though Azolla had a significant effect on pH, aqueous ammonia and 

partial pressure of the floodwater, the effect was less pronounced as compared to the 

experiment conducted in the tropical climate of the Philippines by De Macale (2002). 

This was due to comparatively lower temperature and pH of the floodwater and lower 

Azolla cover in the present experiment. The effect could be more pronounced in other 

parts of Nepal (in the Terai region) where temperatures are higher than in the mid-hills.  



General discussion 

76 

5.2 Dry matter and grain yield 

The integrated use of chemical fertilizer and bio-fertilizer sources of N for crop 

production and its beneficial effect on crop yield has been well recognized. In flooded 

rice fields, all kinds of N2-fixing organisms can find favourable conditions for their 

growth such as heterotrophic aerobic and anaerobic bacteria, photosynthetic bacteria, 

cyanobacteria, and green manures (Azolla and legumes) (Roger, 1995). In this 

experiment, the effect of a rice/Azolla intercrop on rice yield was evaluated. The effect 

of Azolla was not evident at maximum tillering. At harvest, application of urea (60 kg 

ha-1) + Azolla gave a 5-15 % higher grain yield than urea (60 kg ha-1) alone. Similar 

findings were described by Subramani and Kannaiyan (1987), where Azolla application 

increased the yield of rice equivalent to the yield obtained by applying 30 kg N ha-1 as 

inorganic fertilizer. 

In a wetland rice field experiment in the Philippines, Bunoan (1987) reported 

that Azolla N can substitute inorganic fertilizer N when 20 t fresh Azolla ha-1 is 

combined with 30 kg urea N ha-1, Azolla being incorporated before transplanting. This 

increased the yield by 1.5 Mg ha-1 as compared to urea alone (30 kg ha-1). However, in 

the present experiment Azolla was not incorporated under field conditions. In the pot 

experiment, however, Azolla was incorporated 20 days after transplanting and the urea 

+Azolla combination increased the yield by 20 % as compared to urea alone.  Vlek et al. 

(1995) explained that full coverage of Azolla is required to show a synergistic effect on 

yield; in their pot experiment, full Azolla coverage led to a synergistic effect on rice dry 

matter production, amounting to 9 % increase at 30 kg N rate and 16 % at the 60 kg N 

rate. However, in the present field experiment, Azolla did not completely cover the 

micro-plots, as more green algae had developed there than in the main plots. In contrast, 

good Azolla coverage seems to be not always beneficial, as in the second year Azolla 

coverage was better than in the first year but yields were not. The Azolla must have 

been in competition with the rice crop. As a result, the synergistic effect of Azolla with 

urea and of Azolla alone was not prominent in the second-year experiment. 

In both years, application of Azolla combined with 60 kg N ha-1 gave a rice yield 

similar to that obtained by 90 kg N ha-1. This finding is similar to the findings of Singh 

et al. (1988), who showed that the intercropping of Azolla with rice in combination with 

30, 60, and 90 kg N ha-1 urea showed rice yields similar to those obtained by application 
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of 60, 90 and 120 kg N ha-1 as urea alone. Hendrati et al. (1998) reported that Azolla 

plus 60 kg N  ha-1 represented the best combination treatment, which increased all 

studied yield parameters in their greenhouse experiment.  In the present study, the yield 

increases due to Azolla intercropping (increases from 5-15 % in both field experiments 

and 20 % in the pot experiment) were within the range reported by Singh (1977), Manna 

and Singh (1989), and Kumarasinghe and Eskew (1995). They reported increases from 

5-28 % with Azolla incorporation. Singh and Mandal (1997) reported yield increases as 

high as 25-31 % in rice with 2 t ha-1 Azolla incorporation.  

Azolla integration also showed a significant effect on N uptake by grain. In the 

first year with Azolla alone, rice took up 70 kg N ha-1, which is more than with 30 and 

60 kg N ha-1 of applied urea. The Azolla and urea combination showed the highest grain 

N uptake of 78 kg N ha-1, which was similar to that with 120 N ha-1 urea. This effect 

was further confirmed in the pot experiment. 

Ventura et al. (1992) reported a significant correlation between Azolla N content 

and N uptake by rice. Watanabe et al. (1991) and Ventura et al. (1992) both confirmed 

that Azolla N mineralization and its N availability to rice are largely determined by 

Azolla N content and that at least 3.2 % N  is required for Azolla to display a fertilizer 

effect comparable to that of urea. The Azolla used in the present experiment contained 

2.5-3 % N, which is too low to have an effect.  

The N uptake differences between grain and straw among the treatments were 

reflected in the recovery efficiency %. The urea and Azolla combination showed a 10% 

higher recovery than urea alone in the first-year experiment, suggesting that Azolla 

contributed to the N availability. The N availability could be explained in detail by the 
15N balance study in the micro-plots given below. 

 

5.3 15 N recovery 

Differences were found in the 15N recovery between plots with and without Azolla 

coverage. At maximum tillering, from the total of 30 kg N ha-1 urea applied, only 38.4 

% was recovered by rice-soil system without Azolla cover and 42 % with Azolla cover. 

In the second-year, a slightly higher N recovery was found with 36 % loss in plots with 

Azolla cover as compared to 48 % in those without Azolla. The 42-60 % loss of the 

basal dose of application could not easily be correlated with ammonia volatilization. If 
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NH3 volatilization had been the principle loss mechanism, the Azolla cover should had a 

greater effect. Apparently, even without Azolla, the pNH3 was not conductive to great 

losses. More likely leaching and/or denitrification played a major role. At an early stage, 

fertilizer N in the soil or water is more vulnerable to losses due to a slower rate of N 

uptake by plants, which are just establishing. The nutrient absorption rate would be 

increased at maximum tillering (Nagarajah et al., 1989). In this study, the effect of 

Azolla was less pronounced due to low Azolla biomass in the micro-plots.  

The urea N recovery was higher from the urea applied 38 days after 

transplanting (second split dose). A total of 92-98 % was recovered at harvest by the 

Azolla-rice-soil system and 62-83 % in the system without Azolla cover. This suggests 

that N applied at a later stage of rice growth is more efficiently used by the rice plant 

and N is less vulnerable to loss. Similar findings were reported by Rosenani and Chulan 

(1992). In their study, they compared the effect of Azolla N and urea-N individually. 

They found that when urea and Azolla were applied at transplanting, 15N recovery by 

rice was 20 % from Azolla and 22.5% from urea. When applied 30 days after 

transplanting, the 15N recoveries were 30.2% from Azolla and 38.6% from urea. They 

also found that late-applied N was accumulated in the panicles. De Macale and Vlek 

(2002) showed that 15N recovered in the Azolla-rice-soil system was 61%, and without 

Azolla cover it was reduced to 31 %. This study however was conducted under hot 

tropical lowland conditions (temperature effect) on alkaline soils (pH effect) and with a 

dense Azolla cover (buffering effect).  

Increases in N-use efficiency due to Azolla have been reported by various 

researchers (Kumarasinghe and Eskew, 1993, 1995). Field experiments in different 

countries showed that urea-N was more efficiently used by a mixed Azolla/rice crop as 

compared to a rice monoculture, increasing the N recovery by 10%, 60% and 53% in 

China, Sri Lanka and Thailand, respectively. Galal (1997) in his rice pot experiment 

found 24% N recovery in the treatment with 15N-urea alone and slightly higher 

recoveries of 27 % in the 15N urea +Azolla treated pots.  In the present pot experiment, 

where the full dose of urea-N was applied at transplanting, 15N recovery from the urea + 

Azolla treatment was also higher (10 %) than in the treatment with urea alone. As a 

result, Azolla increased the agronomic N use efficiency from 8.5 to 21.8 kg grain per kg 

N applied. These findings show that Azolla can play a significant role in increasing N-
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use efficiency.  Azolla not only fixes atmospheric-N but also sequesters urea-N, which 

is re-mineralized  and made available at later stage. The temporary immobilization of N 

by Azolla helps to conserve N and prevent losses in the early stage.  

 

N sequestration by Azolla and its availability to rice plants         

The absorption of urea-N by Azolla and its release in a short span of time was evaluated 

in micro-plots where 15N urea was applied with Azolla. The fate of the 15N absorbed one 

week after transplantation (first dose of urea application) was measured in micro-plot B 

and for the second dose application in micro-plot D.  

 
A Transfer of Azolla-N after first dose of urea fertilization 

Two weeks after fertilization, the Azolla of micro-plot A (urea* + Azolla*) was 

exchanged with micro-plot B (urea + Azolla), which had been tracer-free up till then. 

Thus, the 15N recovered in plot B comes from the Azolla mineralization.  

The spare plot C (urea* + Azolla*), which was for monitoring the 15N in the 

Azolla-rice-soil system at the time of interchange (two weeks after first dose of urea 

application), showed that Azolla had sequestered some N in its biomass. The Azolla had 

recovered 5.7 % of the first dose of fertilizer-N in 2001 and 9.2 % in 2002 in a period of 

two weeks (Table 4.10 and 4.11). Cissè and Vlek (2003a) found that 6 weeks after basal 

fertilization, 50% of the applied urea was immobilized by Azolla. It seems that Azolla 

density or coverage had a significant effect on the N uptake by Azolla. In the second-

year field experiment, Azolla coverage was higher than in the first-year experiment. 

Therefore, the overall 15N recovery by Azolla was higher in the second year. In the field 

experiment, particularly in the micro-plots, it was difficult to achieve a good Azolla 

coverage, as some Azolla died due to heat inside the galvanized micro-plots and more 

blue green algae developed. The effect of Azolla coverage on the Azolla N recovery has 

been well explained by Vlek et al. (1995). In their experiment, 47 % 15N recovery was 

given by a 100 % Azolla cover and 24 % by a 60 % cover. Therefore, maintenance of a 

good Azolla cover seems to be important. 

The N sequestered by Azolla available to the rice plant was traced by sampling 

plot B (urea + Azolla*) at maximum tillering. In the first year, with labeled Azolla with 

1.849 atom % 15N excess, the rice shoot absorbed 0.96 % 15N and the roots 0.30 %. In 

the second year labeled Azolla with 1.712 atom % 15N excess contributed 0.09 and 0.11 
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kg 15N ha, which rice shoot, root and soil absorbed (Tables 15 and 16). This low 

contribution may be related to the relatively low N content of Azolla, leading to low 

mineralization rates. The mineralization of Azolla with a high N content was higher and 

more rapid than that of Azolla with a low N content, which is also determined by the 

Azolla species (Ventura et al., 1992). 

 
B Transfer of Azolla-N after second dose of urea fertilization 

To observe the transfer of the second dose of urea application, the micro-plot E (urea + 

Azolla*) was sampled at harvest, where rice and soil were enriched by 1.01 and 1.26 

atom% 15N excess Azolla in 2001 and 2002 respectively, after interchange of Azolla. 

The Azolla 15N recovery was 4.5 % in 2001 and Azolla had transferred 0.11 and 0.08 kg 
15N ha-1 to Plot E in 2001 and 2002, respectively. Therefore, there is evidence that 

Azolla does release sequestered-N to rice, but in this experiment due to low Azolla 

biomass the effect was minimal. To determine the effect of Azolla in N-use efficiency, 

the N content of Azolla, its mineralization time and the Azolla coverage is very 

important. 

 
15N recovery in pot experiment 

 In the pot experiment, N recovery by the soil was higher (35.6 %) as compared to the 

rice plant, because Azolla was incorporated in the soil. Azolla had recovered 5.1 % of 

the urea-N and transferred it to the rice plant and soil at the time of Azolla interchange. 

The Azolla had led to input of 0.86 mg of 15N and the Azolla-rice-soil system had taken 

95.3 % of this Azolla-N. 

Azolla as slow-release fertilizer 

Sisworo et al. (1995) described Azolla as a slow-release fertilizer. In the current field 

experiment, a detailed 15N balance of the second dose of urea in both experiments 

showed that the soil and plant system derived Azolla-N, although the quantity was 

small.  When the Azolla N content was high and at the same time Azolla coverage was 

dense, more Azolla-N must have been released. Cissè and Vlek (2003a) reported that 

Azolla contributed to the conservation of N in the system. In this context, Cissè and 

Vlek (2003b) in their pot experiment explained that 75-80 % of the Azolla-N 

mineralized during the growth period  was actually absorbed by the rice plant.  
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5.4 Residual effect of urea and Azolla-N on succeeding wheat crop  

Nutrient management in a cropping system is different from that in a monoculture as 

several factors have to be considered, such as quantity of fertilizer and their carry-over 

effects. The same is true for rice-wheat rotation, which is one of the most exhaustive 

soil nutrient systems. It is generally agreed that at least a portion of the nutrients 

remaining in the soil is utilized by the succeeding crop (Sharma and Chandra, 1997). In 

the current experiment, a carry-over effect of various treatments in rice was observed in 

the succeeding wheat crop. However, the residual effect was not seen in the main plots, 

where residual N did not show any significant difference in the wheat grain yield and N 

uptake. Residual labeled N recovery recovered in the wheat grain and stem was less 

than 1%, both in the Azolla and urea treatments.  In contrast to these results, several 

researchers reported that when Azolla is used as green manure and incorporated in soils, 

higher amounts of Azolla-residual-N might be recovered. Rosenani and Chulan (1992) 

showed that when Azolla was used as green manure, more Azolla-N was recovered than 

with urea-N, and that Azolla-N was available to plants for a longer period of time. 

Watanabe et al. (1989) found  2.9 % of Azolla N in the succeeding rice crop, while 

Sisworo et al. (1990) found 5.5 %.  

In the present study, 15N residual retention in the soil was higher than the 

recoveries by the wheat grain and shoots. Of the urea-N, 10 % of the original 15N was 

recovered in 0-15 cm depth and 4.5 % in 15-30 cm depth. With the urea + Azolla 

treatment, 13 % of 15N was recovered in the upper depth and 4.4 % in the lower depth 

(Table 29). In the treatment urea + Azolla*, where 15N contribution was only from 

Azolla, 4 % of the fertilizer-N was recovered in 0-15 cm and 3.4% in 15-30 cm depth.  

This could be due to the presence of a very slowly or non-mineralizing fraction of 

Azolla N, a large amount of which remained in the 20-cm plowed layer after one crop of 

rice (Ventura et al., 1992). Ventura et al.also showed that these residues did not affect 

the grain and total N uptake of the second rice crop. Another explanation might be the 

large soil N losses that occur during the dry-to-wet season transition period between the 

harvest of the wheat and the transplanting of rice, where periodic changes in the soil 

aeration status may stimulate N transformation processes (Pande and Becker, 2003). 

Even though the residual effect of Azolla was not visible, some degree of 

organic matter build up by the Azolla treatment could be shown by soil sampling after 
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harvesting of the rice crop. The total N content of the soils (0-2 cm) with the Azolla and 

urea +Azolla treatments was slightly higher as compared to control and the urea alone 

treatment. For organic carbon content, plots with Azolla cover had slightly higher 

organic carbon than the control and urea alone plots. These differences were not 

statically significant but might become so over the course of a few years.  

Singh et al. (1988) also showed significant changes in soil chemical properties 

and an increase in soil fertility due to Azolla inoculation in rice fields. They further 

reported that an urea +Azolla application had an effect on organic carbon content and 

available phosphorus, while chemical fertilizer alone did not show these effects on 

organic carbon but increased the total N. Elsewhere, the Azolla treatment showed 

superiority to chemical nitrogen fertilization application by increasing organic carbon, 

total N and available phosphorus, which was due to the organic matter addition by 

Azolla as bio-fertilizer and the release of its nutrients to the soil after decomposition 

(Saha et al. 1982). 

 

Value of Azolla as a bio-fertilizer and its future in integrated nutrient management 
in rice-wheat systems  
Nitrogen is the most important element for crop production particularly for rice-based 

cropping systems. Despite the high price of chemical fertilizer, its use has been 

increasing as its response is quick and it is easy for farmers to use. However, it is 

unrealistic to advise the farmers to apply a fertilizer they can hardly afford. On the other 

hand, N-use efficiency is very low and at the same time farmers are not using it 

properly. This has led to losses of fertilizer-N and caused problems to the environment 

(Kumarasinghe and Eskew, 1993). There is growing concern about negative 

environmental impacts and the need for deploying renewable, sustainable resources. 

The application of Azolla as a bio-fertilizer on cereal crops can, by providing a natural 

source of the crucial nutrient nitrogen, be very beneficial to present and future rice-

growing regions (Vlek et al., 2002). 

Several socio-economic factors such as cost of labor and P fertilization, and 

the work involved in the multiplication of Azolla have caused the decline in the use of 

this fern. It is true that the use of Azolla as a green manure is labor intensive, but a 

number of research findings have emphasized that the use of green manure (which has 

the ability to fix atmospheric N) either alone or in combination with chemical fertilizer 
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improves both the availability and efficiency of nutrients and soil fertility (Sherchan, 

2001). Green manure technology has been proven cost-effective; though it is less 

attractive than mineral fertilizer, but it could be economically acceptable in areas where 

fertilizer prices are higher and labor cost is lower (Becker et al., 1995). 

In Nepal, field and greenhouse experiments were conducted at Khumaltar in 

the late 1980’s on a rice-based cropping system, which showed a 17% increase in rice 

grain yield due to Azolla application. A favourable effect of Azolla as a bio-fertilizer 

compost was also observed in wheat and chilli (Bhattarai, 1987). In Nepal, several 

Azolla species have disappeared, particularly Azolla pinnata that used to dominate in the 

late 1980’s in the Terai region and in the mid-hills. Today, only one species (Azolla 

caroliana)  dominates in various regions (Bhattarai, personal communication 2002). 

Physiological studies of Azolla, its doubling time, methods of application, etc., have 

been studied in the past in the Nepal in research farms as well as in farmers’ fields. 

However, this technology could not be extended to farmers’ fields due to various 

constraints such as lack of heat-tolerant strains, poor water management practices, 

infestation of Azolla with insects and diseases, and phosphorus limitation (Maskey et 

al., 2000).    

Recent research on the role of Azolla-rice intercrops in increasing the grain 

yield of rice and curbing NH3 volatilization by keeping pH values of the floodwater 

low, and by lowering the diurnal cycle of photosynthesis and respiratory activities of the 

green algae (Vlek et al., 1995; Cissè, 2001) has raised new expectations regarding the 

use of Azolla. In order to improve productivity and sustainability of rice-wheat systems 

in Nepal, implementation of an integrated plant nutrient strategy is required (Pandey et 

al., 2001). Therefore, integrated CN management for rice-wheat, such as with an 

Azolla-rice intercrop plus urea might be an option to sustain the system in the long term. 

In the present study, Azolla was not incorporated in the soil, which could have increased 

recovery and the potential carry-over effect on wheat. This aspect requires further 

investigation. Despite only a minor effect of Azolla cover on floodwater chemistry, N 

recovery and rice yield under the subtropical conditions of the mid-hill area of Nepal, 

compared to the tropical lowland, are encouraging and the use of Azolla in farmers’ 

fields may be recommended for those areas in Nepal where the bio-physical and socio-

economic conditions are suitable.  
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6 CONCLUSION 

 

The above-described experiments were conducted to evaluate the effect of Azolla and 

urea integration on the reduction of ammonia volatilization and the consequent 

improvement in crop yield in a rice-wheat cropping system in subtropical Nepal. The 

results from two years of field experiments show that Azolla coverage had a significant 

effect on the reduction of floodwater pH, temperature, aqueous ammonia concentration 

and ammonia partial pressure. Hence, Azolla reduced the potential for ammonia 

volatilization when urea was broadcasted into the floodwater. 

The combined use of Azolla and urea intercropping increased the grain yield 

by 5-15 % in the field and dry matter accumulation by 20 % in the pot study. On 

average, the yield following application of Azolla alone was corresponded to an 

application of 30 kg urea N ha-1. Agronomic efficiency, physiological efficiency and 

apparent recovery efficiency were also increased by the combined application of Azolla 

and urea.   

Nitrogen sequestration by Azolla and its contribution to the rice was studied by 

a 15N balance. In the field, the second split dose of urea was generally more efficiently 

used by rice than the basal-applied N, of which only 45% N was recovered by the plant-

soil system while 55 % was lost. Such high losses in the presence of Azolla suggest that 

loss mechanisms other than NH3 volatilization were important in the field. Of the 

second split N application, Azolla increased the N recovery by about 22 %.  

However, Azolla had sequestered only 5.7-9.2 % of the first dose of urea and 

4.5-6.5 % of the second dose. Even though the amount of N sequestered by Azolla and 

transfered to rice plants was small in the present study, there is an indication that Azolla 

does assimilate and conserve N and improves N recovery.     

Although there was no significant residual effect of urea or Azolla-N on the 

succeeding wheat crop, the substantial portion of 15N remaining in the soil shows that 

there may be longer-term benefits with a continuous Azolla integration.  

Azolla and urea integration had a positive effect on rice yield and nitrogen 

recovery, hence improving nitrogen use efficiency. Although the use of Azolla in 

lowland rice farming systems is decreasing due to several socio-economic and technical 

factors, this practice seems to be beneficial for farmers particularly in countries like 
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Nepal, where chemical fertilizer use is limited by high cost. The present study shows 

that even when Azolla is not incorporated in the soil, the effect on yield is positive. The 

incorporation in the pot experiment did not prove more beneficial as compared to the 

field experiment. Thus, this simple method of Azolla inoculation might be practiced by 

farmers. The environmentally friendly practice of Azolla integration should be 

encouraged among farmers to sustain the rice-wheat cropping system. 

Integration of Azolla plots in existing long-term experiments in rice-wheat 

may be envisioned to determine the effect of Azolla on organic matter build-up and soil 

fertility improvement. The higher percentage losses of the first dose of urea fertilization 

(56 % loss) despite Azolla coverage suggest that studies on the other N transport and 

transformation processes in flooded lowland rice-based cropping systems are important. 

Detailed N balance or N cycle studies are important for the rice-wheat cropping system 

of Nepal. 
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7 SUMMARY 

 

Rice (Oryza sativa L.) followed by wheat (Triticum aestivum L.) in one annual cropping 

cycle is common practice in South Asia. Large amounts of mineral fertilizer, 

particularly urea are consumed in this cropping system. Nitrogen use efficiency is low 

in lowland rice, probably due to ammonia volatilization losses.  

The role of the floating aquatic fern Azolla in reducing ammonia volatilization 

from applied urea, the effect of Azolla and urea integration on grain yield and the 

possibility of nitrogen sequestration by Azolla was studied in farmers’ fields under rice-

wheat rotation in Bhaktapur, Nepal. Two experiments on rice and one on wheat were 

conducted in 2001 and 2002. A complementary pot experiment was carried out at the 

experimental station of Khumaltar, Nepal, in 2002.  Treatments with different levels of 

N (0, 30, 60, 90, 120 kg ha-1), Azolla alone, and urea (60 kg ha-1) combined with Azolla 

were evaluated. The floodwater was measured for pH, temperature and ammoniacal N 

concentration.  Later, aqueous ammonia concentration and ammonia partial pressure 

were calculated. Micro-plots were installed inside the main plot for 15N labeled urea 

application. The 15N balance was studied to assess the fate of urea applied at an early 

and late stage and the degree of N sequestered by Azolla. The residual effect of both 

urea-N and Azolla-N was studied in the succeeding wheat crop after the first-year rice. 

 The result of the floodwater chemistry shows that the Azolla cover 

significantly reduced the floodwater pH by 1.4-2.2 units for first 4 days after urea 

application in both years. This was due to the shading effect of the Azolla cover on the 

growth and activity of photosynthetic aquatic biomass (PAB). The PAB is responsible 

for the diurnal fluctuation of pH of the floodwater and offsets the bicarbonate buffer by 

the removal of the CO2 during the daytime and the CO2 release into the floodwater by 

respiration during the night. Azolla, on the other hand, intercepts the incoming light, 

which is necessary for PAB growth and increases the partial pressure of CO2 of the 

floodwater, which subsequently decreases the floodwater pH. The Azolla cover also had 

a cooling effect on the floodwater surface and tended to reduce temperature extremes in 

the second year. It reduced the floodwater temperature by an average of 4° C. 

Combined with the floodwater pH and ammoniacal N concentration, temperature plays 

an important role in ammonia volatilization. The Azolla cover consequently reduced the 
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partial pressure of ammonia (ρNH3) significantly. A partial pressure of 0.21 Pa was 

observed on day 2 after urea application without Azolla cover, which was reduced to 

0.0013 Pa with Azolla cover in 2001. In the 2002 experiment with Azolla cover, ρNH3 

decreased from 0.53 Pa to 0.02 Pa on day 3. Ammonia volatilization hardly occurs 

when ρNH3 is less than 0.05 Pa. Therefore the presence of Azolla reduced the factors 

which are responsible for ammonia volatilization. 

Different levels of N, Azolla alone and urea + Azolla did not have an effect on 

dry matter accumulation at maximum tillering in both years. The yield results show that 

Azolla cover had additive effect on grain dry matter yield in both field and pot 

experiments. The treatment effect was significant (p<0.01) on the grain dry matter yield. 

The plot with the Azolla alone treatment (5 Mg ha-1) produced almost the same grain 

dry matter to that produced by 30 kg N ha-1. In the first-year experiment, the plot with 

urea +Azolla (30 kg N ha-1) integration gave a 15 % higher grain dry matter yield than 

urea alone. There was a significant (p<0.05) effect on total N uptake by grain from the 

Azolla alone and urea +Azolla treatments over control and the urea alone application. 

The treatment with urea +Azolla gave 10 % higher apparent recovery efficiency than the 

urea alone treatment. Both agronomic and physiological efficiency were significantly 

increased by Azolla integration.  

The linear response function of fertilizer in the first-year rice shows a positive 

correlation (r2 = 0.87) between grain yield and N levels (0, 30, 60, 90, 120 kg N ha-1). In 

the second year, a weaker correlation (r2 = 0.36) was observed between N rates and 

grain yield with polynomial response curve, as the plot with 120 kg N ha-1 treatment 

produced a yield lower than 90 kg N ha-1. The yield with urea +Azolla application gave 

grain yields between 60 and 90 kg N ha-1. In the pot experiment where Azolla was 

incorporated into the soil, the grain yield increased due to Azolla and urea combination 

was 20 % as compared to the urea alone treatment.  

The 15N balance study in the micro-plots were studied to determine the 15N 

recovery by the Azolla-rice-soil system after the first and second dose of urea 

fertilization. Regardless of Azolla cover, the 15N recovery at maximum tillering from the 

first dose of urea (30 kg N ha-1) was low. In the first year, only 42.3 % 15N was 

recovered in the system with Azolla cover and 38.4 % in the system without Azolla 

cover; in the second year, the 15N recovery was 64.4 % and 52.3, respectively. On 
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average, in both years only 45.5 and 52.8 % 15N was recovered without and with Azolla, 

respectively. Thus, higher losses of N irrespective of Azolla cover suggest that loss 

mechanisms other than ammonia volatilization in the flooded soil conditions such as 

denitrification and leaching are concerned. The second urea dose (30 kg N ha-1) was 

more efficiently recovered by the Azolla rice-soil system. In the first year, the 15N 

recovery was 97.9 and 83.1 % in the system with and without Azolla cover, 

respectively. In the second year, a significantly higher (p<0.05) recovery of N (91.7 %) 

in the Azolla-covered system was observed as compared to the system without Azolla 

(61.8 %). This might be due to better coverage of Azolla in the second year. In the pot 

experiment, also 15N recovery was higher (10 %) in the Azolla- covered pots. 

The sequestration of urea-N by Azolla and its release in a short span of time 

was evaluated in the micro-plots where 15N-labeled urea was applied with Azolla. Two 

weeks after the first dose of urea, the Azolla from plot A (urea* + Azolla*) was 

exchanged with Azolla from plot B (urea + Azolla), which was tracer free till then. The 

spare plot C (urea* + Azolla*) was sampled at that time. In the first-year experiment, 

after two weeks exposure to 15N labelled urea, Azolla (dry matter 235 kg ha-1) recovered 

5.7 % urea-N. The 15N recovery in the Azolla-rice-soil system was 40.8 % and 

unaccounted N was 59.2 %. In the second year, 15N recovery was 46.4 %. This also 

confirms the loss of the first dose of urea after two weeks. There was a transfer of 

Azolla-N to the rice plants, which was shown by 15N enrichment in the stem, root and 

shoot of the rice plant, but the amount was very low. This shows that Azolla had partly 

mineralized its N, which was available for the growing rice plants, but due to the low N 

content of Azolla and the low Azolla biomass, its mineralization was also slow and its 

contribution to standing rice low.  

The Azolla was exchanged two weeks after the second split urea application 

between Plot D (urea* +Azolla*) and E (urea + Azolla). The spare Plot F (urea* + 

Azolla*) was monitored to determine the fate of the second dose of urea. A total of 95.2 

% and 92.8 % N was recovered by the Azolla-rice-soil system in 2001 and 2002, 

respectively. This suggests that at this stage the demand of the plant for the nutrient is 

very high and chances for loss are low. At this stage, Azolla recovered 4.5 % urea-N in 

its biomass (dry matter weight of Azolla was 212 kg ha-1) in 2001 and 6.5 % urea-N (dry 

matter weight of Azolla was 238 kg ha-1) in 2002. With this low 15N enrichment, the 
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Azolla transferred its N to grain and shoot. The 15N balance study in the pot experiment 

also shows that Azolla had absorbed 5 % of urea-N two weeks after the basal dose 

fertilization, and at the time of harvest it had mineralised N and transferred this to the 

rice (shoot + root + grain). The rice had recovered 5.6 % and the soil 5.03 % Azolla-N. 

Thus, there is evidence of a transfer of Azolla-N to the standing rice. If a high Azolla 

coverage could have been maintained, the conservation of N by Azolla would have been 

higher and it would have mineralised a higher amount of its N to the standing rice crop.  

The residual effect of the urea-N and Azolla-N of the rice crop (2001) on the 

succeeding wheat crop was not significant: less than 1% 15N was recovered by the 

wheat plants. However, the soil recovered 10 % of urea-N in the treatment where only 

urea was applied, and in the plot with urea +Azolla, the soil recovered 13 % 15N.  

In general, Azolla and urea integration had a positive effect on grain yield and 

N recovery in the present field experiment. Azolla cover had sequestered urea-N even if 

the amount was low. To have a significant effect, a dense Azolla coverage should be 

maintained. Azolla has the potential to prevent N losses from the flooded rice soil 

through ammonia volatilization, denitrification and leaching, hence improving N use 

efficiency. 
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Appendices 
 
 

Appendix 1: Area and yield trend of paddy rice in Bhaktapur district  
                      (experimental site) of Nepal, 1991-2001 
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Appendix 2: District level rice and wheat yield of Nepal (2001) 
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Appendix 3: Micro-plots installation at the time of rice transplanting. Farmers’  
                      Field. Bhaktapur, Nepal. Wet season, 2001. 
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 Appendix 4: Morphological Characteristics of Rice and Wheat Genotype  
 
     Morphological Characteristics of Khumal-4 Rice Genotype released for mid -hills 

Characteristics  
Seedling height 28.50 cm 
Length 49.01 cm 
Width 1.13 cm 
L/B ratio 38.01 
Blade pubescence Long, narrow linear leaves, pubescent with short hairs in 

moderate dense on the dorsal surface while the ventrical 
surface smooth. 

Blade color Green 
Flag leaf angle Erect 
Ligule  
Length 1.72 cm 
Color Pale white 
Shape Crafted, prominent, broadened. 
Auricle color Pale white and small 
Culm  
Length 120.32 cm 
Number 11 
Culm diameter Moderately thickened 
Internodes colour Long, smooth, light greenish yellow with green nodes. 
Strength Moderate 
Panicle  
Length 25.64 cm 
Type Intermediate compact (Heavy) 
Exsertion 3.62 (just exserted) but most the plants under observation were 

found to be enclosed type. 
Axis Erect – drooping 
Thrash ability Medium to easy thrash ability 

Tall plants, highly tillering,plants looks thin,& tillers soared 
outwards. 
Panicles compact,drooping,long,minutely spikaets in 
closeset.spikelets occurring from short distance above the 
panicle base. 

Grain  
Awning Absent 
Apiculub color        Whitish yellow 
Stigma color Yellow 
Anther color Yellow 
Sterile lemma color White, short but broadened. 
Lemma and palea  Whitish yellow 
Spikelet sterility 25.88 (fertile) 
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 Morphological characteristics of wheat genotypes BL 1473 for mid-hills 
 

Characteristics  
Leaf Length 16.1 
Leaf Breath 1.6 
L and B ratio 10.3 
Ear Length 11.4 
Spikelet / spike 19 
1000 kernel wt 43.7 
Plant Height cm 93 
Seed  L mm 6.3 
Seed B mm 2.5 
L and B ratio 2.55 
Grain No. / spike 52 
Grain wt / spike 2.3 
Grain yield kg/Ha 3614 
Days to seedling emergence 12 days 
Early growth habit Erect 
Leaf color Dark green 
Leaf pose Erect 
Auricle color Red 
Culm thickness cm Thick 
Awn/scar presence Awn present 
Ear shape Parallel 
Ear density Loose 
Ear color White 
Grain color White 
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Appendix 5: Azolla cover on the rice field at the time of maximum tillering. 
                     Farmers’field. Bhaktapur, Nepal. Wet season 2002. 
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Appendix 6: The pot experiment in the screen house. On station pot experiment,  
                       Khumaltar, Nepal. Wet season 2002. 
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Appendix 7: Floodwater measurements 
 
 
   Floodwater pH on day of urea application (2001) 

Days Control 30 kg Nha-1 Azolla (Az) Az + 30N 60 kg Nha-1  
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

6.00 
5.55 
6.00 
6.03 
5.43 
4.53 
5.53 
5.00 
5.92 
5.85 

6.48 
6.55 
6.55 
6.55 
5.45 
4.88 
6.15 
5.88 
6.18 
5.95 

5.28 
4.40 
4.73 
4.30 
4.40 
4.55 
5.20 
5.18 
5.43 
5.90 

5.78 
6.27 
5.45 
5.57 
5.20 
5.10 
5.58 
5.25 
5.85 
6.02 

5.83 
7.15 
7.38 
7.78 
6.40 
5.53 
6.85 
5.25 
6.08 
5.85 

               Mean of four replications 
 
    
  Floodwater pH on day of urea application (2002) 

Days Control 30 kg Nha-1 Azolla (Az) Az + 30N  60 kg Nha-1  
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

4.48 
4.61 
4.88 
4.87 
5.15 
5.22 
5.25 
5.63 
5.47 
4.79 

5.10 
7.19. 
7.98 
7.75 
6.72 
6.12 
5.77 
5.53 
5.55 
5.35 

4.70 
4.85 
5.04 
4.69 
4.78 
5.24 
5.16 
5.19 
5.20 
4.93 

4.80 
6.59 
6.49 
6.23 
5.99 
6.08 
5.52 
5.43 
5.27 
5.03 

4.91 
6.94 
8.17 
8.31 
6.87 
6.75 
6.43 
5.91 
5.57 
4.80 

               Mean of four replications 
    
   Floodwater temperature (°C) on day of urea application (2001) 

Days Control 30 kg Nha-1 Azolla (Az) Az + 30N  60 kg Nha-1  
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

41.50 
42.25 
38.75 
40.50 
38.50 
36.50 
29.75 
31.00 
37.25 
34.75 

40.00 
41.25 
34.75 
38.00 
36.37 
34.75 
29.25 
30.25 
36.25 
34.75 

40.00 
40.50 
39.75 
40.13 
39.90 
39.75 
29.00 
29.25 
35.25 
33.5 

39.75 
41.00 
37.50 
39.25 
38.80 
37.50 
29.00 
29.50 
34.75 
33.50 

41.50 
43.00 
34.25 
38.63 
36.42 
34.25 
29.00 
30.25 
37.00 
34.00 
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   Floodwater temperature(°C) on day of urea application (2002) 
Days Control 30 kg Nha-1 Azolla (Az) Az + 30N  60 kg Nha-1  
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

30.92 
37.65 
37.95 
39.72 
37.60 
41.85 
34.85 
41.07 
38.32 
36.17 

30.42 
37.42 
39.10 
38.97 
37.10 
41.67 
34.42 
41.02 
38.40 
35.42 

30.55 
36.70 
37.02 
36.65 
35.42 
39.10 
34.65 
40.50 
38.52 
35.57 

30.70 
36.15 
36.45 
36.77 
35.92 
39.50 
33.92 
39.55 
37.33 
34.95 

30.50 
37.10 
36.82 
38.45 
36.05 
40.47 
34.12 
39.42 
37.27 
35.15 

 
   Floodwater NH4

+ (g NH4
+-Nm-3) on day of urea application (2001) 

Days Control 30 kg Nha-1 Azolla (Az) Az + 30N  60 kg Nha-1  
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

0.35 
1.83 
0.95 
4.61 
2.40 
0.98 
0.92 
2.05 
0.59 
0.77 

0.24 
10.38 
2.89 
8.57 
3.04 
2.17 
2.69 
3.74 
1.75 
1.47 

0.33 
6.60 
1.03 
1.57 
0.55 
0.14 
0.66 
2.49 
0.55 
1.64 

0.67 
19.63 
7.45 
6.70 
3.22 
1.00 
3.19 
4.59 
1.51 
1.72 

1.20 
21.49 
13.53 
9.95 
8.13 
4.21 
3.87 
4.45 
3.19 
1.66 

 
 
   Floodwater NH4

+ (g NH4
+-Nm-3) on day of urea application (2002) 

Days Control 30 kg Nha-1 Azolla (Az) Az + 30N  60 kg Nha-1  
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

1.93 
0.95 
1.98 
1.92 
1.00 
0.31 
2.02 
1.36 
0.80 
0.89 

5.57 
21.63 
18.71 
17.79 
5.39 
5.74 
2.34 
1.79 
1.13 
1.13 

5.03 
1.81 
2.62 
3.02 
0.54 
0.64 
1.16 
1.17 
0.71 
1.36 

9.35 
19.42 
18.40 
16.99 
4.61 
3.69 
3.13 
1.62 
1.41 
2.47 

11.51 
22.37 
22.79 
21.52 
7.34 
5.59 
2.23 
2.25 
1.29 
1.52 
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Appendix 8: Analysis of Variance (ANOVA)  of yield variables in field experiments 
 
   Analysis of Variance (ANOVA) for grain dry matter (kg ha-1) (2001). 

 Source 
 

Degree of  
Freedom(df) 

Sum of  
Square (SS) 
 

Mean  
Square(SS)

F-Value P-Value 

REP (A) 
TREAT (B) 
Error (A*B) 
 
Total 

  3 
  8 
23 
 
34 

  4.83 
17.48 
13.11 
 
35.42 

1.61 
2.18 
0.57 

2.82 
3.83 

0.061 
0.0054 

 
 
   Analysis of Variance (ANOVA) for straw dry matter (kg ha-1) (2001). 

 Source 
 

Degree of  
Freedom(df) 

Sum of  
Square (SS) 
 

Mean  
Square(SS)

F-Value P-Value 

REP (A) 
TREAT (B) 
Error (A*B) 
 
Total 

  3 
  8 
24 
 
35 

   4.59 
 48.84 
 60.49 
 
113.94 

1.53 
6.10 
2.52 

0.61 
2.42 

0.616 
0.045 

 
   Analysis of Variance (ANOVA) for grain dry matter (kg ha-1) (2002). 

 Source 
 

Degree of  
Freedom(df) 

Sum of  
Square (SS) 
 

Mean  
Square(SS)

F-Value P-Value 

REP (A) 
TREAT (B) 
Error (A*B) 
 
Total 

  3 
  8 
23 
 
34 

     2.49 
     9.59 
   10.46 
 
   22.56 

   0.83 
   1.19 
   0.45 

 1.83 
 2.46 

 0.169 
 0.03 

 
  Analysis of Variance (ANOVA) for straw dry matter (kg ha-1) (2002). 

 Source 
 

Degree of  
Freedom(df) 

Sum of  
Square (SS) 
 

Mean  
Square(SS)

F-Value P-Value 

REP (A) 
TREAT (B) 
Error (A*B) 
 
Total 

     3 
     8 
   24 
 
   35 

   13.06 
   29.12 
   59.22 
 
 101.40 

   4.35 
   3.64 
   2.47 

   1.76 
   1.48 

  0.18 
  0.21 
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Analysis of Variance (ANOVA) for grain N uptake (kg ha-1) (2001). 
Source 
 

Degree of  
Freedom(df) 

Sum of  
Square (SS) 
 

Mean  
Square(SS)

F-Value P-Value 

REP (A) 
TREAT (B) 
Error (A*B) 
 
Total 

   3 
   8 
  24 
 
  35 

   401.503 
  2876.12 
 3846.00 
 
 7123.63 

   133.834 
   359.515 
  160.250 

   0.84 
   2.24 

  0.4878 
  0.0602 

 
   Analysis of Variance (ANOVA) for straw N uptake (kg ha-1) (2001). 

Source 
 

Degree of  
Freedom(df) 

Sum of  
Square (SS) 
 

Mean  
Square(SS)

F-Value P-Value 

REP (A) 
TREAT (B) 
Error (A*B) 
 
Total 

   3 
   8 
  24 
 
  35 

   931.672 
  2258.02 
 4650.92 
 
 7840.61 

    310.557 
    282.252 
    193.788 

   1.60 
   1.46 

0.2149 
0.2248 

 
   Analysis of Variance (ANOVA) for grain N uptake (kg ha-1) (2002). 

 Source 
 

Degree of  
Freedom(df) 

Sum of  
Square (SS) 
 

Mean  
Square(SS)

F-Value P-Value 

REP (A) 
TREAT (B) 
Error (A*B) 
 
Total 

   3 
   8 
  24 
 
  35 

  2039.48 
  3410.81 
  1594.99 
 
  7045.28 

   679.825 
   426.352 
     66.4581 

    10.23 
      6.42 

 0.0002 
 0.0002 

 
   Analysis of Variance (ANOVA)  for straw N uptake (kg ha-1) (2002). 

Source 
 

Degree of  
Freedom(df) 

Sum of  
Square (SS) 
 

Mean  
Square(SS)

F-Value P-Value 

REP (A) 
TREAT (B) 
Error (A*B) 
 
Total 

   3 
   8 
  24 
 
  35 

  1013.66 
  1533.12 
  3377.95 
 
  5924.74 

   337.887 
   191.641 
   140.748 

   2.40 
   1.36 

 0.0927 
 0.2626 
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  Analysis of Variance (ANOVA) for adjust grain yield (kg ha-1) (2001). 
 Source 
 

Degree of  
Freedom(df) 

Sum of  
Square (SS) 
 

Mean  
Square(SS)

F-Value P-Value 

REP (A) 
TREAT (B) 
Error (A*B) 
 
Total 

3 
8 
23 
 
35 

12.74 
13.17 
11.02 
 
37.03 

4.64 
1.64 
0.47 

8.85 
3.43 

0.000 
0.009 

 
  Analysis of Variance (ANOVA) for adjust grain yield (kg ha-1) (2002). 

Source 
 

Degree of  
Freedom(df) 

Sum of  
Square (SS) 
 

Mean  
Square(SS)

F-Value P-Value 

REP (A) 
TREAT (B) 
Error (A*B) 
 
Total 

3 
8 
23 
 
35 

1.95 
8.00 
8.08 
 
18.03 

0.65 
1.00 
0.35 

1.85 
2.84 

0.166 
0.02 

 
 

Appendix 9: Analysis of Variance (ANOVA)  of yield variables of pot experiment 
 
   Analysis of Variance (ANOVA)  for pot grain dry matter (g pot-1) 

 Source 
 

Degree of  
Freedom(df) 

Sum of  
Square (SS) 
 

Mean  
Square(SS)

F-Value P-Value 

REP (A) 
TREAT (B) 
Error (A*B) 
 
Total 

3 
7 
21 
 
31 

22.72 
486.27 
108.14 
 
617.12 

7.57 
69.47 
5.14 

1.47 
13.49 

0.251 
0.0000 

 
  Analysis of Variance (ANOVA)  for pot stem dry matter(g pot-1) 

Source 
 

Degree of  
Freedom(df) 

Sum of  
Square (SS) 
 

Mean  
Square(SS)

F-Value P-Value 

REP (A) 
TREAT (B) 
Error (A*B) 
 
Total 

3 
7 
21 
 
31 

4.15 
869.73 
580.68 
 
1454.57 

1.38 
124.24 
29.03 

0.05 
4.25 

0.98 
0.0049 
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Analysis of Variance (ANOVA) for pot root dry matter (g pot-1) 
Source 
 

Degree of  
Freedom(df) 

Sum of  
Square (SS) 
 

Mean  
Square(SS)

F-Value P-Value 

REP (A) 
TREAT (B) 
Error (A*B) 
 
Total 

3 
7 
21 
 
31 

4.49 
113.59 
164.70 
 
282.78 

1.49 
16.22 
7.84 

0.19 
2.07 

0.90 
0.04 
 

 
  Analysis of Variance (ANOVA) for pot grain N uptake (g pot-1)     

Source 
 

Degree of  
Freedom(df) 

Sum of  
Square (SS) 
 

Mean  
Square(SS)

F-Value P-Value 

REP (A) 
TREAT (B) 
Error (A*B) 
 
Total 

3 
7 
21 
 
31 

0.0036 
0.065 
0.021 
 
0.091 

0.0012 
0.0093 
0.0010 

1.18 
9.01 

0.34 
0.000 

 
  Analysis of Variance (ANOVA) for pot stem N uptake (g pot-1)     

 Source 
 

Degree of  
Freedom(df) 

Sum of  
Square (SS) 
 

Mean  
Square(SS)

F-Value P-Value 

REP (A) 
TREAT (B) 
Error (A*B) 
 
Total 

3 
7 
21 
 
31 

0.001 
0.028 
0.013 
 
0.044 

4.714x10-4 

0.004 
0.64x10-4 

0.71 
6.07 

0.55 
0.0006 

 
  Analysis of Variance (ANOVA) for pot root N uptake (g pot-1)     

 Source 
 

Degree of  
Freedom(df) 

Sum of  
Square (SS) 
 

Mean  
Square(SS)

F-Value P-Value 

REP (A) 
TREAT (B) 
Error (A*B) 
 
Total 

3 
7 
21 
 
31 

3.59 x10-4 

0.0069 
0.0023 
 
0.0096 

1.19x10-4 

9.90 x10-4 
1.09x10-4 

1.09 
9.05 

0.373 
0.0000 
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Appendix 10: Economic analysis 
 
 
Economics (2002) 

Actual 
yield 

kg ha-1 

Level of 
N 

kg ha-1 

Expected 
Yield 

kg ha-1 

Difference 
of expected 

yield 

Increase 
over 

control 

Marginal 
Increase 

Cumul-
ative 

increase 

Marginal 
Income 

price 
NRs. 
22/kg 

5050 
5380 
5300 
6540 
5520 

0 
30 
60 
90 
120 

5044 
5475 
5744 
5851 
5795 

- 
431 
269 
107 
-56 

- 
14.36 
4.48 
1.19 
-0.46 

- 
14.36 
8.96 
3.56 
-1.85 

- 
14.36 
23.32 
12.52 
1.71 

- 
315.92 
197.12 
78.32 
- 40.7 

 
 
Economics of fertilizer use 
Marginal cost (MC) and Marginal Return (M/C) 
Input Actual 

yield 
Kgha-1 

Margi- 
nal 
Increase 

Total 
Yield 
Incre- 
ase 
Over 
N0 

Value 
Of  
Grain 
Rs. 22 
Per 
kg 

Margi- 
nal 
Cost of 
N 
Rs 11 
Per kg 
 

Total 
cost 
of 
N 

Average 
Cost 
(per ton 
of 
grain 
added)  

Net 
Return 
Over 
N0 

Mar- 
ginal 
Return 
(MR) 

N0 

N30 

N60 

N90 

N120 

5050 

5380 

5300 

6540 

5520 

- 

330 

- 80 

1240 

- 1020 

- 

330 

250 

1490 

470 

- 

7260 

1760 

27280 

22440 

- 

330 

330 

330 

330 

- 

330 

660 

990 

1320 

- 

61.34 

67.92 

151.38 

239.13 

- 

6930 

8360 

35310 

57420 

- 

242 

58.7 

909.3 

748 

 

 Price of Grain and fertilizer 

      Grain @ NRs. 22 per Kg. 

      Urea @ NRs 11 per Kg.  
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