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ABSTRACT 

Urea-N fertilizer is typically applied at the 5-leaf stage to rice (Oryza sativa L.) grown in 

a dry-seeded, delayed-flood production system.  How long the preflood-N can be delayed 

without adverse effects on yield potential is poorly understood.  The research objective was to 

determine the effects of preflood-N application and flood establishment timing on aboveground-

N content, 50% heading, yield components, and grain yield.  Trials were established on silt loam 

soils at the Pine Tree Research Station (PTRS) and Rice Research and Extension Center (RREC) 

during 2015 and 2016. Urea-N was applied at 0, 45, 90, 135, and 180 kg N ha-1 on five to seven 

different dates with applications beginning near the 3-leaf stage and ranging from 127-1035 

growing degree units (GDU).  The current optimal time to apply preflood-N is defined as 195-

310 GDU.  Aboveground-N content at each site-year, 50% heading for each cultivar and relative 

grain yield and yield components at each location were regressed across cumulative GDU at the 

time of N application allowing for linear and quadratic terms with coefficients depending on N 

rate.  Aboveground-N content increased as fertilization and flooding were delayed.  Spikelets 

panicle-1, % filled spikelets, and effective tillers were affected by the fertilization delay at all 

locations.  At the PTRS relative grain yield declined when fertilization and flooding occurred 

beyond 531 GDU suggesting that this is the point when the yield components could no longer 

compensate for one another.  The delay in fertilization and flooding delayed 50% heading for all 

cultivars.  Results from this study indicated that rice grain yield is affected when fertilization and 

flooding is delayed beyond 531 GDU, which is approximately 13 to 20 d beyond the current 

recommended time to apply preflood-N and 6 d beyond the current final recommended time to 

apply preflood-N average for the cultivars assessed in this study. 
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Introduction 

Efficient plant use of fertilizer nitrogen (N) depends on multiple factors including 

fertilizer properties, soil chemical and physical properties, crop characteristics, production 

system, and the field environment (e.g., temperature, humidity, rainfall, etc…).  Fertilizer 

Nitrogen recovery efficiency (FNRE) by flood-irrigated rice (Oryza sativa L.) can be very 

efficient or inefficient depending upon the fertilizer-N source, crop growth stage, and field (e.g., 

atmosphere and soil) conditions present at the time of fertilizer application.  De Datta et al. 

(1988) reported that the average FNRE by transplanted rice production systems in Asia was 20 to 

40%.  In contrast, Norman et al. (2003) and Wilson et al. (1989) indicated that rice grown in the 

mid-South USA using the direct-seed, delayed-flood production system can recover 60 to 75% of 

the applied preflood and midseason urea-N when fertilization follows very specific guidelines.  

Soil moisture and environmental conditions shortly before and after urea-N is applied preflood at 

the 4- to 5-leaf stage are key factors influencing FNRE by rice in the mid-South USA.   

A large amount of research has been performed investigating preflood and midseason 

fertilizer-N management strategies for rice grown with the direct-seeded, delayed-flood 

production system.  Numerous research studies have been published investigating fertilizer-N 

source (Norman el al., 2009), rate (Roberts et al., 2011), midseason-N timing (Wilson et al., 

1998; 1989), soil moisture conditions (Norman et al., 1992; Dempsey et al., 2017), and the effect 

of the time between urea-N application and flooding (Norman et al., 2009).  One aspect of 

fertilizer-N management that has not been adequately investigated is the timing of the preflood, 

urea-N application, which is important since the field conditions needed to obtain high FNRE as 

outlined in N fertilization recommendations are not always present at the 4- to 5-leaf stage 

(Norman et al., 2013b).  For example, rainfall shortly before the 4- to 5-leaf growth stage may 
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create wet soil conditions which is not desirable for the application of preflood urea-N in rice.  

Existing recommendations suggest delaying the preflood urea-N application until the soil is dry 

or until 3 wk before the predicted date that rice will reach the 1.25 cm (0.5 inch) internode 

elongation stage (Hardke et al., 2013).  If preflood urea-N cannot be applied to a dry soil during 

the preflood-N application window, current guidelines suggest applying urea treated with a 

recommended urease-inhibitor, such as N-(n-butyl) thiophosphoric triamide (NBPT), to the moist 

soil to avoid loss of yield potential associated with N losses via ammonia volatilization (Norman 

et al., 2013b).  The current DD10 (DD50) recommendation for the absolute deadline to apply 

preflood-N was established in the 1990s while using long-season cultivars and needs to be 

reevaluated (Slaton, personal communication).  The duration of vegetative growth for modern 

varieties and hybrids has been reduced compared to the older longer season cultivars and the 

current recommendations are thought to be somewhat conservative.  This literature review 

summarizes information regarding how rice is grown and fertilized in Arkansas and other mid-

South, rice-producing states in the USA, highlights what is known about preflood urea-N 

fertilizer management for rice, and the effect of N fertilization timing on the yield of rice and 

other crops. 

Rice Production Practices in the mid-South USA 

Rice is an important commodity grown in the United States. In 2014, 1,189,371 ha 

(2,939,000 acres) of rice was planted within the United States (USDA-NASS, 2015b).  The 

majority of rice is grown in only six states within the United States: Arkansas, California, 

Louisiana, Mississippi, Missouri, and Texas.  Arkansas produces about one-half of the rice 

grown in United States and has been the top rice-producing state since 1973 (USDA-NASS, 

2015a).  In 2014, 598,934 ha (1,480,000 acres) of rice yielding an average of 8466 kg ha-1 (7,560 
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lb acre-1) was harvested in Arkansas (USDA-NASS, 2015a).  Rice is very important to the 

Arkansas economy and is planted on more land area than all other row crops except soybean 

(Glycine max (L.) Merr.), which is grown on 1.3 million ha (3.23 million acres; USDA-NASS, 

2015d) and is the primary crop grown in rotation with rice.  A rice-soybean rotation is used on 

approximately 72% of the Arkansas rice hectares (Hardke, 2014).  

Pureline cultivars and hybrids are both grown throughout the mid-South.  The majority of 

the rice grown in Arkansas is long-grain, however, medium-grain rice accounts for about 14% of 

the Arkansas rice hectares (Hardke, 2014).  Hybrid rice has been grown in Arkansas since the 

early 2000’s and now occupies about 39% total Arkansas rice hectarage.  

There are two main types of management options for lowland rice, direct-seeded and 

transplanted rice. Transplanting is the most popular rice planting method in Asia (De Datta, 

1981), but is not practiced in commercial production in the USA.  Transplanting rice involves 

first growing the seedlings in a nursery and once the seedlings reach the 5-leaf stage, placing 

them into a flooded soil.  The transplanted rice establishment method is labor intensive and parts 

of Asia are transitioning to direct-seeding methods (Schnier et al., 1990).  

Direct seeding is the predominant rice management method practiced in the mid-South 

USA. The direct-seeding system involves direct application of seed to a dry (dry seeding) or 

flooded (water seeding) field.  For the dry seeding method, seed is planted via drill or broadcast 

using an airplane or ground application equipment.  In Arkansas, 96% of the rice area is planted 

using the dry-seeded planting method (Hardke, 2014).  With the broadcast method, pre-

germinated seed is dispersed into the floodwater via airplane (water seeded) or dry seed is spread 

onto dry soil and covered using shallow tillage.  Drill-seeded rice accounts for 85% of the total 



 

5 
 

 

rice hectares in Arkansas (Hardke, 2014).  Rice seed is generally drilled 0.8-2.5 cm deep with 

15-25 cm wide row spacing (Street and Bollich, 2003).   

Conventional tillage and conservation tillage (no-till) practices are used in rice 

production systems.  Conventional tillage systems involve incorporating crop residue into the 

soil by mechanical cultivation which is often performed in the fall months; additional tillage in 

the spring is also required to prepare a suitable seedbed and destroy weedy vegetation prior to 

planting (Bollich, 1991).  Conservation tillage systems often allow crop residue incorporation 

into the soil by cultivation and leveling the seedbed during the fall.  Winter vegetation is killed 

using a burndown herbicide application 2 to 4 wk prior to seeding (Harrell et al., 2011).  Prior to 

the year 2000, rice in the United States was most commonly grown using conventional tillage 

practices, however, conservation tillage practices have increased in popularity in an effort to 

conserve water, nutrients, and soil resources (Bollich, 2000). 

A computer program known as the DD10 (DD50) is currently available free to Arkansas 

rice producers to predict critical dates and guide rice management practices (Hardke et al., 2013). 

The DD10 program has been used by Arkansas rice producers for the past 40 yr.  Several rice-

producing states have a similar program but none provide the diversity of information as does the 

Arkansas program.  Twenty-six management decisions based on rice growth stages assist 

growers in determining when to apply herbicide, when to scout and spray for insects and 

diseases, how to manage water, and the optimum time to apply fertilizer-N.  The field location, 

emergence date, field size (e.g., hectares), and cultivar are required to enroll a field in the DD10 

program.  The location is taken into consideration when running the program due to latitude 

climatic differences.  For example, locations in northern Arkansas usually take 2 d longer for rice 

to reach specific growth stages than locations in southern Arkansas (Hardke, personal 
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communication).  The program is calculated based on 30-yr mean temperatures from specific 

weather stations and prediction accuracy is increased with each day that passes from the use of 

current-year weather data.  The DD10 program uses a growing degree day equation to calculate 

the number of daily heat units accumulated {DD10= [(daily maximum temperature (oC) + daily 

minimum temperature (oC) / 2] – 10} ({DD50 = [(daily maximum temperature (oF) + daily 

minimum temperature (oF)) / 2] – 50}).  Maximum and minimum temperatures, 34oC (94oF) and 

21oC (70oF), respectively, are used to regulate unit accumulation due to threshold temperatures 

for rice development.  A maximum of 17.8 (32) growing degree day units (GDU) can be 

accumulated in 1 d.  The program requires annual research to determine the maturation rate of 

new rice cultivars grown using the direct-seeded, delayed-flood production system.  Deviations 

from the management practices (e.g., flood time, use of high or low N rates, crop injury, etc...) 

that define this system as practiced in Arkansas may cause some error in the program’s 

predictions.  

In Arkansas, rice is usually planted from late March through May and is harvested in late 

August or September (Hardke, 2014).  A good environment for rice stand establishment begins 

when the soil is 16oC (60oF) at a soil depth of 10 cm (4 inches).  The optimum seeding rate is 

influenced by several factors: seeding method, soil texture, seedbed preparation, and seeding 

date. The standard seeding rate is based on drill seeding rice into a loamy soil with a good 

seedbed at a rate to plant 323 seed m-2 for pureline cultivars (30 seed ft-2).  Seeding rates are 

adjusted for a number of factors including early or late seeding (10 and 20% increase, 

respectively), water seeding (30% increase), broadcast seeding (20% increase), clayey soils (20% 

increase), and seedbed condition (10 and 20% increase for fair and poor conditions, respectively) 
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(Runsick and Wilson, 2009).  The same adjustments are used for hybrids but the recommended 

base seeding rate is 129 seed m-2 (12 seed ft-2).   

Rice Growth Stages  

 Rice has three growth phases seedling, vegetative, and reproductive that collectively 

encompass 110-150 d between emergence and maturity (Moldenhauer et al., 2013).  The 

following information pertaining to the accumulation of DD10 units was obtained from 

Moldenhauer et al. (2013), while the rice development stages were obtained from Counce et al. 

(2000).  The seedling growth phase includes four stages prior to spike emergence (S0-S3).  The 

S0 stage occurs when the seed has not yet imbibed water, while S3 denotes the emergence of the 

prophyll (first leaf) and signifies “emergence” for the DD10 program.  Good seed-to-soil contact 

is required for optimal germination at a depth of 1.3 to 3.8 cm (0.5 – 1.5 inches).  Optimal seed 

germination occurs when the seed is exposed to moisture, oxygen, and a temperature greater than 

10oC (50oF).   

The vegetative growth phase encompasses seedling emergence through tillering and 

consists of two primary stages: pretillering (V1-V4) and tillering (V5-V20).  The vegetative 

growth phase can range anywhere from 24-42 d and is dependent on several factors (e.g., 

temperature, moisture, cultivar, soil texture, competition, and fertilization).  Seedling emergence 

typically occurs 5-28 d after planting and is followed by the pretillering vegetative stage that can 

last 15-25 d.  During the pretillering stage, the plant adds, on average, one leaf wk-1.  The 

tillering stage begins once the fifth leaf has emerged and lasts until the reproductive phase 

begins.  During tillering, new leaves emerge every 3-5 d, and tillering can last 24-42 d.  A 

‘vegetative lag’ stage may be present in some cultivars during the transition from the vegetative 

to reproductive phase.  
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The reproductive phase consists of nine stages: panicle initiation (PI, R0), internode 

elongation (IE, R0), panicle differentiation (PD, R1), flag leaf collar formation (booting, R2), 

panicle exertion (heading R3), anthesis (flowering, R4), grain length and width expansion (R5),  

grain depth expansion (milk stage and soft dough stage, R6), grain dry down (hard dough stage, 

R7), single grain maturity (R8) and complete panicle maturity (R9).  Panicle initiation is also 

referred to as ‘green ring’, which is a sign that internodes will begin to elongate.  The onset of 

internode elongation is also referred to as ‘jointing’, and occurs when the nodes are visibly 

separated and begin to move up the stem.  The R1 growth stage is described as the stage when a 

1.25 cm (0.5 inch) internode gap is present between the two uppermost nodes.  The 1.25 cm 

internode gap typically occurs when 618 to 944 DD10 (1100-1680 DD50) units have 

accumulated with the number of days being dependent upon environmental conditions, latitude, 

cultivar, and planting date.  The transition from R1 to R2 is 20-30 d, with the R2 (booting) stage 

beginning when the flag leaf develops a collar.  Booting stage occurs when the flag leaf begins to 

swell and late boot occurs 6 d prior to heading and is identifiable once the flag leaf emerges.  

Heading can take up to 14 d and is identifiable when the panicle emerges completely.  A field 

reaches 50% heading when 50% of the panicles are at least partially exerted from the boot. 

Modern cultivars typically reach 50% heading when 1011 to 1404 DD10 (1800-2500 DD50) 

units have accumulated and is mainly dependent upon the cultivar.  Anthesis, the R4 stage, 

occurs 2 d after heading, lasts up to 3 h, and occurs when the floret opens to allow pollination.  

The R5-R8 stages can be summarized as the ripening and maturity portion of the 

reproductive phase.  The R5 stage represents the period when the caryopsis expands inside the 

hulls before grain fill begins.  Ripening consists of three stages (milk stage, R6; soft dough stage, 

R7; hard dough stage, R8).  Milk stage occurs when the kernel is filled with milk and soft dough 
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occurs when the milk starts to solidify.  The hard dough stage (R7) occurs 7 d following R6, 

while R8 occurs 2-5 d following R7.  The maturity stages comprise the stages of grain moisture 

loss (R8) and rice maturity (R9).  The R8 stage involves moisture loss from the grain until the 

grain is harvestable.  Rice is considered mature (R9) when the grain moisture content is <220 g 

H2O kg-1 and is ready for harvest.  The period between 50% heading and grain maturity is 

dependent of several factors but is generally estimated to require 35 to 45 d (Moldenhauer et al., 

2013).  The DD10 program does not use heat units to predict growth stages beyond 50% 

heading, but uses grain type (e.g., short, medium, and long grain) to estimate maturation date.  

Once the heads have emerged, kernel size, the size of the panicle, number of spikelets panicle-1, 

and environmental conditions determine the duration until maturity. 

Rice Water Management 

 Water management is perhaps the most critical management practice since it influences 

all other aspects of rice production including nutrient management, crop susceptibility to pests 

(diseases, insects, and weeds) and their control.  The delayed-flood management method is used 

on 96% of the Arkansas rice hectares with only 4% of rice produced in a water-seeded system 

(Hardke, 2014).  Furrow-irrigation is used on only 0.4% of the rice grown in Arkansas.  A 

delayed-flood system is where the rice is grown like an upland crop [e.g., wheat (Triticum 

aestivum L.)] until the 4- to 5-leaf stage at which time the rice is flooded and the flood is 

generally maintained for the remainder of the growing period until floodwater is drained to 

prepare for harvest (Norman et al., 2009).  On average, rice requires 7,615 m3 irrigation-water 

ha-1 yr-1 (30 acre-inches irrigation-water) (Scott et al., 1998).  The direct-seeded, delayed-flood 

management practice can result in high FNRE if used appropriately (Griggs et al., 2007).  

However, the time required for commercial production fields to establish a permanent flood can 



 

10 
 

 

range from 2 d to a few weeks, depending upon field size and pumping capacity.  How 

efficiently (e.g., quickly) a producer can establish a flood after urea-N is applied directly 

influences how much urea-N may be lost via NH3 volatilization and affect overall FNRE.    

Rice Nitrogen Management 

Nitrogen is the nutrient most commonly limiting cereal crop production worldwide and is 

the fertilizer nutrient applied in the greatest amounts.  Efficiency of fertilizer-N uptake by plants 

is governed by soil properties, climatic factors, agronomic practices, crop species, and the 

management of fertilizers.  Despite the large amount of research that has been conducted on 

fertilizer-N management for crop production, continual improvements in cultivars, changes in 

production practices, development of new fertilizers, and the interactions among these factors 

coupled with the overall importance of N nutrition for maximizing crop yield warrant additional 

N management research.  

Rice is a non-legume crop meaning it does not have the ability to fix atmospheric N2 and 

requires fertilizer-N to reach its yield potential on most soils.  Total fertilizer costs represent the 

single greatest expense for rice production accounting for $350 ha-1 ($136 A-1, USDA-NASS, 

2015c) and 21% of a typical production budget (Flanders et al., 2015).  Nitrogen alone represents 

48% of the fertilizer costs ($169 ha-1 or $66 A-1), which is about 10% of the entire input cost of a 

rice production budget.  Because fertilizer-N represents a substantial percentage of most crop 

production budgets and is associated with environmental quality issues, proper management is 

crucial for the economic success of rice growers.   

Field-specific, fertilizer-N rates can be determined for rice grown in the delayed-flood 

production system using soil samples collected from the top 45 cm (18 inches) in loamy soils and 

the top 30 cm (12 inches) in clayey soils (Roberts et al., 2011; Norman et al., 2013a; Fulford, 
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2014; Greub, 2014).  The N-STaR soil-N test is used to determine the amount of plant-available 

N in the soil profile which includes determination of alkaline-hydrolyzable N (e.g., NH4-N, 

amino acid-N, and amino sugar-N) using direct-steam distillation (Roberts et al., 2011).  

Alternatively, growers can use the standard fertilizer-N recommendation that is based on the crop 

grown before rice, cultivar/hybrid, and soil texture (Norman et al., 2013a; Roberts and Hardke, 

2016). 

There are two fertilizer-N application options for rice grown in the delayed-flood system, 

the optimum single preflood and the standard 2-way split application methods.  The standard 

fertilizer-N rate needed to achieve optimum yield is cultivar dependent, but usually ranges from 

134 to 168 kg N ha-1 (Roberts et al., 2013a, 2013b).  Preflood urea-N should be applied onto a 

dry soil and accounts for 60 to 100% of the total fertilizer-N required (Norman et al., 2013b).  

The preflood-N rates typically range from 100 to 150 kg N ha-1 for rice grown on loamy soils 

using the standard recommendation based on the fertilization method, soil texture and cultivar 

requirement.  The taller rice cultivars that are prone to lodging typically require less fertilizer-N.  

The single optimum preflood method is suggested for fields that can be flooded in a timely 

fashion and urea-N can be incorporated into the soil within 5 d.  Ammonia volatilization can start 

within 2 d of urea-N application and 30 to 90% of urea-N applied can be lost in 3 to 7 d (He et 

al., 1999).  The 2-way split method involves applying 70% of the fertilizer-N preflood on a dry 

soil and applying the remaining 30% between panicle initiation and differentiation.  According to 

Wilson et al. (1989), rice grown in the delayed-flood, production system requires about 3 wk to 

take up the preflood applied urea-N, with FNRE values of 75% when urea is applied to a dry soil 

and flooded rapidly.  The early preflood-N application sets the yield potential for rice and if 

managed correctly, there is no need for an N application at midseason (Bollich et al., 1994; 
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Norman et al., 2001).  For the 2-way split application method, the total N requirement of the 

cultivar is divided between the 5-leaf stage and midseason with 52 kg N ha-1 applied in a single 

dose near the 1.25 cm IE stage and the balance of the fertilizer-N rate applied preflood (Norman 

et al., 2013b).  The 2-way split method is recommended when using hybrid rice cultivars.  

Hybrids can maximize yield with a single optimum preflood-N application, however, they are 

prone to lodging and a late boot N application of 34 kg N ha-1 is recommended to minimize 

lodging (Norman et al., 2013b, 2006).   

Rice grown on clayey soils usually requires 34 to 67 kg N ha-1 more N to maximize yield 

than rice grown on loamy soil (Roberts et al., 2013b).  Although clayey soils usually contain 

more total-N the greater fertilizer-N requirement is thought to be due to clay fixation and the 

slower diffusion of NH4-N because of the small pore size and greater pore space (tortuosity) 

associated with the larger clay content (Trostle et al., 1998).  The midseason urea-N is applied 

into the floodwater and is taken up by the rice plant within 3 d after application with a FNRE of 

about 58% (Wilson et al., 1989).  

Research involving rice response to fertilizer-N has examined how grain yield and FNRE 

are affected by inorganic-N form (Moore et al., 1981; Westcott et al., 1986; Norman et al., 1988; 

Wilson et al., 1989; Norman et al., 2009), organic-N (Westcott and Mikkelsen, 1987; Cabrera et 

al., 2005; Brye et al., 2006; Golden et al., 2006; Reiter et al., 2014), fertilizer-N application 

timing (Westcott et al., 1986; Wilson et al., 1989; Norman et al., 1992; Norman et al., 2009), and 

urease and nitrification inhibitor amendments (Clay et al., 1990; Qui-xiang et al., 1994; Rao and 

Popham, 1999; Pasada et al., 2001; Carrasco et al., 2004; Norman et al., 2009; Fitts et al., 2014; 

Rogers et al., 2015; Dempsey et al., 2017), but we could find not information stating why 

preflood-N is usually applied at the 4- to 5-leaf stage.  Proper management of the preflood-N is 
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extremely important since the early-season N availability sets rice yield potential (Wilson et al., 

1989).  The 4-to 5-leaf stage coincides with the accumulation of 195 to 310 DD10 units (350 to 

550 DD50) and is the current recommended optimum time to apply preflood-N and establish the 

permanent flood (Norman et al., 2013b).  The current recommendation for the absolute final time 

to apply preflood fertilizer is provided in the current DD10 program; this recommendation 

occurs 287 DD10 units (16 d, 510 DD50 units) before 1.25 cm IE which corresponds to about 10 

d prior to the beginning IE (green ring) prediction.  Thus, the final recommended time to apply 

preflood fertilizer-N depends on the duration of each cultivar’s vegetative growth stage.  The 

current recommendation for the preflood-N cut-off was established from conservative 

interpretation of research performed by Norman et al. (1992).  Determining the absolute latest 

time that preflood fertilizer-N can be applied to rice is critical preflood-N management 

information that will be discussed in more detail later in the literature review.  

Nitrogen Dynamics 

Soil- and fertilizer-N can be lost via ammonia (NH3) volatilization, denitrification, 

immobilization, leaching, erosion, and runoff.  Each of these N loss pathways can be reduced by 

applying fertilizer-N at a time that coincides with active nutrient uptake by the root system 

(Alcoz et al., 1993; Cassman et al., 1998; Scharf, 2015).  The two primary N loss pathways in 

rice are ammonia volatilization from urea and denitrification.  For flood-irrigated rice, the 

fertilizer source (Bufogle et al., 1998; Golden et al., 2009; Norman et al., 2009), N 

transformations of soil- and fertilizer-N prior to flooding (Beyrouty et al., 1988; Griggs et al., 

2007), and soil conditions at the time of fertilizer-N application (Norman et al., 1992; Griggs et 

al., 2007; Golden et al., 2009; Dempsey, 2015) all play important roles in determining the FNRE 

of rice.  
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Ammonia volatilization is a key N loss pathway in rice production worldwide and is 

believed to account for 84 to 88% of the total N lost in rice production systems (De Datta et al., 

1991).  Ammonium-producing fertilizer sources, such as granulated urea [(NH2)2CO], are 

susceptible to NH3 volatilization when left on the soil surface and not incorporated. 

Environmental factors including, but not limited to, temperature, timing of N application, soil 

pH, wind, and soil moisture influence NH3 volatilization loss potential (Ernst and Massey, 1960).  

The potential for NH3 volatilization loss increases as soil pH, temperature and moisture increase.  

For example, Ernst and Massey (1960) reported 50% of the added urea-N was lost due to NH3 

volatilization at a soil pH of 7.5 compared to only 10% loss at a soil pH of 5.5.  Ammonia 

volatilization losses increase with factors that increase evaporation, such as high air and soil 

temperatures, high soil moisture conditions, and wind speed (Ernst and Massey, 1960; Keeney 

and Bremner, 1967; Schmidt, 1982; Kyveryga et al., 2004).  Three general rules of urea-N 

management include apply the urea to a dry soil surface, incorporate the urea within 2 d with 

moisture (rainfall or irrigation), and amend urea with an effective urease inhibitor (Griggs et al., 

2007; Norman et al., 2009, 2013b; Dempsey et al., 2017).  Norman et al. (2009) showed NH3 

volatilization of urea-N increased from 17 to 24% of the added urea-N when applied 5 and 10 d, 

respectively, prior to the establishment of a permanent flood.  The use of the urease inhibitor 

known as NBPT is recommended to reduce the amount of NH3 volatilization that occurs from 

urea-containing fertilizers.  The NBPT inhibits urea hydrolysis for several days, which allows 

dilution of urea concentration (e.g., around the urea prill) in soil via diffusion, and thereby aids in 

reducing NH3 volatilization (Clay et al., 1990; Henderickson, 1992). 

Nitrification is the conversion of ammonium-N (NH4) to nitrate-N (NO3) by soil 

microbes.  Nitrification is an aerobic process and soil temperature and pH play important roles in 
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determining how rapid the nitrification proceeds.  The nitrification of NH4-N derived from soil 

and fertilizer-N is optimized by warm and moist soil conditions and the nitrification rate 

increases as pH increases (Focht and Verstraete, 1977; Belser, 1979; Schmidt, 1982).  Soils used 

for rice production in the mid-South, USA, tend to have a rapid rate of nitrification and the one-

half life of urea-N added under warm, moist conditions in the laboratory ranges from 4 to 15 d 

(Fitts et al., 2014).  Nitrification inhibitors can be applied to N fertilizer to delay the conversion 

of NH4-N to NO3-N (Sutton, 2005).  Inhibitors that slow the nitrification rate of fertilizer-N, and 

subsequently denitrification, can optimize FNRE by crops resulting in the potential for increased 

crop yields and decreased production costs, but have not shown much potential as a urea-N 

management aid for rice in the mid-South USA (Fitts et al., 2014; Dempsey, 2015).  Nitrate is a 

highly mobile N form and is an undesirable inorganic-N form for rice because it is prone to 

leaching and denitrification (Whitehead, 1995). 

Denitrification, the microbial conversion of nitrite-N (NO2) and nitrate-N (NO3) forms to 

gaseous N forms (e.g., N2 and N2O) occurs when oxygen availability in the soil is limited (Reddy 

et al., 1978; Patrick, 1982).  Flooding the soil to grow rice creates anaerobic conditions, which 

inhibits nitrification and creates an environment conducive for denitrification.  Season-total N 

loss via denitrification is maximized when a field undergoes a number of aerobic followed by 

anaerobic cycles (Patrick and Wyatt, 1964; Patrick, 1982).  The N2O gasses are powerful 

greenhouse gasses that reduce overall air quality.  The rate of denitrification increases rapidly as 

temperatures increase from 2 to 25ᴏC while the optimal temperature for denitrification is 60ᴏC 

(Bremner and Shaw, 1957; Keeney and Bremmer, 1967).  The rate of denitrification increases as 

soil pH increases beyond 5.5 up to 8.6 (Bremner and Shaw, 1957; Schmidt, 1982).  

Denitrification mainly occurs when the soil is saturated, flooded or severely compacted, but can 
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occur when soil is not completely flooded, since oxygen availability may be limited in microsites 

in the soil (e.g., near decomposing organic matter and fertilizer-N due to high microbe activity; 

Liu et al., 2007; Halvorson and Del Grosso, 2013; Maharjan and Venterea, 2013; Halvorson et 

al., 2014).  

Nitrogen Deficiency 

Nitrogen deficiency is the most frequently observed nutrient deficiency symptom in rice 

production (Dobermann and Fairhurst, 2000).  Nitrogen deficiency may be noticeable during the 

vegetative and reproductive growth stages due to fertilizer-N loss, insufficient soil-N content, 

and insufficient fertilizer-N rate.  Visible N deficiency symptoms during the vegetative growth 

stage include a reduction in tiller number and leaf chlorosis (leaf yellowing).  Leaf chlorosis is 

the premature aging of leaves due to reduced photosynthesis within the rice plant (Crafts-

Brandner et al., 1996, 1998).  Photosynthesis decreases as the severity of N deficiency increases 

(Huang et al., 2004).  Nitrogen deficiency results in lower chlorophyll concentrations and a 

reduction in chloroplast numbers in leaves (Chen et al., 2003).  Nitrogen deficiency during the 

reproductive stage (R0-R4) could reduce the number of spikelet’s panicle-1 and increase the 

number of unfilled spikelet’s (Fageria and Baligar, 1999).   

Effect of Nitrogen Application Timing on Crop Yield 

Nitrogen is the nutrient that influences cereal crop yields to the greatest extent on most 

soils and must be applied as fertilizer to maximize yield.  Cereal crops appear to have an absolute 

growth stage by which time fertilizer-N must be applied before irreversible yield loss will occur 

on N deficient soils.  The flood irrigation used for rice production makes proper preflood-N 

management important for obtaining high FNRE and producing maximal yield.  The dry soil 

condition desired for preflood-N management is critical for high FNRE and is not always 
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available when rice begins to tiller (Norman et al., 2013).  During years when frequent and 

untimely rainfall maintains moist field conditions, rice growers want to know is it more 

beneficial to wait for the soil to dry and possibly compromise grain yield from late N fertilization 

or apply urea-N to a moist soil, which increases N loss and will likely require additional N to be 

applied to maintain yield.  Fertilizer-N application time studies have been conducted on a 

number of non-legume crops including rice, wheat, corn (Zea mays L.), and cotton (Gossypium 

hirsutum L.), which can be used to guide to answer the question of how late can fertilizer-N be 

applied before yield reduction occurs?   

The literature contains limited information on how fertilizer-N application time 

influences rice grain yield.  Fageria and Baligar (1999) noted that N applied during the 

reproductive stages beyond R2 (booting) in lowland rice does not increase yield, because yield 

potential is established by the availability and uptake of adequate N during vegetative growth.  

Wilson et al. (1989) also noted that if early-season N availability was insufficient, the efficiency 

of N uptake and yield response to midseason fertilizer-N was limited.  Fertilizer-N applied 

beyond the R2 growth stage can be absorbed by the plant, however, N taken up late in the 

growing season does not benefit yield (Wilson et al., 1989).  The results reported by Fageria and 

Baligar (1999) and Wilson et al. (1989; 1998) both indicate that early-season N deficiency limits 

rice yield potential and delaying fertilizer-N application beyond some critical stage limits yield 

potential. 

Norman et al. (1992) reported that delaying the preflood-N application and flood for 21 d 

beyond the 5-leaf stage had no significant effect on grain yield, but noted that heading was 

delayed as the preflood-N application and permanent flood establishment were delayed.  

Although total-N (soil + fertilizer) uptake was unaffected by fertilizer-N application time, 
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fertilizer-N uptake and harvest index both increased as the preflood-N and flood timing were 

delayed.  Soil-N uptake was slightly less or remained unchanged by fertilizer-N application time. 

A preliminary trial conducted by Slaton et al. (2015) also showed that the yield of rice planted in 

late April was maximized by urea-N applied from 4 June through 27 June.  Slaton et al. (2015) 

reported that the yield of rice receiving no fertilizer-N actually increased, as the urea-N 

application and flood establishment were delayed suggesting greater uptake of soil-N from 

delaying the flood.  The limited information available for rice indicates that the optimal window 

to apply preflood-N or the permanent flood has not been thoroughly evaluated and warrants 

additional research with rice and examination of the yield response of other crops to fertilizer-N 

and flood timing.  Due to the limited information available for rice, the response of other crops 

that require fertilizer-N might be of value for understanding how plant development and yield 

potential interact with N nutrition. 

Rice grain yield and yield components are maximized by having an adequate amount of 

N available at the proper time.  Moldenhauer and Gibbons (2003) explained that rice yield 

components were established at different growth stages including panicle number area-1 is 

established during vegetative development (stand and tillering), spikelet number panicle-1 is 

determined at PD, the percentage of filled or unfilled spikelets is determined between R1 and R4 

stages, and individual seed weight is determined during ripening.  Fageria and Baligar (1999) 

reported that the timing of fertilizer-N application relates directly to FNRE and significantly 

affected the number of panicles and number of filled spikelets per unit area.  The FNRE, panicles 

per unit area, and overall grain yield increased when N was applied prior to reproductive growth. 

However, 1000-grain weight and harvest index were not affected.  Nitrogen applied late in the 

growing season (booting) was absorbed by the plant, but remained in the plant dry matter and did 
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not benefit yield.  The number of panicles per unit area, harvest index, and number of filled 

spikelets per unit area all affect overall grain yield, but the number of panicles per unit area is 

considered the most important yield-contributing trait (Gravois and Helms, 1992; Fageria and 

Baligar, 1999).  However, when the number of panicles per unit area increased, the percentage of 

blank or sterile spikelets also increased.   

Studies showing how seeding rates influence grain yield and yield components are of 

value to understanding how N availability influences rice grain yield because some of the same 

yield components are affected.  Seeding rate influences the panicles per unit area, harvest index, 

and number of filled spikelets panicle-1, and several studies have concluded that yield 

compensation occurs between panicle density and filled spikelets panicle-1 (Wells and Faw, 

1978; Jones and Snyder, 1987; Gravios and Helms, 1992; Bond et al., 2008).  Bond et al. (2008) 

reported rough rice yield, panicle density, and head rice yield were all influenced by N rate and 

that the effect on rice yield components could be linked to the N application time as well.  

Wilson et al. (1989; 1998) and Norman et al. (2013a) reported that total grain yield was affected 

by FNRE, which can be influenced by the application time and rate of fertilizer-N.  Norman et al. 

(1992) reported that a single optimum preflood-N application can be delayed 21 d (panicle 

differentiation) beyond the current recommended application time (5-leaf stage) and not 

jeopardize total grain yield or harvest index, but a reduction in total biomass occurred.  Norman 

et al. (1992) also reported that FNRE increased but native soil-N uptake decreased when 

preflood-N application was delayed, which resulted in no net change in total-N uptake. 

Fertilizer-N application time trials with winter wheat indicate that fertilizer-N must be 

provided by Feekes stage 6 or yield loss will occur on N deficient soils (Alcoz et al., 1993; 

Edwards et al., 2009; Slaton et al., 2011; Clark et al., 2014).  Mascagni et al. (1990) reported that 
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fertilizer-N applied as late as Feekes stage 10 can significantly increase wheat yield but their 

results did not indicate the last growth stage that fertilizer-N can be applied to produce maximum 

yield potential.  Feekes stage 2 is defined as the growth stage when tillering begins, while Feekes 

stage 6 is defined as the growth stage when tillering ceases and the first node becomes visible 

(Miller, 1999).  Feekes growth stage 2 is comparable to rice growth stage V5, while Feekes 

stages 6 and 10 are similar to the R1 and R2, respectively, stages of rice (Counce et al., 2000).  

Clark et al. (2014) reported that applying fertilizer-N only at Feekes growth stage 3 or split 

applying N fertilizer at Feekes growth stages 3 and 6 maximized yield, however a reduced yield 

occurred due to reduced number of tillers when applying fertilizer-N in a single application at 

Feekes stage 6.  Alcoz et al. (1993) reported that grain yield, spikes m-1, grain weight m-1, and 

straw yield are significantly affected by the time of N application.  All of the yield components 

mentioned were significantly greater when all of the N was applied before Feekes stage 6 as 

compared to Feekes stage 10.  Li et al. (2001a) and Abedi et al. (2011) reported that the number 

of spikes per unit area is set before stem elongation which correlates to Feekes stage 6.  Slaton et 

al. (2009) reported that when fertilizer-N application time was delayed, wheat heading date was 

also delayed.   

Several studies in corn have indicated that sidedressing fertilizer-N results in higher grain 

yields and FNRE as opposed to applying fertilizer-N only before planting (Miller et al., 1975; 

Olson et al., 1982, 1986; Welch et al., 1971).  Jung et al. (1972) reported delaying N application 

too long results in reduced grain yield, yield components, and FNRE.  For N deficient soils, 

delaying the sidedress-N application beyond the V8 stage, the time corn is experiencing 

substantial biomass accumulation, is reported to be detrimental to corn yields (Varvel et al., 

1997; Binder et al., 2000).  Nitrogen uptake by corn is generally greatest during late vegetative 
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growth stages, between V8 and R1 (silking, Hanway, 1963; Russelle et al., 1983) and 

approximates the time of peak corn rooting depth (Hoeft et al., 2000), and accumulation of up to 

70% of total aboveground N uptake (Ciampitti et al., 2013).  Scharf et al. (2002) determined that 

the yield of corn grown in Missouri could be maximized with a single fertilizer application 

applied as late as the V11 stage (11 leaf collars, about 5-7 wk after emergence).  When Scharf et 

al. (2002) delayed the fertilizer-N application until V16 and R1 (silking), minimal yield losses of 

only 3 and 15% were measured, respectively.  The relatively low yield loss from delayed 

fertilizer-N application found by Scharf et al. (2002) and Gehl et al. (2005) may not be 

representative since corn that received no fertilizer-N produced yields that were 71% of the 

maximum yield produced by corn receiving fertilizer-N.  Espinoza et al. (2014) reported a yield 

decrease when the sidedress-N application was delayed beyond the V8 growth stage.  The 

availability of soil-N was not quantified in most of these studies, and may play an important role 

in how late fertilizer-N can be applied before irreversible yield loss from N deficiency begins. 

The number of plants and kernels per area is closely associated with the yield of corn, and the 

number of kernels per corn ear is a yield component that directly relates to nutrient or water 

stress during vegetative growth (Claassen and Shaw, 1970; Harder et al., 1982; Pandey et al., 

2000). 

Cotton is a non-legume fiber crop that also requires moderate fertilizer-N rates to 

maximize lint yields in the mid-South USA.  A study in Alabama showed that fertilizer-N 

application could be delayed until cotton reached first-square (Mullins et al., 2003).  In contrast, 

Mullins et al. (2003), in Mississippi, showed that fertilizer-N application could be delayed until 

the mid-bloom stage and still maximize yield.  In contrast, from a growth stage standpoint, the 

first square generally occurs 5 wk after planting and flowering occurs 3 wk following the 
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development of the first square (Oosterhuis, 1990).  Boquet and Breitenback (2000) showed that 

N uptake occurred throughout the entire growing season, but N uptake was greatest between 49 

and 71 d after planting, which coincides with the blooming and early boll set growth stages.  

Research has also indicated that total N accumulation is near maximum for the season at the first 

open boll stage (Halevy, 1976; Constable and Rochester, 1988; Li et al., 2001b).  Boll ripening is 

the stage where N demand for cotton plants is greatest (Halevy, 1976).  Yield components for 

cotton include total flower production, the number of flowers that develop and form bolls, boll 

size, and the fraction of total weight that is lint (Grimes et al., 1969).  A limited N supply after 

the flowering growth stage can limit yield components due to decreased photosynthesis and 

production of assimilate (Grimes et al., 1969).  Grimes et al. (1969) concluded that N availability 

affects several yield components (e.g., plant density per unit area, number of flowers, number or 

bolls, boll size, and plant height). 

For the non-legume crops mentioned above, the literature provided a critical and 

consistent growth stage by which fertilizer-N should be applied to allow maximal yield 

production only for winter wheat.  For corn and cotton, limited information suggested different 

growth stages as being critical for ensuring an adequate N supply to produce maximal yield.  For 

rice, research has established that the yield potential is set by early-season N availability but 

research has not defined a specific growth stage after which fertilization with N no longer allows 

for maximal yield production.  Delaying the preflood urea-N application and permanent flood 

establishment may be undesirable for reasons beyond those of plant N nutrition because delaying 

the flood allows additional time for weed infestation, may increase production costs associated 

with weed control, may accentuate some diseases and, on N deficient soils, may limit tiller 

formation.  In years during which untimely rainfall causes wet field conditions, applying 
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fertilizer-N to a dry soil at the 5-leaf stage, as recommended, can be challenging.  Farmers are 

faced with applying fertilizer-N to a moist soil or waiting for the soil to dry.  If urea-N is applied 

to a moist soil, NH3 volatilization loss of urea-N may be substantial and result in overall low rice 

yields or higher fertilizer costs (Norman et al., 2009).  Based on all of the research conducted on 

rice N availability, it may be inferred that FNRE and yield components could be unaffected or 

benefit when the fertilizer-N application is delayed.  Delaying N application time may allow for 

larger seedlings with a more extensive root system that can take up fertilizer-N more rapidly and 

perhaps efficiently when compared to younger rice seedlings.  Additional research that 

investigates how delaying preflood urea-N application time beyond the 4- to 5-leaf stage 

influences rice-N uptake and yield is needed to provide farmers with research-based answers on 

modern rice cultivars and hybrids, which have shorter vegetative growth periods than most of the 

obsolete long-season cultivars grown in prior decades.  

Summary 

Knowing exactly how long fertilizer-N application and flooding can be delayed without 

detrimentally influencing maximum rice yield potential is critical for making correct N 

management decisions during wet years.  Research has not adequately addressed this subject 

(Norman et al., 1992; Slaton et al., 2015) and additional research is needed to determine how rice 

yield is affected and whether the available rice genotypes respond similarly.  Research by 

Norman et al. (1992) with a single obsolete, long-season cultivar and one N rate showed that the 

preflood urea-N application could be delayed 21 d without yield loss.  Limited research by 

Slaton et al. (2015) appears to confirm the yield results reported by Norman et al. (1992) but 

suggests different results for soil-N uptake when preflood-N is delayed.  Research with wheat 

suggests that delaying fertilizer-N beyond the mid-vegetative growth stages limits tiller 
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production, dry matter accumulation, and/or grain production.  Research with corn suggests that 

delaying fertilizer-N beyond the mid-vegetative growth stages limits dry matter production 

and/or seed production.  Based on the available literature we hypothesize that delaying the 

preflood urea-N application more than 21 d will result in reduced tillering, grains per unit area, 

and rice grain yield.  The objectives of the proposed research include: 

1. Evaluate the effect of preflood-N (and flood establishment time) and fertilizer-N rate 

on the grain yield and maturity of multiple rice cultivars that differ in growth duration 

(e.g., days to maturity). 

2. Evaluate the effect of preflood-N (and flood establishment) time and fertilizer-N rate 

on the N uptake, tillering, and yield components (panicle bearing tillers, spikelet 

number panicle-1, and percentage of filled spikelets) and harvest index of a single rice 

cultivar (Roy J). 
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Appendix 2.12. Grain yield for four rice cultivars [(A) Roy J, (B) LaKast, (C) CL111, (D) 

Jupiter] receiving five different N rates regressed across growing degree units accumulated at the 

time of fertilization at the Pine Tree Research Station (PTRS-2015a). Regression coefficients are 

listed in Appendix 2.10. 
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Appendix 2.13. Grain yield for two rice cultivars [(A) Roy J, (B) XL753] receiving five different 

N rates regressed across growing degree units accumulated at the time of fertilization at the Pine 

Tree Research Station (PTRS-2015b). Regression coefficients are listed in Appendix 2.10. 
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Appendix 2.14. Grain yield for four rice cultivars [(A) Roy J, (B) LaKast, (C) CL111, (D) 

Jupiter] receiving five different N rates regressed across growing degree units accumulated at 

the time of fertilization at the Pine Tree Research Station (PTRS-2016). Regression coefficients 

are listed in Appendix 2.10. 
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Appendix 2.15. Grain yield for five rice cultivars [(A) Roy J, (B) LaKast, (C) CL111, (D) 

Jupiter, (E) XL753] receiving five different N rates regressed across growing degree units 

accumulated at the time of fertilization at the Rice Research and Extension Center (RREC-2015). 

Regression coefficients are listed in Appendix 2.11. 
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Appendix 2.16. Grain yield for five rice cultivars [(A) Roy J, (B) LaKast, (C) CL111, (D) 

Jupiter, (E) XL753] receiving five different N rates regressed across growing degree units 

accumulated at the time of fertilization at the Rice Research and Extension Center (RREC-2016). 

Regression coefficients are listed in Appendix 2.11. 
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Appendix 2.17. Correlation coefficients for cumulative growing degree units accumulated at the time of fertilization, yield, and yield 

components for Roy J receiving 135 kg N ha-1 at the Pine Tree Research Station (PTRS) in 2015a.  

Pearson correlation coefficients 

Prob > |r| under H0: Rho=0 

Number of observations = 24 

  Act yld † Rel yld GDU Panicles Eff tillers Tillers Spike PF spike Seed wt 

Act yld  1.000 1.000 -0.368 0.081 0.280 0.089 -0.158 0.387 0.406 

-- <0.001 0.077 0.705 0.184 0.681 0.461 0.062 0.049 

Rel yld  1.000 1.000 -0.368 0.081 0.280 0.089 -0.158 0.387 0.406 

<0.001 -- 0.077 0.705 0.184 0.681 0.461 0.062 0.049 

GDU  -0.368 -0.368 1.000 -0.385 -0.223 -0.332 0.689 -0.420 -0.854 

0.077 0.077 -- 0.063 0.294 0.113 <0.001 0.041 <0.001 

Panicles 0.081 0.081 -0.385 1.000 0.447 0.615 -0.356 -0.194 0.296 

0.705 0.705 0.063 -- 0.029 0.001 0.088 0.364 0.160 

Eff tillers 

  

0.280 0.280 -0.223 0.447 1.000 -0.258 -0.285 0.375 0.281 

0.184 0.184 0.294 0.029 -- 0.223 0.178 0.071 0.183 

Tillers 

  

0.089 0.089 -0.332 0.615 -0.258 1.000 -0.090 -0.218 0.248 

0.681 0.681 0.113 0.001 0.223 -- 0.675 0.305 0.243 

Spike 

  

-0.158 -0.158 0.689 -0.356 -0.285 -0.090 1.000 -0.244 -0.706 

0.461 0.461 0.001 0.088 0.178 0.675 -- 0.251 0.001 

PF spike 

  

0.387 0.387 -0.420 -0.194 0.375 -0.218 -0.244 1.000 0.602 

0.062 0.062 0.041 0.364 0.071 0.305 0.251 -- 0.002 

Seed wt 0.406 0.406 -0.854 0.296 0.281 0.248 -0.706 0.602 1.000 

0.049 0.049 <0.001 0.160 0.183 0.243 <0.001 0.002 -- 

† Abbreviations for the correlation analysis represent: Act yld, actual grain yield (kg ha-1); Rel yld, relative grain yield (%); GDU,  

growing degree units (DD10); Panicles, panicle number (panicles m-2); Eff tillers, effective tillers (% tillers bearing panicles); Tillers, 

tiller number (tillers plant-1); Spike, total spikelet number (spikelets panicle-1); PF spike, % filled spikelets; Seed wt, seed weight (mg 

seed-1). 
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Appendix 2.18. Correlation coefficients for cumulative growing degree units accumulated at the time of fertilization, yield, and yield 

components for Roy J receiving 135 kg N ha-1 at the Pine Tree Research Station (PTRS) in 2016.  

Pearson correlation coefficients 

Prob > |r| under H0: Rho=0 

Number of observations = 28 

  Act yld † Rel yld GDU Panicles Eff tillers Tillers Spike PF spike Seed wt 

Act yld  1.000 1.000 -0.799 0.428 0.760 -0.230 0.399 0.607 0.599 

-- <0.001 <0.001 0.026 <0.001 0.259 0.039 0.001 0.001 

Rel yld  1.000 1.000 -0.799 0.428 0.760 -0.230 0.399 0.607 0.599 

<0.001 -- <0.001 0.026 <0.001 0.259 0.039 0.001 0.001 

GDU  -0.799 -0.799 1.000 -0.058 -0.768 0.502 -0.576 -0.542 -0.733 

<0.001 <0.001 -- 0.771 <0.001 0.008 0.001 0.003 <0.001 

Panicles 0.428 0.428 -0.058 1.000 0.392 0.361 -0.059 0.086 0.066 

0.026 0.026 0.771 -- 0.039 0.064 0.766 0.665 0.739 

Eff tillers 

  

0.760 0.760 -0.768 0.392 1.000 -0.514 0.392 0.517 0.611 

<0.001 <0.001 <0.001 0.039 -- 0.006 0.039 0.005 0.001 

Tillers 

  

-0.230 -0.230 0.502 0.361 -0.514 1.000 -0.077 -0.448 -0.520 

0.259 0.259 0.008 0.064 0.006 -- 0.704 0.019 0.005 

Spike 

  

0.399 0.399 -0.576 -0.059 0.392 -0.077 1.000 0.401 0.293 

0.039 0.039 0.001 0.766 0.039 0.704 -- 0.035 0.130 

PF spike 

  

0.607 0.607 -0.542 0.086 0.517 -0.448 0.401 1.000 0.708 

0.001 0.001 0.003 0.665 0.005 0.019 0.035 -- <0.001 

Seed wt 0.599 0.599 -0.733 0.066 0.611 -0.520 0.293 0.708 1.000 

0.001 0.001 <0.001 0.739 0.001 0.005 0.130 <0.001 -- 

† Abbreviations for the correlation analysis represent: Act yld, actual grain yield (kg ha-1); Rel yld, relative grain yield (%); GDU,  

growing degree units (DD10); Panicles, panicle number (panicles m-2); Eff tillers, effective tillers (% tillers bearing panicles); Tillers, 

tiller number (tillers plant-1); Spike, total spikelet number (spikelets panicle-1); PF spike, % filled spikelets; Seed wt, seed weight (mg 

seed-1). 
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 Appendix 2.19. Correlation coefficients for cumulative growing degree units accumulated at the time of fertilization, yield, and yield 

components for Roy J receiving 90 kg N ha-1 at the Rice Research and Extension Center (RREC) in 2015.  

Pearson correlation coefficients 

Prob > |r| under H0: Rho=0 

Number of observations = 20 

  Act yld † Rel yld GDU Panicles Eff tillers Tillers Spike PF spike Seed wt 

Act yld  1.000 1.000 0.016 -0.091 -0.022 -0.107 -0.053 -0.059 -0.006 

-- <0.001 0.946 0.703 0.925 0.654 0.823 0.804 0.981 

Rel yld  1.000 1.000 0.016 -0.091 -0.022 -0.107 -0.053 -0.059 -0.006 

<0.001 -- 0.946 0.703 0.925 0.654 0.823 0.804 0.981 

GDU  0.016 0.016 1.000 0.210 0.071 0.145 -0.455 0.712 -0.391 

0.946 0.946 -- 0.375 0.766 0.543 0.044 0.001 0.088 

Panicles -0.091 -0.091 0.210 1.000 0.616 0.786 -0.199 -0.187 -0.426 

0.703 0.703 0.375 -- 0.004 <0.001 0.400 0.431 0.061 

Eff tillers  -0.022 -0.022 0.071 0.616 1.000 0.282 0.044 -0.112 -0.156 

0.925 0.925 0.766 0.004 -- 0.228 0.855 0.638 0.512 

Tillers 

  

-0.107 -0.107 0.145 0.786 0.282 1.000 -0.169 -0.181 -0.515 

0.654 0.654 0.543 <0.001 0.228 -- 0.476 0.445 0.020 

Spike 

  

-0.053 -0.053 -0.455 -0.199 0.044 -0.169 1.000 -0.509 0.770 

0.823 0.823 0.044 0.400 0.855 0.476 -- 0.022 <0.001 

PF spike 

  

-0.059 -0.059 0.712 -0.187 -0.112 -0.181 -0.509 1.000 -0.329 

0.804 0.804 0.001 0.431 0.638 0.445 0.022 -- 0.156 

Seed wt -0.006 -0.006 -0.391 -0.426 -0.156 -0.515 0.770 -0.329 1.000 

0.981 0.981 0.088 0.061 0.512 0.020 <0.001 0.156 -- 

† Abbreviations for the correlation analysis represent: Act yld, actual grain yield (kg ha-1); Rel yld, relative grain yield (%); GDU,  

growing degree units (DD10); Panicles, panicle number (panicles m-2); Eff tillers, effective tillers (% tillers bearing panicles); Tillers, 

tiller number (tillers plant-1); Spike, total spikelet number (spikelets panicle-1); PF spike, % filled spikelets; Seed wt, seed weight (mg 

seed-1). 

 

 

 

 

 



 

108 
 

without adversely affecting rice grain yield.  The findings may also have implications for the 

production of rice in non-flooded environments in that rice development is delayed by delays in 

N-fertilization and flooding and for rice production in systems with limited fertilizer-N sources 

(e.g., organic).  Delayed flooding tended to increase rice aboveground-N content and grain yield 

when suboptimal N rates were applied. 


