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Urea is the predominant ammonium-forming nitrogen (N) source applied in delayedflood rice because of its high N content (46%) and relatively low cost. Nitrogen applied prior to
flooding can be lost by multiple mechanisms such as ammonia volatilization or
nitrification/denitrification. In recent years, technological advancements have provided
alternative enhanced efficiency fertilizer additives with potential to be incorporated in rice
production to reduce N losses. Research was conducted at the Mississippi State University Delta
Research and Extension Center from 2018 to 2020 to determine the effects of broadcast
applications of nitrapyrin at two specific growth stages to enhance fertilizer-N recovery
efficiency, determine optimal application methods of nitrapyrin with urea, determine the effects
of nitrapyrin mixed with different herbicides for weed control, and to evaluate nitrapyrin efficacy
alone and in conjunction with N-(n-butyl) thiophosphoric triamide (NBPT) to reduce ammonia
volatilization.
In the current research, there was no effect on grain yield responses from the addition of
nitrapyrin regardless of soil textures or application timing. Broadcast applications of nitrapyrin
did not improve fertilizer-N recovery efficiency regardless of soil texture or application timing.

Differences in rice grain yield were not observed with respect to nitrapyrin application method or
NBPT combination for clay and silt loam textures. Barnyardgrass control was unaffected with
nitrapyrin applied with different herbicides. Lastly, nitrapyrin was ineffective at reducing
ammonia volatilization and resulted in a similar trend to urea alone. Efficacy from nitrapyrin
plus NBPT was not different from NBPT alone at reducing N losses. Nitrapyrin efficacy can be
influenced by soil texture, application timing, or application method. Implementing nitrapyrin as
an enhanced efficiency fertilizer additive to mitigate N losses is inconsistent, and rice grain
yields will vary based on environmental and soil conditions.

DEDICATION
I would like to dedicate my work to my wife, Samantha Mansour, for all the
encouragement, commitment, and support throughout this process. I would like to thank Mr.
Marvin Cochran for believing in me when others did not and helping me to achieve my goals by
instilling in me the virtues of hard-work and determination. There are three mottos one should
always remember in life. These mottos are what defines the success and pure grit of one’s selfdetermination.

ii

ACKNOWLEDGEMENTS
I would like to thank Dr. Bobby Golden for affording me the opportunity to continue my
pursuit of knowledge. I would also like to thank Dr. Jason Bond, Dr. Jeff Gore, Dr. Darrin
Dodds, and Dr. Nathan Slaton for serving as members on my graduate committee, your insight,
mentoring, and support has been unwavering.
Also, a special acknowledgment of appreciation to the Mississippi Rice Promotion Board
for funding my research and allowing me to further my education. I would like to acknowledge
and thank Lindsey Bell, Robert Sullivan, and Willie Earl Clark for their work and support
throughout my research. I would also like to thank Justin McCoy, Brian Pieralisi, and Will
Eubank along with the other graduate students at Mississippi State University for their
encouragement and friendship.

iii

TABLE OF CONTENTS
DEDICATION ................................................................................................................................ ii
ACKNOWLEDGEMENTS ........................................................................................................... iii
LIST OF TABLES ......................................................................................................................... vi
LIST OF FIGURES .........................................................................................................................x
CHAPTER
I.

INTRODUCTION .............................................................................................................1
Rice history, uses and economic production .....................................................................1
Morphology and development of rice ...............................................................................2
Herbicide resistance management .....................................................................................6
Nitrogen fertilizer dynamics ..............................................................................................8
Nitrogen uptake and yield response in rice .................................................................9
Nitrogen efficacy .......................................................................................................10
Fate of agricultural nitrogen ......................................................................................11
Nitrification inhibitors: Uses, benefits, and potential in rice...........................................14
Reference Cited ...............................................................................................................17

II.

EVALUATION OF SOIL-SURFACE APPLICATIONS OF NITRAPYRIN AS A
POTENTIAL ENHANCED EFFICIENCY FERTILIZER IN MISSISSIPPI RICE
(ORYZA SATIVA L.) PRODUCTION .............................................................................25
Abstract............................................................................................................................25
Introduction .....................................................................................................................26
Materials and Methods ....................................................................................................29
Description of sites ....................................................................................................29
Treatments .................................................................................................................30
Measurements ............................................................................................................30
Statistics .....................................................................................................................31
Results and Discussion ....................................................................................................32
Clay soil timing study ................................................................................................32
Silt loam soil timing study .........................................................................................34
Conclusions .....................................................................................................................35
Reference Cited ...............................................................................................................46
iv

III.

COMPARATIVE ANALYSIS OF OPTIMAL APPLICATION METHODS WITH A
NITRIFICATION INHIBITOR ALONE AND IN COMBINATION WITH A
UREASE INHIBITOR IN MISSISSIPPI RICE (ORYZA SATIVA) PRODUCTION .....50
Abstract............................................................................................................................50
Introduction .....................................................................................................................51
Materials and Methods ....................................................................................................55
Description of sites ....................................................................................................55
Treatments .................................................................................................................55
Statistics .....................................................................................................................56
Results and Discussion ....................................................................................................56
Clay soil method study ..............................................................................................56
Silt loam method study ..............................................................................................58
Conclusion .......................................................................................................................59
Reference Cited ...............................................................................................................67

IV.

EVALUATION OF NITRAPYRIN MIXED WITH DIFFERENT HERBICIDES FOR
WEED CONTROL IN RICE (ORYZA SATIVA) ...........................................................72
Abstract............................................................................................................................72
Introduction .....................................................................................................................73
Materials and Methods ....................................................................................................77
Herbicide study ..........................................................................................................77
Adjuvant study...........................................................................................................79
Results and Discussion ....................................................................................................81
Herbicide Study .........................................................................................................81
Adjuvant Study ..........................................................................................................82
Conclusion .......................................................................................................................82
Reference Cited ...............................................................................................................88

V.

IN VITRO ANALYSIS TO CHARACTERIZE THE EFFECTS OF NITRAPYRIN
ALONE AND IN CONJUNCTION WITH N-(N-BUTYL) THIOPHOSPHORIC
TRIAMIDE (NBPT) ON AMMONIA VOLATILIZATION FROM HYDROLYZED
UREA ..............................................................................................................................91
Abstract............................................................................................................................91
Introduction .....................................................................................................................92
Materials and Methods ....................................................................................................95
Results and Discussion ....................................................................................................97
Conclusion .......................................................................................................................99
Reference Cited .............................................................................................................103

v

LIST OF TABLES
Table 2.1

Geographic location, soil classification, and agronomic information for field
studies evaluating nitrapyrin growth stage application timings at Mississippi
State University Delta Research and Extension Center in Stoneville, MS. ...............37

Table 2.2

Selected dates of agronomic importance for research studies evaluating
nitrapyrin application timings at the Delta Research and Extension Center
from 2018 to 2020. .....................................................................................................38

Table 2.3

Analysis of variance p-values for total aboveground biomass, total-N uptake,
days to 50% heading, total milled and head rice yield (HRY) milling quality,
fertilizer-N recovery efficiency (FNRE), and grain yield data for research
studies managed at the Delta Research and Extension Center from 2018 to
2020 evaluating nitrapyrin application timings in clay soil textures. .........................39

Table 2.4

Total rice aboveground biomass, head rice yield (HRY) milling quality, and
fertilizer-N recovery efficiency (FNRE) as influenced by the main effect of N
application timing pooled across nitrapyrin application and N rates in clay
soil textures for research studies established from 2018 to 2020 at the Delta
Research and Extension Center. .................................................................................40

Table 2.5

Total-N uptake influenced by the interaction of N application timing by N
rate pooled across nitrapyrin applications in clay soil textures for research
studies established from 2018 to 2020 at the Delta Research and Extension
Center. ........................................................................................................................40

Table 2.6

Days to 50% heading as influenced by the interaction of nitrapyrin
applications by N application timing by N rate in clay soil textures for
research studies established from 2018 to 2020 at the Delta Research and
Extension Center. .......................................................................................................41

Table 2.7

Fertilizer-N recovery efficiency (FNRE) as influenced by the main effect of
N rate pooled across nitrapyrin application and N application timing in clay
soil textures for research studies established from 2018 to 2020 at the Delta
Research and Extension Center. .................................................................................41

Table 2.8

Grain yield influenced by the interaction of nitrapyrin applications by N rate
pooled across N application timings in clay soil textures for research studies
established from 2018 to 2020 at the Delta Research and Extension Center. ............42
vi

Table 2.9

Grain yield influenced by the interaction of N application timing by N rate
pooled across nitrapyrin application in clay soil textures for research studies
established from 2018 to 2020 at the Delta Research and Extension Center. ............42

Table 2.10 Analysis of variance p-values for total aboveground biomass, total-N uptake,
days to 50% heading, total milled and head rice yield (HRY) milling quality,
fertilizer-N recovery efficiency (FNRE), and grain yield data for research
studies managed at the Delta Research and Extension Center from 2018 to
2020 evaluating nitrapyrin application timings in silt loam soil textures. .................43
Table 2.11 Total rice aboveground biomass, total-N uptake, total milled rice yield, and
fertilizer-N recovery efficiency (FNRE) as influenced by the main effect of N
application timing pooled across nitrapyrin application and N rates in silt
loam soil textures for research studies from 2018 to 2020 at the Delta
Research and Extension Center. .................................................................................44
Table 2.12 Total aboveground biomass and total-N uptake as influenced by the main
effect of N rate pooled across nitrapyrin application and N application timing
in silt loam soil textures for research studies from 2018 to 2020 at the Delta
Research and Extension Center. .................................................................................44
Table 2.13 Days to 50% heading and grain yield influenced by the interaction of N
application timing by N rate pooled across nitrapyrin application in silt loam
soil textures for research studies from 2018 to 2020 at the Delta Research and
Extension Center. .......................................................................................................45
Table 3.1

Geographic location, soil classification, and agronomic information for field
studies evaluating N-(n-butyl) thiophosphoric triamide (NBPT) and
nitrapyrin alone and in-combination at Mississippi State University Delta
Research and Extension Center in Stoneville, MS. ....................................................61

Table 3.2

Selected dates of agronomic importance for research studies evaluating
NBPT and nitrapyrin alone and in-combination at the Delta Research and
Extension Center from 2018 to 2020..........................................................................62

Table 3.3

Analysis of variance p-values for total aboveground biomass, total-N uptake,
days to 50% heading, total milled rice quality, head rice yield (HRY) milling
quality, fertilizer-N recovery efficiency (FNRE), and rice grain yield data for
the clay soil texture study at the Delta Research and Extension Center from
2018 to 2020 evaluating NBPT and nitrapyrin alone and in-combination. ................63

Table 3.4

Total rice aboveground biomass, total-N uptake, days to 50% heading, and
rice grain yield as influenced by the main effect of N rate pooled across
application method and fertilizer additive in clay soil textures for research
established from 2018 to 2020 at the Delta Research and Extension Center. ............64
vii

Table 3.5

Fertilizer-N recovery efficiency (FNRE) as influenced by the main effect of
N rate pooled across application method and fertilizer additive in clay soil
textures for research established from 2018 to 2020 at the Delta Research and
Extension Center. .......................................................................................................64

Table 3.6

Analysis of variance p-values for total aboveground biomass, total-N uptake,
days to 50% heading, total milled and head rice yield (HRY) milling quality,
fertilizer-N recovery efficiency (FNRE), and rice grain yield data for the silt
loam soil texture study at the Delta Research and Extension Center from
2018 to 2020 evaluating NBPT and nitrapyrin alone and in-combination. ................65

Table 3.7

Total rice aboveground biomass, total-N uptake, days to 50% heading, total
milled and head rice yield (HRY) milling quality, and rice grain yield as
influenced by the main effect of N rate pooled across application method and
fertilizer additive in silt loam soil textures for research established from 2018
to 2020 at the Delta Research and Extension Center. ................................................65

Table 3.8

Total milled and head rice yield (HRY) milling quality as influenced by the
main effect of fertilizer additive pooled across N rate and application method
in silt loam soil textures for research established from 2018 to 2020 at the
Delta Research and Extension Center. .......................................................................66

Table 3.9

Fertilizer-N recovery efficiency (FNRE) as influenced by the interaction of
application method by N rate pooled across fertilizer additives in silt loam
soil textures for research established from 2018 to 2020 at the Delta Research
and Extension Center. .................................................................................................66

Table 4.1

Geographic location, soil classification, and agronomic information for field
studies conducted to evaluate weed control of nitrapyrin alone and in
combination with different herbicide modes of action in Stoneville, MS. .................84

Table 4.2

Geographic location, soil classification, and agronomic information for field
studies conducted to evaluate rough rice yield from nitrapyrin alone and in
combination with different adjuvants in Stoneville, MS. ...........................................85

Table 4.3

Analysis of variance p-values for 7, 14, 21, and 28 d after treatment (DAT),
rice plant height, and rice plant biomass for research conducted to evaluate
weed control of nitrapyrin alone and in combination with different herbicide
modes of action at Stoneville, MS in 2019 and 2020. ................................................86

Table 4.4

Analysis of variance p-values for phytotoxicity ratings 7, 14, 21, and 28 days
after treatment (DAT) and rough rice yield for research conducted to evaluate
nitrapyrin alone and in-combination with different adjuvants at Stoneville,
MS in 2019 and 2020. ................................................................................................87

Table 4.5

Grain yield effects from adjuvants pooled across nitrapyrin applications at
Stoneville, MS in 2019 and 2020. ..............................................................................87
viii

Table 5.1

Soil chemical and textural analysis characteristics for the Bosket very fine
sandy loam used during the laboratory experiment. .................................................100

Table 5.2

Cumulative percent N lost via ammonia volatilization measured using pH
endpoint titration. .....................................................................................................101

Table 5.3

Regression coefficients for cumulative percent N loss based on sampling
interval and fertilizer additive. .................................................................................101

ix

LIST OF FIGURES
Figure 5.1 Cumulative percent N lost via ammonia volatilization measured using pH
endpoint titration comparing nitrapyrin and NBPT alone and in combination
as enhanced efficiency fertilizer additives with urea. ..............................................102

x

CHAPTER I
INTRODUCTION
Rice history, uses and economic production
Rice (Oryza sativa L.) is a primary food source for the modern world. Belonging to the
Poaceace family, rice is an annual, semi-aquatic plant cultivated in tropical or subtropical regions
of the world (Lu and Chang, 1980). Within these regions, rice is grown under diverse
ecosystems categorized as irrigated, rain-fed lowland, upland, and flood-prone (Khush, 1997).
Currently, rice production has been documented in over 100 countries within 40⁰S to 53⁰N
latitude (Chang, 2003). Rice accounts for one-third of the daily caloric intake and is the main
staple food for one-half to two-thirds of the world’s population (Lu and Chang, 1980).
Over 10,000 years ago, during the Neothermal age, a wild grass species O. rufipogon in
southeast Asia gave rise to a perpetuated transformation of the domesticated O. sativa species
grown today. By selecting desirable genetic traits for human consumption, rice has been
manipulated and bred for maximum production (Solheim, 1972; Whyte, 1972). Dispersal of rice
to various geographic regions with diverse environments has intensified the eco-genetics of this
crop (Lu and Chang, 1980). It was not until the latter part of the 17th century that rice became an
established commodity in North America, more specifically South Carolina (USDA-ARS, 1966).
However, initial attempts to grow rice were made in Virginia around 1609 (Adair et al., 1962).
Around 1904, rice production became established on the Grand Prairie in southeast Arkansas and
spread to the wooded and delta regions in the eastern and southern portions of the state (USDA1

ARS, 1966). It was not until 1948 that Mississippi (MS) first grew rice when Rex Kimbriel
planted it south of Greenville in Washington County (Miller and Street, 2008; USDA-ARS,
1966).
Rice production in Mississippi is confined to the alluvial floodplain of the Mississippi
and Yazoo River regions. Within these regions are clay-textured soils, good water quality and
availability, sub-tropical environment, and a predominantly flat area of land, which are
conducive for rice development (Miller and Street, 2008). Furthermore, USDA-NASS (2018a)
reported the primary rice-producing counties for MS from greatest to least are Tunica, Bolivar,
Quitman, and Washington counties. Mississippi estimated 46,316 ha of rice harvested in 2017;
however, this estimate is 41% lower than the 2016 state average of 78,512 ha harvested (USDANASS, 2018a). Mississippi accounted for 5% of the total estimated 960,758 ha of rice harvested
in the U.S. during 2017 (USDA-NASS, 2018b).
Morphology and development of rice
Development of a rice plant undergoes continuous change throughout the growing
season. Understanding and identifying these morphological changes is vital to maintain the
integrity and yield of the plant. Rice plant morphology consists of round, hollow, jointed culms
(stem); narrow, flat, sessile leaf blades in conjunction to the leaf sheath with collars; welldefined, sickle-shaped, hairy auricles; acute to acuminate or two cleft ligules; and terminal
panicles (Moldenhauer et al., 2013). The culm remains enclosed in the leaf sheath and emerges
with the panicle. Main culm development occurs during early vegetative growth and prior to
tillering (Moldenhauer and Gibbons, 2003). Tillers develop from the main culm and are
analogous to branches. Tiller emergence is visible upon emergence of the first tiller leaf, which
consists of a true leaf with a sheath and blade. Furthermore, tillers developing from the culm are
2

primary tillers and those developing from primary tillers are defined as secondary tillers
(Hanada, 1993). The leaf is composed of a leaf sheath and a leaf blade or lamina. An elongated
leaf rolled into a cylindrical shape enclosing developing leaves that is attached at the basal
portion to a nodal plate defines the leaf sheath (Moldenhauer and Gibbons, 2003). The leaf blade
is lanceolate with large and small parallel veins on either side of the midrib with a smooth
(glabrous), intermediate, or pubescent surface (IBPGR-IRRI, 1980). Auricles are located
between the leaf sheath and collar with a pale green or purple appearance (Moldenhauer and
Gibbons, 2003). A thin, white triangular membrane at the base of the leaf blade, located between
the leaf blade and the sheath is the ligule (Moldenhauer and Gibbons, 2003). Lastly, the panicle
is composed of a panicle neck (base), rachis (axis), primary and secondary branches, pedicels,
rudimentary glumes, and spikelet’s (IBPG-IRRI, 1980).
Rice development is divided into vegetative (germination to panicle initiation; PI),
reproductive (PI to heading), grain filling, and maturation (heading to maturity) agronomic
growth stages (Buehring, 2008). Vegetative stages can further be subdivided into emergence,
seedling development, tillering, and internode elongation stages (Dunand and Saichuk, 2014).
The end of the vegetative stages and beginning of the reproductive stages is identified once the
internodes have begun to elongate (Buehring, 2008). Furthermore, the reproductive stages of
rice are subdivided into pre-booting, booting, heading, grain filling, and maturity (Dunand and
Saichuk, 2014).
Exposure to moisture, oxygen and temperatures above 10℃ are conducive for seed
germination (Dunand and Saichuk, 2014). Germination begins once the seed has imbibed
moisture and begins to swell (Moldenhauer and Gibbons, 2003). Shortly after germination the
coleoptile will emerge above the soil line and further develop by elongation, also identified as
3

spiking (Buehring, 2008; Dunand and Saichuk, 2014). First to fourth-leaf stage (V1 – V4)
designates the pre-tillering period, which requires 15 to 25 days (Moldenhauer et al., 2013). At
the fifth-leaf stage (V5) tiller production is initiated and most of the vegetation will be produced
in this time frame (Buehring, 2008). A lag phase follows shortly after maximum tillering;
whereby, plant growth is hindered prior to reproductive growth stages (Buehring, 2008; Dunand
and Saichuk, 2014).
The reproductive stage has a duration of approximately 30 days and begins with culm
elongation through flower pollination (Buehring, 2008). Panicle production begins on the
uppermost node of the culm and prior to flag leaf formation, this designates the panicle initiation
(PI; R0 growth stage) or pre-boot stage (Counce et al., 2000; Buehring, 2008; Dunand and
Saichuk, 2014; Moldenhauer et al., 2013). Also referred to as the jointing stage, internode
elongation (IE) occurs simultaneously with PI and continues until maximum plant height prior to
heading (Counce et al., 2000; Moldenhauer et al., 2013). Panicle differentiation (PD; R1 growth
stage) occurs after 7 to 10 days of active cellular growth resulting in an immature panicle visible
in the culm (Counce et al., 2000; Dunand and Saichuk, 2014). It is important to note that
sensitivity to environmental factors can affect the number of grains of per panicle (Buehring,
2008; Moldenhauer et al., 2013). Booting (R2 growth stage) occurs when the panicle grows
through the leaf sheath and causes swelling (Counce et al., 2000; Moldenhauer and Gibbons,
2003). Similar to PD, environmental stresses at booting can reduce grain yield (Moldenhauer et
al., 2013). Once 10 to 20% of the panicles emerge from the boot, the heading stage (R3 growth
stage) begins (Counce et al., 2000; Buehring, 2008). Flowering (R4 growth stage) occurs once
the panicle emerges from the culm and lasts approximately 6 to 10 days (Counce et al., 2000;
Buehring, 2008; Moldenhauer et al., 2013). Rice is self-pollinating and environmental factors
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such as cloudy, windy, rainy, or cool conditions influence flower production (Buehring, 2008).
Grain filling and ripening (R5-R8 growth stages) are the final stages for reproductive growth,
here the kernels mature from the top of the panicle to the base (Counce et al., 2000; Buehring,
2008; Moldenhauer et al., 2013). The process of ripening grain includes the milk stage followed
by soft dough stage (R6), hard dough stage (R7) and lastly maturity (R8) (Counce et al., 2000;
Moldenhauer et al., 2013).
The major two cultivation systems implemented in the mid-southern U.S. are water- and
direct-seeded, delayed-flood rice production (Harrell and Saichuk, 2014; Street and Bollich,
2003). The predominant system utilized in Arkansas, Florida, Mississippi, Missouri, and Texas
is dry seeding (Helms and Slaton, 1996; Klosterboer and Turner, 1999; Linscombe et al., 1999;
Miller and Street, 1999). Dry-seeded rice can be drilled in narrow rows spaced 15 to 25 cm apart
at a depth of 2.5 cm or less (Street and Bollich, 2003). Rice should not be planted until the
average soil temperature at 11 cm deep reaches approximately 16℃ (Buehring et al., 2008).
Optimal planting dates suggested for rice in Mississippi range from April 1 to May 20 in the
southern delta and April 5 to May 15 in the northern delta regions (Buehring et al., 2008).
Establishment of an optimal plant population in rice is critical to obtain high-yield
potential (Wilson et al., 2013). Stand loss can be affected by multiple factors, such as low
germination, poor seedbed conditions, cold weather damage, seedling diseases, and bird
depredation. To offset these circumstances and maintain yield, ample seeding rates are crucial
(Harrell and Saichuk, 2014). Variations in seed weight and size among cultivars slightly alters
seeding rates (Buehring et al., 2008). Research conducted by Wilson et al. (2013) for drillseeded rice suggested 322 seeds m-2 to acquire a plant population of 107 to 215 plants m-2 for
conventional cultivars. Additionally, seeding hybrid cultivars at 108 to 161 seed m-2 is optimal
5

to obtain a plant population of 65 to 108 plants m-2 when drill-seeded into a stale seedbed (Bond
et al., 2005). Plant populations above optimal levels may increase disease, plant height, and
lodging (Wilson et al., 2013). Conditions where greater seeding rates are required include less
than optimum seedbed, early planting in cool, wet environments, poor seed germination and slow
flushing capabilities (Blanche et al., 2009). Rice is a compensatory plant, and tiller production at
low plant populations produces grain yields that are not significantly different from optimal plant
populations (Jones and Snyder, 1987; Gravois and Helms, 1992; Ottis and Talbert, 2005).
Prior to draining for harvest, irrigation should be stopped 3 to 5 d before the scheduled
date. Field drainage is correlated to soil textures based upon heavy and light soils. Rice grown
on fine-textured soils, such as clays, can be drained once the top half of the panicles are yellow
and turned downward (Miller and Street, 2008). Rice grown on coarse-textured soils, such as silt
loams and sandy soils, can be drained when the top two-thirds or three-fourths of panicles are
yellow and turned downward (Miller and Street, 2008). To minimize shattering and broken
kernels, rice is harvested when grain moisture reaches 18 to 21% (Gardisser and Saichuk, 2014).
Herbicide resistance management
Proper weed management is important to provide rice optimal growing conditions with
reduced competition (Scott et al., 2013). Weeds can out compete rice for essential nutrients,
sunlight, and water, and if not properly controlled can reduce grain yield and quality (Scott et al.,
2013). The top four most troublesome weeds in Mississippi rice production are barnyardgrass
[Echinochloa crus-galli (L.) Beauv.], Palmer amaranth [Amaranthus palmeri (S.) Watts], hemp
sesbania [Sesbania herbacea (Mill.) McVaugh], and Amazon sprangletop [Leptochloa
panicoides (J. Presl) Hitchc.] (Webster, 2012, 2013). If not properly managed, weeds can extend
harvest time, increase insect or disease severity, inflate production cost, increase viable weed
6

seed bank for subsequent growing seasons, and contribute to the evolution of herbicide-resistantweed species through constant selection pressure from herbicides (Scott et al., 2013).
Producers should implement an effective weed management program suited to their
growing conditions based upon growing season and crop (Odero and Rainbolt, 2014). Critical
variables producers should consider when designing a weed management program include
planting date, climatic conditions, seedbed preparation, seed quality, stand establishment, water
management and herbicide chemistry (Odero and Rainbolt, 2014). Weed competition studies by
Smith (1988) revealed that early-season competition from barnyardgrass, annual sedge (Cyperus
compressus L.) and Amazon sprangletop reduced rice grain yields 70, 50 and 35%, respectively.
Additionally, mid-season pests such as red rice (Oryza spp.), duck salad [Heteranthera limosa
(Sw.) Willd] and hemp sesbania reduced rice grain yields 82, 21 and 19%, respectively (Smith,
1988).
Establishing a flood in rice is the primary weed control mechanism in the U.S., and it is
estimated that 40 to 60% of a crop’s weed control is achieved through flooding (Kendig et al.,
2003). However, weed control prior to flooding is necessary in direct-seeded, delayed-flood rice
production (Kendig et al., 2003; Odero and Rainbolt 2014). Mississippi producers utilizing
reduced tillage and stale seedbed systems apply a preplant herbicide treatment during February
or March (Buehring and Bond, 2008). Preplant applications in rice consist of either glyphosate,
paraquat, 2,4-D, saflufenacil, and flumioxazin alone or in combination depending on the targeted
weed species (Buehring and Bond, 2008; Bond et al., 2018). After planting, pre-emergence
(PRE), treatment applied prior to crop emergence or a delayed PRE (DPRE), treatment applied
after rice seed has imbibed moisture for germination but prior to emergence are utilized.
Herbicides available for PRE or DPRE include clomazone, glyphosate, pendimethalin,
7

quinlcorac, and thiobencarb alone and in combination depending upon label restrictions (Scott et
al., 2013; Bond et al., 2018). Once rice has emerged from the ground, a post-application (POST)
before or after flooding include herbicides from various modes of action (MOA) such as
synthetic auxins, microtubule assembly inhibition, photosystem II (PSII), acetolactate synthase
inhibitors (ALS), protoporphyrinogen oxidase inhibitors (PPO), and diterpene biosynthesis
inhibitors (Kendig et al., 2003; Buehring and Bond, 2008; Scott et al., 2013; Bond et al., 2018).
Nitrogen fertilizer dynamics
Nitrogen fertilizer, in non-leguminous crops, is an indispensable element to generate
optimal crop yields (Norman et al., 2003). High-yielding rice cultivars usually require abundant
amounts of N to achieve yield potential, which accounts for why N fertilizer applications in U.S.
rice production are commonly applied at the greatest amounts (Norman et al., 2003). Fertilizer
application timing and rate are important for optimal grain yield and can vary depending on soil
texture and cultivar. Mississippi and Louisiana generally suggest a split-application of N
fertilizer at 100 to 180 kg N ha-1 PF followed by 34 to 67 kg N ha-1 top-dressed midseason (MS)
(Corbin et al., 2016). Two prominent N sources implemented in direct-seeded, delayed-flood
rice production are urea [(NH2)2CO] and ammonium sulfate (AMS) [(NH4)2SO4] in the midsouthern U.S. (Dillon et al., 2012). Urea is the predominant N fertilizer in rice production
resulting from its low cost and high N content (44 to 46% N) (Bufogle et al., 1998; Norman et
al., 2003; Griggs et al., 2007). Ammonium sulfate (21% N) has a greater application cost than
urea due to lower N concentration; however, AMS is still an excellent N source (Dillon et al.,
2012).
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Nitrogen uptake and yield response in rice
Nitrogen availability to a rice plant results in a dark green pigmentation to the plant and
increases plant growth and protein content of seeds (Walker, 2008). Delayed-flood rice
production requires establishment of a permanent flood, at least 5 to 10 cm deep, postapplication of urea-N at the 4- or 5-leaf growth stage (Griggs et al., 2007). Research conducted
by Norman et al. (2003) revealed that N recovery can range from 65 to 75% if flood
establishment occurs within 3 to 5 days. Subsequently, flood levels should be maintained for
approximately 3 weeks post-application to maximize N uptake (Norman et al., 2013; Wilson Jr.
et al., 1989). Midseason fertilizer N applications have an uptake efficiency of 65 to 80% due to
an extensive root system with a high uptake capacity near the soil surface (Beyrouty et al., 1987;
Bufogle et al., 1997a). Nitrogen uptake in rice reflects a sigmoidal growth curve from
emergence to heading (Moore et al., 1981; Guindo et al., 1994a; Bufogle et al., 1997a). Total N
accumulation by the rice plant may regress after heading or during grain fill (Norman et al.,
2003). Nitrogen uptake by the rice plant occurs from emergence through heading; furthermore,
the greatest N accumulation occurs at mid- to late-tillering (Norman et al., 2003). As the
growing season progresses and plant foliage increases, the concentration of N is translocated via
phloem to developing panicles (Moore et al., 1981; Guindo et al., 1994a,b; Bufogle et al.,
1997b). The largest N concentration (3 to 5%) in rice straw occurs at V5; however, by R1 this
concentration is reduced by one-half (Norman et al., 2003). In the absence of a midseason N
application, straw tissue N concentration will further decline at approximately R3 as a result of
stem, flag leaf, and panicle development (Guindo et al., 1994b; Norman et al., 2003). At R9, the
rice straw tissue concentration is depleted to < 1% N due to N translocation to the grain, 0.9 to
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1.3% N, which varies depending upon total N uptake or N fertilizer rate increasing (Guindo et
al., 1994b).
Nitrogen efficacy
Nitrogen fertilizer is the most yield limiting and extensively used nutrient that influences
economic returns for rice growers. Multiple variables must be considered to alter fertilizer N
rates necessary for optimal growth and development, such as but not limited to plant density,
cultivar, application timing and method, soil texture and pH, tillage and previous crop history
(Norman et al., 2013; Linscombe et al., 2014). Increasing tiller production of the rice plant
positively influences grain yield, which has been proven to be directly correlated to fertilizer N
rates (Wells and Faw, 1978). Research conducted by Counce et al. (1992) revealed that a
uniformly thin plant population of < 110 plants m-2 should receive an additional 30 kg N ha-1 PF.
This allows the rice plant to compensate for sub-optimal plant populations and promote tillering
for optimal yield. Nitrogen fertilizer recommendations for inbred cultivars are 135 to 168 kg N
ha-1 and 168 kg N ha-1 for hybrid cultivars in Arkansas (Norman et al., 2013).
Nitrogen fertilizer rates are dependent on soil texture to optimize grain yield. For
instance, sandy soils have a low cation exchange capacity (CEC) and are highly permeable;
therefore, it is recommended to increase fertilizer rates or split the N fertilizer into multiple
applications to overcome N losses due to leaching (Golden et al., 2009b). Clay textured soils
used to grow rice are recommended to have an additional 35 to 65 kg N ha-1 than a silt loam soil,
due to greater N fixation from the clay content (Chen et al., 1989; Trostle et al., 1998; Norman et
al., 1999). Research by Norman et al. (1987) and Chen et al. (1989) best describe these events as
NH4+ fixation by 2:1 type clay minerals, or tortuosity constraints by clayey soils (Trostle et al.,
1998). Silt loam soils have potentially less NH4+ fixation because there is considerably less clay
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particulate matter (Norman et al., 2003). Additionally, N diffusion for uptake by the plant roots
is greater in silt loam than clay soils (Norman et al., 2003). The prominent mechanism for
transporting NH4+ to plant roots via the soil is through diffusion (Tisdale et al., 1993).
Multiple scenarios of inefficient N uptake can occur in rice production resulting in
decreased grain yields. Efficient N utilization by rice is highly influenced by water management,
soil pH and N source (Norman et al., 2003). Delayed flooding situations post N application may
require additional N fertilizer, especially with a pH > 7.0 in the soil due to N losses. These
scenarios are highly conducive for ammonia (NH3) volatilization and growers should consider
alternate N-sources other than urea (Norman et al., 2003). One likely candidate is ammonium
sulfate (AMS), but N rates will subsequently have to be increased by approximately 20 to 40 kg
N ha-1 to maintain optimal yield due to a lower N fertilizer analysis compared to urea (460 g N
kg-1) (Norman et al., 2003). Inadequate flooding levels can further attribute to N losses resulting
from nitrification-denitrification post-application.
Fate of agricultural nitrogen
Two predominant chemical N sources, NH4+ and NO3-, are utilized by the rice plant.
Movement through the soil solution to the rice roots occurs mainly by diffusion for NH4+, in
contrast, NO3- movement occurs by mass flow or diffusion (Norman et al., 2003). In the
presence of anaerobic conditions, the lack of oxygen (O2) results in the accumulation of stable
NH4+ and instability of NO3- (Norman et al., 2003). In order to obtain the greatest N uptake
efficiency for rice, it is important to hinder major N losses due to NH3 volatilization and
nitrification-denitrification (Griggs et al., 2007). For this reason, it is imperative to understand
the many chemical, biochemical, and microbial transformations of N that may occur postapplication of N fertilizers.
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The hydrolysis of urea by the catalytic enzyme urease produces an NH3 ion that is
subjected to be released back into the atmosphere as a gas best defines ammonia volatilization
(AV) (Havlin et al., 2005). Increasing losses through AV occur as NH3 concentrations, soil or
flood water pH, and temperatures along with wind speed increases (Mikkelsen et al., 1978). Soil
CEC is inversely related to AV losses, with AV losses increasing as soil CEC decreases (Norman
et al., 2003). Research on soil property fertilizer additive effects on AV by Sunderlage and Cook
(2018) examined 79 soils across the U.S. A final analysis determined that AV from urea with no
fertilizer additive lost 24.5% of the total N applied. Whereas, urea treated with a urease inhibitor
significantly reduced AV and only 6.3% of the initial N applied was lost. Research by Golden et
al. (2009a) discovered that ≥ 30% losses of N, through AV may occur when urea is applied to a
moist soil surface prior to flooding under high evaporative conditions and not incorporated into
the soil within a few days. During early rice vegetative growth stages AV from NH4+ fertilizers
applied into the floodwater may result in > 40% applied N being lost (Norman et al., 2003).
Although not considered a detrimental threat to N losses, nitrification is an undesirable
process that can serve as a catalyst for other N loss mechanisms, namely denitrification (Norman
et al., 2003). Nitrification is a two-step biological oxidation process converting NH4+ into nitrite
(NO2-) and further microbial oxidation produces NO3- (Fitts et al., 2014). Step one is carried out
by specialized ammonia-oxidizing chemoautotrophic bacteria (Nitrosomonas spp) and step two
is performed by nitrite-oxidizing, obligate aerobe, chemoautotrophic bacteria (Nitrobacter spp.)
according to the following equation (Norton, 2008).

NH3 + O2 + 2H+ + 2e- → NH2OH + H2O → NO2- + 5H+ + 4e- (Norton, 2008)

(1.1)

The occurrence of nitrification takes place in the presence of O2 in the soil prior to flooding.
However, post-flood nitrification occurs in the oxidized soil surface layer and root rhizosphere
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oxidation zone (Norman et al., 2003). This reaction releases hydrogen (H+), producing
acidification when ammoniacal fertilizers are oxidized to NO3- as represented by the following
equation (Sahrawat, 2008).

NH4+ + 2O2 = NO3- + H2O + 2H+ (Sahrawat, 2008)

(1.2)

Nitrification is affected by soil chemical and physical properties, including soil moisture,
temperature, oxygen, pH and the C:N ratio of organic residue (Sahrawat, 2008). Soil
temperatures ranging from 25 to 35℃, soil moisture near field capacity, -33 kPa, and pH near
8.0 are conducive environmental conditions for nitrification (Roberts et al., 2014).
Denitrification is a microbial facilitated process by facultative anaerobic bacteria under
anoxic environments whereby NO3- is reduced to nitrous oxide (N2O) or gaseous nitrogen (N2),
which consequently are lost to the atmosphere (Garcia and Tiedje, 1982; Norman et al., 2003).
Applying an ammoniacal source well before flood establishment promotes denitrification. When
the soil becomes saturated significant N losses occur as a result of denitrification, due to the
NH4+ fertilizer nitrifying prior to flooding or large quantities of NO3- applied PF (Norman et al.,
2003; Golden et al., 2009a). During the vegetative stage, denitrification can compete with the
rice plant for NO3- where it can take 3 to 7 weeks to reach maximum fertilizer N uptake,
depending on whether the fertilizer application was made at the beginning of tillering or at
seeding (Norman et al., 2003). Several environmental factors affecting denitrification are
oxygen, available organic matter for energy, and a supply of nitrate (Firestone, 1981). Rice soils
generally have limited oxygen due to flooding and available organic matter released from
decomposing straw, which are two environmental factors influencing denitrification. Thus, the
supply of NO3- is the major limiting factor to this process (Garcia and Tiedje, 1982). By
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inhibiting NH3 volatilization and nitrification-denitrification growers can minimize the amount of
N lost post-application through various N management practices.
Nitrification inhibitors: Uses, benefits, and potential in rice
One potential N management strategy is the implementation of a NI that will impede the
nitrification process by killing or disrupting the metabolism of Nitrosomonas spp. bacteria.
Initial interest in NI concentrated on effectively controlling the fate of N in the soil (McCarty,
1999). Strategies to mitigate N loss by imitating spatial and temporal N supply patterns through
increasing N fertilizer efficiency to meet crop demands are important assets for growers
(Meisinger and Delgado, 2002; Murphy et al., 2004). Spring applications with an NI prevent
NO3- formation during late spring when rainfall is high and N uptake by crops is relatively low
(Nelson and Huber, 1992). Furthermore, the probability of obtaining a yield response from NI is
greatest with excessively or poorly drained soils due to the N losses from leaching and
denitrification, respectively (Nelson and Huber, 1992). A decrease in efficacy with an increase
in temperature, causing increased microbial degradation, and loss of N due to volatility can be
observed with nitrification inhibitors (Slangen and Kerkhoff, 1984). Applications of NI can
delay the conversion of NH4+ to NO3- for approximately 4 to 10 weeks depending upon soil pH
and temperature (Nelson and Huber, 1992). Implementing an NI with PF N fertilizer would
allow growers increased flexibility in establishing a permanent flood, weed control, and potential
rainfall to aid in flood establishment (Golden et al., 2009a). Several products with a NI as the
active ingredient are currently labeled for use in cotton (Gossypium hirsutum L.), corn (Zea mays
L.), grain sorghum (Sorghum bicolor (L.) Moench) rice, and wheat (Triticum aestivum L.).
In 1974, nitrapyrin (2-chloro-6-(trichloromethyl)-pyridine) was approved for registration
by the Environmental Protection Agency (EPA) as a bactericide for nitrification inhibition
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(Roberts et al., 2014). Nitrapyrin has successfully decreased nitrification at soil temperatures
ranging from 25 to 35℃ (Wolt, 2004; Chen et al., 2010). Research conducted by Vannelli and
Hooper (1992) proposed nitrapyrin inhibits the ammonia monooxygenase (AMO) mechanism in
nitrification, the main enzyme in NH3 oxidation. The mechanism for inactivation of NH3
oxidation is carried out by producing 6-chloropicolininc acid from nitrapyrin, a substrate of
AMO, which binds indiscriminately to other membrane proteins of the Nitrosomonas bacteria
(Vannelli and Hooper, 1992).
Currently, nitrapyrin is the active ingredient in N-Serve, Instinct II and Instinct HL
trademarked by Dow Agro Sciences, LLC (Roberts et al., 2014). N-Serve is formulated as an
oil-soluble product, whereas Instinct II and Instinct HL are formulated as water-based
microencapsulated (ME) products (CDMS, 2018). Instinct HL is the newest formulation
released in 2016/2017 that provides an advantage over N-Serve (Anonymous, 2016). This
product can be impregnated onto the surface of granular ammoniacal fertilizers or broadcast to a
field without immediate volatility because it is an ME formulation (Roberts et al., 2014).
Research conducted by Frye et al. (1981) revealed that nitrapyrin significantly benefited
corn yields when ammonium nitrate or urea was applied at-planting to the surface of imperfectly
drained no-till corn soils. It is important to note that a yield response was only observed when
the fertilizer N rate ranged from 84 to 140 kg N ha-1, which was a yield-limiting scenario. Corn
research in Kentucky conducted by Grove (2006) revealed that fertilizer N rates significantly
increased yield by 10%, with respect to nitrapyrin applications. Dicyandiamide (DCD) is also a
NI containing 67% N that decomposes in the soil to form NH4+ and NO3- for plant availability
(Amberger and Vilsmeier, 1979; Reider and Michuad, 1980; Reeves and Touchton, 1986). In
Arkansas, Wilson et al. (1990) reported that DCD-amended urea successfully inhibited
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nitrification on a Crowley silt loam (fine, smectitic, thermic Typic Albaqualf) for approximately
28 days. DCD applied 12 days before flood to urea at 17 kg ha-1 increased rice grain yield
response and resulted in yields comparable to the standard treatment when urea was applied 1
day before flood establishment (Fitts et al., 2014).
Nitrification inhibitors provide growers with a valuable asset to improve plant-available
N and promote sustainable agriculture practices. Limited research is available concerning the
potential use of nitrapyrin as a NI in large scale, direct-seeded, delayed-flood rice production
systems. The extent of this research will focus on three objectives in order to provide growers
with alternative N management strategies in Mississippi and Arkansas. Objective one is to
evaluate the fertilizer nitrogen recovery efficiency from nitrapyrin at two growth stage
application timings in direct-seeded, delayed-flood rice production. Objective two will evaluate
optimal application methods of nitrapyrin versus NBPT or nitrapyrin plus NBPT in conjunction
with multiple N fertilizer rates. Objective three will determine whether nitrapyrin tank-mixed
with PF herbicides may reduce herbicide efficacy for grass control.
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CHAPTER II
EVALUATION OF SOIL-SURFACE APPLICATIONS OF NITRAPYRIN AS A POTENTIAL
ENHANCED EFFICIENCY FERTILIZER IN MISSISSIPPI RICE
(ORYZA SATIVA L.) PRODUCTION
Abstract
Urea is the predominant ammonium-forming nitrogen (N) source applied in delayedflood rice production because of its high N content (46% N) and relatively low cost. Nitrogen
applications before flooding can be subjected to nitrification, resulting in rapid N losses via
denitrification once the soil becomes saturated. By limiting these N losses, producers would
have greater flexibility in weed control and extended intervals for flooding. The objective of this
research was to determine whether broadcast applications of nitrapyrin with urea would allow
growers greater fertilizer-N recovery efficiency and flexibility. Six studies were conducted from
2018 to 2020 to evaluate the potential use of nitrapyrin at two rice growth stages with multiple
fertilizer N rates. Every site was drill-seeded using ‘CL153’ at a rate of 73 kg ha-1. Nitrapyrin at
526 g ai ha-1 was applied at V2 to V3 (two- to three-leaf) or V5 to V6 (one- to two-tiller) growth
stages. Fertilizer rates of 0, 78, 112, and 146 kg N ha-1 and 0, 118, 174, and 235 kg N ha-1 were
applied as urea for silt loam and clay soil textures, respectively. Nitrapyrin had no effect grain
yield regardless of N timing or rate for rice cultivated in clay-textured soils. Furthermore,
biomass and N uptake results were erratic with regards to N rates and timing with nitrapyrin
applications. In silt loam soil textures, no increase in N uptake from nitrapyrin were observed
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regardless of N rate or application timing. Similarly, nitrapyrin did not increase grain yield
regardless of N rate or application timing. Nitrapyrin efficacy can be influenced by soil textures
or method of application. Implementing nitrapyrin as an alternative fertilizer additive to mitigate
N losses does not improve grain yields regardless of N rate or application timing in rice.
Introduction
Rice (Oryza sativa L.) is primarily produced in the Delta region of Mississippi. The
Delta is an alluvial floodplain of the Mississippi and Yazoo River regions, which contains claytextured soils, good water quality and availability, sub-tropical environment, and a
predominantly flat area of land (Miller and Street, 2008). The primary rice-producing counties
reported by USDA-NASS (2019a), were Bolivar, Tunica, Sunflower, and Quitman counties.
Furthermore, Mississippi planted 47,350 ha of rice in 2019, which ranked fourth behind
Arkansas, California, and Louisiana (USDA-NASS, 2019b).
The two major cultivation systems employed for rice in the mid-southern U.S. are waterand direct-seeded, delayed-flood (Street and Bollich, 2003; Harrell and Saichuk, 2014). The
direct-seeded, delayed-flood system where rice is drill-seeded and managed as an upland crop
until flooding 21 to 28 d after emergence is the predominant method in Mississippi (Street and
Bollich, 2003; Harrell and Saichuk, 2014). Optimal planting dates suggested for rice in
Mississippi range from April 1 to May 20 in the southern Delta and April 5 to May 15 in the
northern Delta regions (Buehring et al., 2008), with common rice cultivars ranging from 80 to 95
days to reach 50% heading (Anonymous, 2016).
Once rice has reached the V5 to V6 (one- to two-tiller) growth stage, a flood of 5 to 10
cm is established. Mississippi and Louisiana recommend a two-way split application of fertilizer
N where 100 to 80 kg N ha-1 are applied preflood and the remainder 34 to 67 kg N ha-1 applied at
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midseason (Corbin et al., 2016). Urea (460 g N kg-1) is the predominant N source fertilizer in
rice production due to its low cost and high N content (Bufogle et al., 1998; Norman et al., 2003;
Griggs et al., 2007). By utilizing the direct-seeded, delayed-flood production method in the midsouthern U.S., growers achieved 60 to 75% of fertilizer-N recovery efficiency when applications
of urea were applied to a dry soil and flooded within 3 to 5 d (Norman et al, 2003). To obtain the
greatest N uptake efficiency for rice, it is important to minimize N losses due to ammonia
volatilization (AV) and nitrification-denitrification (Griggs et al., 2007). Minimizing N losses
due to AV and nitrification-denitrification can be achieved via urease enzyme and nitrification
inhibitors. The urease inhibitor N-(N-butyl) thiophosphoric triamide (NBPT) is an effective
fertilizer additive, impregnated onto urea, that reduces AV by inhibiting urea hydrolysis (Frame,
2017). Nitrification inhibitors (NI) target the Nitrosomonas spp. bacteria that convert
ammonium to nitrate in the nitrification process, ultimately hindering the denitrification process
of converting nitrate to nitrite, nitrous oxide or a gaseous form of N (Touchton et al., 1978).
There are ample studies that support the use of NBPT-containing N fertilizers in rice (Watson et
al. 1994; Norman et al. 2009; Linquist et al. 2013; Dempsey et al. 2017a; Dempsey et al. 2017b;
Frame et al. 2017); however, studies implementing NI as an enhanced efficiency N fertilizer
additive in rice is either dated or lacking.
Determining N losses resulting from denitrification are difficult to estimate in fields
during the growing season. Buresh et al. (2008) estimated that <10% of N losses occurred via
denitrification in rice fields. Soil texture and N fertilizer management are factors affecting
denitrification losses, and other studies estimated denitrification losses can range from 12 to 33%
(Buresh et al., 1993; Aulakh et al., 2001). Depending on planting date and environmental
conditions, the time interval from rice plant emergence to flooding can be 25 to 35 d (Norman et
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al., 1989). Nitrogen applications made in advance of flooding can be subjected to nitrification,
which results in rapid N losses via denitrification once the soil becomes saturated. Fitts et al.
(2014) reported that nitrification potential was greatest in Sharkey clay soils, which had a halflife for ammonium value of 3.9 d, with 42 and 84% of the N recovered at 2 and d after
incubations. In Arkansas, Wilson et al. (1990) reported that DCD-amended urea successfully
inhibited nitrification on a Crowley silt loam (fine, smectitic, thermic Typic Albaqualf) for
approximately 28 days. DCD applied 12 days before flood to urea at 17 kg ha-1 increased rice
grain yield response and resulted in yields comparable to the standard treatment when urea was
applied 1 day before flood establishment (Fitts et al., 2014). Furthermore, urea-DCD half-life for
ammonium values tended to increase with increasing concentration of DCD ranging from 8.7 to
15.2 d resulting in a 2.1 to 3.6-fold increase when compared to urea treatments (Fitts et al. 2014).
Studies in rice have shown that nitrapyrin and DCD are effective at reducing nitrification in
some soils while having little to no effect in other soils (Wells, 1977; Sharma and Prasad, 1980;
Wells et al., 1989; Wilson et al., 1990; Watanabe, 2006; Golden et al., 2009; Fitts et al., 2014).
By limiting the nitrification process of NH4-forming fertilizers applied in advance of flooding
producers would have increased flexibility in weed control, capturing rain events to aid in flood
establishment, and extended intervals for flood establishment.
The primary research objective was to evaluate the influence of broadcast nitrapyrin
application on grain yield and milling quality for rice produced on silt loam and clay soil
textures. The goal of this research was to determine if nitrapyrin could impede N losses as a
broadcast application and allow rice producers greater flexibility in N and crop management and
enhance N uptake efficiency. These data will provide producers with an alternative enhanced
efficiency fertilizer additive for N management strategies that still maintain optimal yield in
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direct-seeded, delayed-flood rice production. We hypothesized that broadcast applications of
nitrapyrin to the soil surface would increase the coverage area versus impregnation, thus
effectively reducing N losses and positively influencing grain yield responses.
Materials and Methods
Description of sites
Research was conducted from 2018 to 2020 on silt loam- and clay-textured soils to
evaluate the potential use of a nitrification inhibitor as a broadcast application at two growth
stages with variable fertilizer-N rates in rice. Studies were established at the Mississippi State
University Delta Research and Extension Center in Stoneville, MS. Global positioning system
coordinates, soil series, soil description, previous crop, soil pH, and soil organic matter (OM) for
each study are described in Table 2.1.
Preplant weed control was achieved with glyphosate (Roundup PowerMax 4.5L,
herbicide, Monsanto Company, 800 N. Lindburgh Blvd., St. Louis, MO 63167) at 1,120 g ae ha-1
and/or paraquat (Gramoxone 2.0 SL, herbicide, Syngenta Crop Protection, P.O. Box 19300,
Greensboro, NC 27409) at 560 g ai ha-1. Clomazone (Command 3 ME, herbicide, FMC
Corporation, 1735 Market St., Philadelphia, PA 19103) at 498 g ai ha-1 plus saflufenacil
(Sharpen 2.85 SC, herbicide, BASF Crop Protection, 26 Davis Dr., Research Triangle Park, NC
27709) at 4.5 g ai ha-1 was applied PRE at each site for residual weed control. Propanil plus
thiobencarb (Rice Beaux, herbicide, RiceCo LLC., 5100 Poplar Ave. Suite 2482, Memphis, TN
38137) at 6,725 g ai ha-1 plus halosulfuron (Permit 27 DF, herbicide, Gowan Company, P.O. Box
5569, Yuma, AZ 85364) at 12 g ai ha-1 was applied prior to flooding.
The rice cultivar ‘CL153’ (HorizonAg, 8275 Tournament Dr. Suite 255, Memphis, TN
38125) was drill-seeded at 73 kg ha-1 (291 seed m-2) to a depth of 2 cm using a small-plot grain
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drill (Great Plains 1520, Great Plains Mfg, Inc., 1525 East North St., Salina, KS 67401) into
conventionally tilled plots. All plots contained eight rows of rice spaced 20 cm apart measuring
4.5 m in length and were separated by a perpendicular alley 1.5 m in width. Indistinguishable
buffer plots were placed in a perimeter around all treated plots to minimize contamination. At
V5 to V6, plots were flooded to an approximate depth of 5 to 10 cm.
Treatments
The study was a randomized complete block design with a 2 (nitrapyrin treatments) x 2
(N application timings) x 3 (fertilizer N rates) factorial treatment structure plus a nontreated
control with four replications. Broadcast applications of nitrapyrin (Instinct HL, nitrogen
stabilizer, Corteva AgroSciences, 9930 Zionsville Rd., Indianapolis, IN 46268) at 526 g ai ha-1
were applied at V2 to V3 or V5 to V6 growth stage. All applications were made onto a dry soil
surface prior to N applications using a CO2-pressurized backpack sprayer equipped with flat-fan
nozzles (TeeJet 11002 VS tips, TeeJet Technologies, 200 W. North Ave., Glendale Heights, IL
60139) set to deliver 140 L ha-1 at 206 kPa using water as a carrier. Fertilizer treatments were
applied in the form of granular urea (460 g N kg-1) at the V2 to V3 or V5 to V6 stages. Fertilizer
rates of 78, 112, and 146 kg N ha-1 were applied for silt loam soil textures. Fertilizer rates of
118, 174, and 235 kg N ha-1 were applied for clay-textured soils. Suboptimal fertilizer-N rates
were utilized to evaluate the nitrapyrin treatment effect when N was yield-limiting.
Measurements
Composite soil samples were collected from each site to a depth of 10 cm for routine
analysis at planting (e.g. organic matter, pH, and available P and K). At R1 (panicle
differentiation), whole aboveground portions of rice plants were collected from a randomly
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selected 1-m section from rows two or seven in each plot to determine total aboveground rice
biomass and total-N uptake analysis. Total-N uptake was calculated as the product of the whole
(aboveground) plant total-N concentration and dry weight. Tissue samples were oven-dried at
60℃ for 3 d, weighed, and ground to pass through a 1-mm sieve. A subsample was sent to the
Southern Soil and Plant Lab, LLC (117 Haley Barbour Pkwy., Yazoo City, MS 39194) where
total-N was determined by combustion analysis according to Campbell (1992). Days to 50%
heading was measured by recording the number of days from planting until 50% of plants in
each plot had visible panicles. Fertilizer-N recovery efficiency (FNRE) was calculated at the R1
growth stage (Equation 2.1).

NUE (%)= [

(𝑁 𝑢𝑝𝑡𝑎𝑘𝑒 𝑖𝑛 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑝𝑙𝑜𝑡 – 𝑁 𝑢𝑝𝑡𝑎𝑘𝑒 𝑖𝑛 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 )
𝑓𝑒𝑟𝑡𝑖𝑙𝑖𝑧𝑒𝑟 𝑁 𝑟𝑎𝑡𝑒 𝑎𝑝𝑝𝑙𝑖𝑒𝑑

] x 100

(2.1)

At physiological maturity, plots were mechanically harvested with a small-plot combine (Zürn
150, Zürn Harvesting GmbH and Co. KG, Kapellensraße 1, Schöntal-Westernhausen, 74214) to
obtain grain yields. Grain yields were adjusted to 120 g kg-1 moisture content and expressed as
kg ha-1. Total milled rice (consisting of whole and broken kernels) and head rice (consisting of
whole kernels) yields were determined from cleaned 100-g subsamples of rough rice
mechanically hulled and milled in a Zaccaria PAZ-1/DTA laboratory rice miller (Zaccaria USA,
4704 Glenwood Ln., Anna, TX, 75409) for 60s and size-separated with a No. 12 4.76-mm
screen. Total milled and head rice yields are expressed as mass fractions of the original 100-g
sample of rough rice.
Statistics
The experimental design was a randomized complete block with four replications.
Treatments were arranged as a 2 (nitrapyrin treatments) x 2 (N application timings) x 3 (fertilizer
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N rates) factorial plus a nontreated control. Statistical procedures were conducted using PROC
GLIMMIX in SAS v. 9.3 (SAS Institute Inc. 100 SAS Campus Drive Cary, NC 27513-2414,
USA) with site-year and replication (nested within site-year) as random effects (Blouin et al.,
2011). Data were subjected to ANOVA implementing Fisher’s protected LSD (P ≤ 0.05) to
compare total aboveground biomass, total-N uptake, days to 50% heading, total milled and head
rice yield milling quality, FNRE, and grain yields among treatments.
Soil textures were analyzed separately for the nitrapyrin application timing studies.
Suboptimal N rates were employed to elicit a grain yield response to evaluate the influence of
nitrapyrin in each study. In doing so, fertilizer-N rates varied across soil textures and therefore
needed to be analyzed separately to draw inferences from and reduce biased effects.
Results and Discussion
Clay soil timing study
The main effect of N timing averaged across nitrapyrin applications and N rates differed
with respect to total aboveground biomass, head rice yield (HRY) milling quality, and FNRE
(Table 2.3). Rice with N applications at V5 to V6 produced 22% greater total aboveground
biomass than rice receiving N at V2 to V3 (Table 2.4). When N was applied at V5 to V6, HRY
was 2% greater than at V2 to V3 (Table 2.4). Similar results by Jongkaewwattana et al. (1993),
reported that optimal milling quality was influenced by N rate and harvest moisture content. At
V5 to V6, FNRE was 13% greater versus V2 to V3 N application timing (Table 2.4). Most
studies have suggested that more than half of the N uptake occurred after R0, which may explain
why the later N application timing increased FNRE due to application timing and N availability
to the plant (Sims and Place, 1968; Wells and Shockley, 1975). Differences in total-N uptake
from the interaction of N timing × N rate averaged across nitrapyrin applications was observed
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(Table 2.3). Total-N uptake was 23, 38, and 41% greater at V5 to V6 than V2 to V3 when
comparing N rates of 118, 174, and 235 kg N ha-1, respectively (Table 2.5). When N was
applied at V5 to V6, 118 kg N ha-1 was 22 and 24% less than174 and 235 kg N ha-1. These
results are similar to Norman et al. (1992), which reported that N uptake was greater when N was
applied at or a few days before flooding.
A three-way interaction of nitrapyrin × N timing × N rate influenced days to 50%
heading (Table 2.3). Days to 50% heading was increased when N rates increased from 118 to
235 kg N ha-1 and N was applied at V5 to V6 timing by 0, 4, and 5 d with nitrapyrin (Table 2.6).
However, a similar trend was observed with no nitrapyrin applications as well. Differences in
FNRE were observed for the main effect of N rate averaged across nitrapyrin applications and N
timings (Table 2.3). Fertilizer-N recovery efficiency was 5% greater when 118 kg N ha-1 was
applied in comparison to 235 kg N ha-1 (Table 2.7). Our research contradicted Harell et al.
(2011) that reported no differences in N recovery efficiency regardless of variety, tillage, or N
rates. The observed contradiction could be attributed to multiple N application timings in our
study versus a single N application timing in Harrell et al. (2011) study. Differences in grain
yield from the interaction of nitrapyrin application x N rate averaged across N timings was
observed (Table 2.3). Nitrapyrin applied in conjunction with 174 kg N ha-1 was 7% greater than
no nitrapyrin applied at the same rate when comparing grain yield (Table 2.8). Analyzing
nitrapyrin influences across other N rates revealed no observable differences in grain yields.
However, differences in grain yield from the interactions of N timing x N rate averaged across
nitrapyrin applications was observed (Table 2.3). When N rates increased from 118 to 235 kg N
ha-1 grain yields increased by 8 and 14% at the V2 to V3 application timing. At the V5 to V6
application timing, grain yields were 14 and 22% greater with 174 and 235 kg N ha-1 than the
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118 kg N ha-1 rate, respectively. Overall, the greatest grain yield was achieved when 235 kg N
ha-1 was applied at V5 to V6 in comparison to the N rates and application timing (Table 2.9).
Silt loam soil timing study
The main effect of N timing differed with respect to total aboveground biomass, total-N
uptake, total milled rice yield, and FNRE (Table 2.10). Nitrogen applications at V5 to V6 were
19% greater than V2 to V3 with respect to aboveground biomass (Table 2.11). Total-N uptake
was 30% greater when N was applied at V5 to V6 than at the V2 to V3 timing (Table 2.11).
Total milled rice yield was 1% greater with N applications at V5 to V6 versus V2 to V3 (Table
2.11). When N was applied at V5 to V6, FNRE was 20% greater following N applications at V2
to V3 (Table 2.11). The main effect of N rate averaged across N application timing and
nitrapyrin applications differed with respect to total aboveground biomass and total-N uptake
(Table 2.10). Aboveground biomass was 11% greater when N rates increased from 78 to 112 kg
N ha-1, respectively (Table 2.12). These results coincide with Bufogle et al. (1997), which
reported increases in biomass with increasing N rates in rice. Additionally, as N rates increased
by 34 kg N ha-1 total-N uptake was 16 and 15% greater (Table 2.12). The observed results
closely correlate to results of Norman et al. (2003), which reported an increase in total-N uptake
as N rates were increased. The interaction of N timing x N rate averaged across nitrapyrin
applications resulted in differences for days to 50% heading and grain yield (Table 2.10).
Maturity was prolonged by 4 d when 146 kg N ha-1 was applied at V5 to V6 in comparison to the
V2 to V3 timing (Table 2.13). When N was applied at V2 to V3, maturity was delayed by 1 d
when N rates increased from 78 to 112 kg N ha-1. When N was applied at V5 to V6, maturity
was delayed by 3 and 5 d when N rates increased from 78 to 146 kg N ha-1. Similar results from
Harrell et al. (2011) also reported delayed maturity with increasing N rates applied at V5 to V6.
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Grain yield increased as N rate increased across each N timing. When 112 and 146 kg N ha-1
was applied at V2 to V3, grain yields were 7 and 15% greater than 78 kg N ha-1, respectively
(Table 2.13). Grain yields from applications of 112 and 146 kg N ha-1 were 12 and 20% greater
than 78 kg N ha-1 when N was at V5 to V6 (Table 2.13). Nitrogen rates of 78, 112, and 146 kg N
ha-1 applied at V5 to V6 increased grain yield by 19, 24, and 24% compared to V2 to V3
applications, respectively (Table 2.13). Differences in grain yield observed across N rates are
consistent with research from Corbin et al. (2016); however, nitrapyrin applications did not
affect grain yields within N rates or timing.
Conclusions
Research evaluating total aboveground biomass and total-N uptake responses to
nitrapyrin addition was not influenced regardless of N timing, N rates, or soil textures. Sims and
Place (1968) reported that N uptake generally parallels dry matter production. Similar results
were observed by Moore et al. (1981), which determined that N uptake correlates to dry matter
production. Effects of etridiazol or nitrapyrin on cotton (Gossypium hirsutum L.) leaf N
concentrations at early square and peak flowering stages of cotton revealed no significant
differences in leaf N content when compared to untreated N applications (York and Tucker,
1985). Furthermore, the incorporation of either NI did not increase lint yield. In contrast,
Leffler (1979) reported that nitrapyrin applications increased cotton lint yield in MS when placed
below the soil surface. These contradictions are similar to Norman et al. (1989) and Golden et
al. (2009), which suggest inconsistent results can be observed with the use of NI’s regardless of
method or cropping system. Differences in days to 50% heading was observed for silt loam soil
texture studies. However, these differences from the interaction of N timing x N rate were not of
intrinsic value and already well-studied to influence rice maturity when N was applied a few
35

days prior to flooding at the optimal rate (Bouwmeester et al., 1984; Ernst and Massey, 1959;
Ferguson and Kissel, 1986).
Our research evaluating rice yield responses revealed nitrapyrin had no effect regardless
of N timing or N rate for rice grown on silt loam soil textures. Nitrapyrin efficacy can be
influenced by soil texture, pH, organic matter, temperature, application method, and
volatilization (Wolt, 2000). Reddy (1964) examined dicyandiamide (DCD) across multiple soil
textures and suggested that efficacy is reduced more in fine-textured soils with high organic
matter content, than in coarse-textured soils with low organic matter. This would help to explain
the grain yield response observed from nitrapyrin in the silt loam soil texture timing study.
Further support from research conducted by Wells (1977) reported that impregnating urea or
spraying the soil-surface with nitrapyrin and incorporating it were equally effective at increasing
grain yields on a Crowley silt loam soil. Multiple factors can alter the efficacy of nitrapyrin, and
multiple formulation changes have occurred over the last few decades that can also affect
research results. The added benefit of applying NIs is perceived as an incentive to reduce
fertilizer-N rates, thus allowing producers to reduce input cost during times with greater N
fertilizer prices (Grove, 2006). Further research should evaluate multiple nitrapyrin application
timings prior to and at preflood. Implementing nitrapyrin as an alternative fertilizer additive to
mitigate N losses did not positively influence grain yield, regardless of N rate or timing, and
therefore, is not a viable N management strategy for rice producers utilizing direct-seeded,
delayed-flood production systems.

36

Table 2.1

Geographic location, soil classification, and agronomic information for field studies evaluating nitrapyrin growth stage
application timings at Mississippi State University Delta Research and Extension Center in Stoneville, MS.

Siteyear

Coordinates

Soil Series

2018 A

33⁰26’04.92”N
90⁰54’28.82”W

Tunica clay

2018 B

33⁰25’12.91”N
90⁰54’31.90”W

Bosket very fine
sandy loam

2019 A

33°26'3.90"N
90°54'29.11"W

Tunica clay

2019 B

33⁰25’12.91”N
90⁰54’31.90”W

Bosket very fine
sandy loam

2020 A

33°26'3.24"N
90°54'28.86"W

Tunica clay

2020 B

33°26'21.06"N
90°54'27.60"W

Commerce silty clay
loam

Description
Clayey over loamy,
smectic over mixed,
superactive, nonacid,
thermic Vertic Epiaquepts
Fine-loamy, mixed,
active, thermic Mollic
Hapludalfs
Clayey over loamy,
smectic over mixed,
superactive, nonacid,
thermic Vertic Epiaquepts
Fine-loamy, mixed,
active, thermic Mollic
Hapludalfs
Clayey over loamy,
smectic over mixed,
superactive, nonacid,
thermic Vertic Epiaquepts
Fine-silty, mixed,
superactive, nonacid,
thermic Fluvaquentic
Endoaquepts
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Previous Crop
1:1

pH
1:2(v:v)

OM
%

Soybean:Rice

7.8

2.4

Rice:Rice

6.8

1.6

Soybean:Rice

6.7

1.9

Rice:Rice

6.8

1.6

Soybean:Rice

6.7

1.9

Rice:Rice

6.6

1.1

Table 2.2

Selected dates of agronomic importance for research studies evaluating nitrapyrin
application timings at the Delta Research and Extension Center from 2018 to 2020.

Site-year

Planting

2018 A
2018 B
2019 A
2019 B
2020 A
2020 B

2-May
9-May
30-Apr
17-May
20-May
12-May

V2/V3
V5/V6
Application Application
21-May
31-May
25-May
6-Jun
22-May
30-Jun
5-Jun
14-Jun
16-Jun
26-Jun
4-Jun
15-Jun
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Flooding
5-Jun
11-Jun
1-Jun
18-Jun
2-Jul
18-Jun

R1
Sampling
5-Jul
11-Jul
26-Jun
22-Jul
29-Jul
21-Jul

Harvest
17-Sep
18-Sep
4-Sep
3-Sep
11-Sep
11-Sep

Table 2.3

Analysis of variance p-values for total aboveground biomass, total-N uptake, days to 50% heading, total milled and head
rice yield (HRY) milling quality, fertilizer-N recovery efficiency (FNRE), and grain yield data for research studies
managed at the Delta Research and Extension Center from 2018 to 2020 evaluating nitrapyrin application timings in
clay soil textures.
Measurement
Source

df

Nitrapyrin
N application time
Nitrapyrin*N time
N Rate
Nitrapyrin*N Rate
N time*N Rate
Nitrapyrin*N time*N Rate

1
1
1
2
2
2
2

Aboveground
Biomass

Total-N
Uptake

50%
Heading

Total Milled

HRY

FNRE

Grain Yield

-------------------------------------------------p-value--------------------------------------------0.8727
0.9309
0.5734
0.1392
0.2393
0.3985
0.3864
<0.0001
<0.0001
<0.0001
0.1170
0.0056
<0.0001
<0.0001
0.7866
0.8213
0.4806
0.4107
0.6401
0.7969
0.5013
0.0536
0.0077
<0.0001
0.3391
0.5631
0.0284
<0.0001
0.1387
0.0745
0.7226
0.6545
0.4668
0.0848
0.0120
0.1136
0.0133
<0.0001
0.2906
0.8654
0.2129
0.0002
0.2311
0.6145
0.0210
0.4426
0.8666
0.8000
0.2483
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Table 2.4

Total rice aboveground biomass, head rice yield (HRY) milling quality, and
fertilizer-N recovery efficiency (FNRE) as influenced by the main effect of N
application timing pooled across nitrapyrin application and N rates in clay soil
textures for research studies established from 2018 to 2020 at the Delta Research
and Extension Center.

Timing

Aboveground Biomass†
kg ha-1

HRY†

FNRE†

-----------------%-----------------

V2 to V3

4447 b

55 b

11 b

V5 to V6

5665 a

57 a

24 a

†Means within a column followed by the same letter are not significantly different at P ≤ 0.05.

Table 2.5

Total-N uptake influenced by the interaction of N application timing by N rate
pooled across nitrapyrin applications in clay soil textures for research studies
established from 2018 to 2020 at the Delta Research and Extension Center.
N Timing

V2 to V3

V5 to V6

N Rate
Total-N Uptake†
----------kg N ha-1---------0
26§
118
174
235

44 c
45 c
44 c

118
174
235

57 b
73 a
75 a

†Means within a column followed by the same letter are not significantly different at P ≤ 0.05.
§
Nontreated reference only – not included in the statistical analysis.
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Table 2.6

Days to 50% heading as influenced by the interaction of nitrapyrin applications by
N application timing by N rate in clay soil textures for research studies established
from 2018 to 2020 at the Delta Research and Extension Center.
V2 to V3†

V5 to V6†
N Rate‡

Nitrapyrin
Yes
No

0
75

§

118

174

235

76 f
76 f

76 f
76 f

76 ef
77 de

0
75

§

118

174

235

76 def
77 d

80 bc
80 c

81 a
80 ab

†Means followed by the same letter are not significantly different at P ≤ 0.05.
‡
Rates expressed as kg N ha-1.
§
Nontreated reference only – not included in the statistical analysis.

Table 2.7

Fertilizer-N recovery efficiency (FNRE) as influenced by the main effect of N rate
pooled across nitrapyrin application and N application timing in clay soil textures
for research studies established from 2018 to 2020 at the Delta Research and
Extension Center.
N Rate‡

FNRE†

118
174
235

%
20 a
18 ab
15 b

†Means within a column followed by the same letter are not significantly different at P ≤ 0.05.
‡
Rates expressed as kg N ha-1.
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Table 2.8

Grain yield influenced by the interaction of nitrapyrin applications by N rate
pooled across N application timings in clay soil textures for research studies
established from 2018 to 2020 at the Delta Research and Extension Center.
Nitrapyrin

N Rate‡

Grain Yield†
kg ha-1

0

4176§

Yes

118
174
235

6561 d
7801 b
8226 a

No

118
174
235

6818 d
7268 c
8217 a

†Means within a column followed by the same letter are not significantly different at P ≤ 0.05.
‡
Rates expressed as kg N ha-1.
§
Nontreated reference only – not included in the statistical analysis.

Table 2.9

Grain yield influenced by the interaction of N application timing by N rate pooled
across nitrapyrin application in clay soil textures for research studies established
from 2018 to 2020 at the Delta Research and Extension Center.
N Timing

V2 to V3

V5 to V6

N Rate‡
0

Grain Yield†
kg ha-1
4214§

118
174
235

5935 f
6444 e
6888 d

118
174
235

7444 c
8634 b
9556 a

†Means within a column followed by the same letter are not significantly different at P ≤ 0.05.
‡
Rates expressed as kg N ha-1.
§
Nontreated reference only – not included in the statistical analysis.
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Table 2.10

Analysis of variance p-values for total aboveground biomass, total-N uptake, days to 50% heading, total milled and head
rice yield (HRY) milling quality, fertilizer-N recovery efficiency (FNRE), and grain yield data for research studies
managed at the Delta Research and Extension Center from 2018 to 2020 evaluating nitrapyrin application timings in silt
loam soil textures.
Measurement
Source

df

Nitrapyrin
N application time
Nitrapyrin*N time
N Rate
Nitrapyrin*N Rate
N time*N Rate
Nitrapyrin*N time*N Rate

1
1
1
2
2
2
2

Aboveground
Biomass

Total-N
Uptake

50%
Heading

Total
Milled

HRY

FNRE

Grain Yield

-------------------------------------------------p-value--------------------------------------------0.8422
0.4346
0.9164
0.8676
0.5531
0.4234
0.2413
<0.0001
<0.0001
<0.0001
0.0003
0.0612
<0.0001
<0.0001
0.9440
0.8793
0.6001
0.6494
0.8590
0.9363
0.7233
<0.0001
<0.0001
<0.0001
0.6337
0.9481
0.8924
<0.0001
0.9002
0.5187
0.5880
0.7477
0.8491
0.5119
0.2028
0.1643
0.0663
0.0009
0.2218
0.1193
0.7713
0.0005
0.4366
0.3202
0.1297
0.6851
0.5915
0.4046
0.8106
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Table 2.11

Total rice aboveground biomass, total-N uptake, total milled rice yield, and
fertilizer-N recovery efficiency (FNRE) as influenced by the main effect of N
application timing pooled across nitrapyrin application and N rates in silt loam soil
textures for research studies from 2018 to 2020 at the Delta Research and
Extension Center.
Aboveground Biomass†

Total-N
Uptake†

kg ha-1

kg N ha-1

V2 to V3

4163 b

52 b

71 b

23 b

V5 to V6

5143 a

74 a

72 a

43 a

Timing

Total Milled†

FNRE†

--------------%--------------

†Means within a column followed by the same letter are not significantly different at P ≤ 0.05.

Table 2.12

Total aboveground biomass and total-N uptake as influenced by the main effect of
N rate pooled across nitrapyrin application and N application timing in silt loam
soil textures for research studies from 2018 to 2020 at the Delta Research and
Extension Center.

N Rate‡

Aboveground Biomass†

Total-N Uptake†

kg ha-1

kg N ha-1

0

2452§

29§

78

4186 b

53 c

112

4721 a

63 b

146

5052 a

74 a

†Means within a column followed by the same letter are not significantly different at P ≤ 0.05.
‡
Rates expressed as kg N ha-1.
§
Nontreated reference only – not included in the statistical analysis.
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Table 2.13

Days to 50% heading and grain yield influenced by the interaction of N application
timing by N rate pooled across nitrapyrin application in silt loam soil textures for
research studies from 2018 to 2020 at the Delta Research and Extension Center.
N Timing

V2 to V3

V5 to V6

N Rate‡

50% Heading†

0

70§

Grain Yield†
kg ha-1
4190§

78
112
146

74 d
75 c
76 c

5686 f
6082 e
6671 d

78
112
146

75 c
78 b
80 a

7049 c
8026 b
8781 a

†Means within a column followed by the same letter are not significantly different at P ≤ 0.05.
‡
Rates expressed as kg N ha-1.
§
Nontreated reference only – not included in the statistical analysis.
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CHAPTER III
COMPARATIVE ANALYSIS OF OPTIMAL APPLICATION METHODS WITH A
NITRIFICATION INHIBITOR ALONE AND IN COMBINATION WITH A UREASE
INHIBITOR IN MISSISSIPPI RICE (ORYZA SATIVA) PRODUCTION
Abstract
Nitrogen (N) fertilizer is a vital component to optimize rice yields. Prior to flooding, N
fertilizer impregnated with either a urease or nitrification inhibitor is commonly applied.
Fertilizer additives aid in impeding N losses such as ammonia volatilization or
nitrification/denitrification. In recent years, technological advancements have provided
alternative products with potential to be incorporated in rice production. The objective of this
research was to determine optimal application methods of nitrapyrin with urea at the V5/V6
(one- to two-tiller) growth stage in a delayed-flood rice production system. Six studies from
2018 to 2020 were conducted at Mississippi State University Delta Research and Extension
Center in Stoneville, MS. At V5/V6, broadcast or urea-impregnated applications of nitrapyrin at
526 g ai ha-1 and NBPT (N-(n-butyl) thiophosphoric triamide) at 626 ml ai metric ton-1
impregnated onto urea were applied alone and in-combination. Fertilizer rates of 0, 112, and 168
kg N ha-1 and 0, 112 and 146 kg N ha-1 were applied for clay and silt loam textured soils,
respectively. Regardless of nitrapyrin application method or NBPT combination, there was no
difference with respect to grain yield or other response variables analyzed for clay and silt loam
soil textures. The benefit of applying a urease plus nitrification inhibitor with urea at V5/V6
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does not significantly increase grain yield compared to urease or nitrification inhibitors alone.
Inferences can be made that inconsistent or non-responsive grain yields associated with
nitrapyrin applications vary based upon environmental and soil conditions.
Introduction
Rice (Oryza sativa L.) has served as the main source of human caloric intake for
approximately one-third of the world and is considered the main staple for more than one-half
(Childs, 2005; Lu and Chang, 1980). Rice production in the mid-southern U.S. is conducted
primarily by the direct-seeded, delayed-flood system (Harrell and Saichuk, 2014). Within this
system, rice is drill-seeded into a seedbed, germinates, and then 21 to 28 d after emergence is
flooded at the V5 to V6 (one to two tiller) growth stage (Wells and Turner, 1984). Mississippi
and Louisiana Extension Services recommend a two-way split application of 100 to 180 kg N ha1

applied preflood and the remainder 34 to 67 kg N ha-1 applied at midseason depending on soil

texture (Corbin et al., 2016).
Prilled urea (460 g N kg-1) is the dominant N source for use in direct-seeded, delayedflood rice because of its relatively low cost, ease of application, and high N analysis (Norman et
al., 2003). Incorporating urea into the soil within 3 to 5 d after application is important to
stabilize N in the ammoniacal form. Urea on the soil surface undergoes hydrolysis and is
subjected to ammonia volatilization (AV) or nitrification/denitrification, resulting in rapid N
losses and subsequent yield losses (Norman et al., 2003). Nitrogen rates and timing of fertilizer
applications are critical for maintaining plant growth and grain yield. However, De Datta (1981)
reported fertilizer N recovery is seldom more than 30 to 40% and 60 to 65% under normal and
optimal conditions. In addition to split applications of N, other alternatives must be utilized to
inhibit N losses and increase plant N uptake.
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Nitrogen losses primarily occur via AV or nitrification/denitrification (Buresh et al.,
2008). In rice production, AV can account for 20 to 80% of N losses if not properly managed
(Mikkelsen et al., 1978; Beyrouty et al., 1988; Griggs et al., 2007; Norman et al., 2009). This
process occurs when urea is hydrolyzed by the urease enzyme to ammonium carbonate, that
decomposes further into ammonia and carbon dioxide (Dillon et al., 2012). Ammonia will
accept a hydrogen ion from the soil solution to produce an ammoniacal form that is relatively
stable in the soil solution (Sunderlage and Cook, 2018). At the urea dissolution microsite, there
is a localized increase in soil pH (Ferguson et al., 1984), which favors the ammonia ion form
making it volatile and subject to atmospheric losses (Sunderlage and Cook, 2018). Other factors
affecting AV include floodwater pH, soil and air temperature, cation exchange capacity, H+buffering capacity, N source, wind speed, humidity, soil moisture, and ammonia concentrations
(Harper et al., 1983; Boswell et al., 1985; Bouwmeester et al., 1985).
The biological oxidation of relatively immobile ammonium to highly mobile nitrate is
known as nitrification (Sahrawat, 2008). Nitrification is a two-step biological process converting
ammonium or ammonia to nitrite and then nitrate in an aerobic environment (Linquist et al.,
2013). First, obligate autotrophic bacteria known as Nitrosomonas spp. convert ammonium or
ammonia to nitrite. Next, a second group of obligate autotrophic bacteria known as Nitrobacter
spp. are responsible for the conversion of nitrite to nitrate (Sahrawat, 2008). Nitrification is not
primarily of concern since nitrate can still be readily taken up through the root system via mass
flow and utilized by the rice plant as effectively as the ammoniacal form (Li et al., 2013). The
subsequent process of denitrification in an anaerobic environment is responsible for N losses
through atmospheric gases or leaching from flooded rice fields (Buresh et al., 2008). Cycles of
alternate wetting and drying in rice where there are aerobic followed by anaerobic periods incur
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N losses via denitrification (Bacon et al., 1986). Even in flooded rice, there are adjoining aerobic
and anaerobic zones where substrates are transported between these zones influencing
nitrification and denitrification (Reddy and Patrick, 1986; Buresh et al., 2008).
Implementing enhanced efficiency fertilizer additives to inhibit AV and
nitrification/denitrification will allow producers better management strategies to reduce
environmental impacts of N losses and potentially increase crop yield. Employing urease
enzyme inhibitors can effectively reduce AV by impeding the rate of urea hydrolysis (Norman et
al., 2009). Extending the time it takes for urea hydrolysis to occur will allow the soil pH to not
be drastically affected allowing for the ammonia ion to diffuse into the soil profile and away
from the granular site (Bremner and Chai, 1989; Clay et al., 1990; Watson, 2005). One
extensively studied and commonly applied urease inhibitors is N-(N-butyl) thiophosphoric
triamide (NBPT) to reduce AV when impregnated onto urea (Frame et al., 2012). Norman et al.
(2009) reported that N uptake was greater when urea plus NBPT was applied 5 and 10 d preflood
in comparison to urea alone. Grain yield increases in rice have also been reported with urea plus
NBPT in comparison to urea alone when AV potential was high (Chaiwanakupt et al., 1996).
Employing nitrification inhibitors (NIs) can reduce nitrification by inhibiting the
Nitrosomonas spp. in the soil (Sahrawat, 2008). Two commonly employed and studied NIs in
the U.S. are dicyandiamide (DCD) and nitrapyrin (Trenkel, 2010). Dempsey et al. (2017)
reported that nitrapyrin treated urea had no effect on grain yield in 2013; however, in 2014 grain
yields were decreased by 6% compared to untreated urea. Research conducted by Rao (1996)
suggested that incorporating NIs with urea improved grain yield in wheat (Triticum aestivum L.)
over urea alone. However, research conducted in mid-southern U.S. with NIs has been
conflicting as a result of environmental conditions, product formulation, application timing, and
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application methods (Leffler, 1979; York and Tucker, 1985; Norman et al., 1989; Golden et al.,
2009). More specifically, research evaluating nitrapyrin as a soil-surface broadcast application
for rice production is limited. Wells (1977) suggested that broadcast or impregnated applications
of nitrapyrin in conjunction with urea and incorporated into the soil were effective at increasing
grain yields. Literature reporting the efficacy of soil-surface broadcast applications of nitrapyrin
without soil incorporation is scarce. By combining urease enzyme plus nitrification inhibitors, it
has been hypothesized that the dual mode of action will allow for greater N retention in the soil
profile over extended periods of time for plant uptake (Frame, 2017). Inhibiting urease and
nitrification processes to urea applied prior to flooding in rice, producers could reduce preflood
N fertilizer rates, extend time intervals to establish a flood, increase plant N uptake, and
ultimately increase grain yields.
The primary objective of this research was to determine optimal application methods of
nitrapyrin with urea at the V5/V6 growth stage in delayed-flood rice production. The ultimate
goal of this research is to determine if total aboveground biomass, total-N uptake, fertilizer-N
recovery efficiency (FNRE), days to 50% heading, total milled and head rice yield (HRY)
milling quality, and rice grain yield are influenced by nitrapyrin alone or in combination with
NBPT in silt loam and clay soils. Data generated will provide producers alternative N
management strategies that may decrease N losses, increase N uptake, and grain yield in directseeded, delayed-flood rice production. We hypothesized that nitrapyrin broadcast to the soilsurface plus NBPT impregnated onto urea was the optimal application method at V5 to V6, that
would provide a dual mode of action to hinder N losses and positively influence yield responses.
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Materials and Methods
Description of sites
Research was conducted from 2018 to 2020 on silt loam- and clay-textured soils to
evaluate soil-surface broadcast versus impregnated methods for the potential use of nitrapyrin
with urea applications. Studies were established at the Mississippi State University Delta
Research and Extension Center in Stoneville, MS. Global positioning system coordinates, soil
series, soil description, previous crop, soil pH, and soil organic matter (OM) for each study are
described in Table 3.1. Weed control, cultivar selection, seeding rate, and field trial layout were
as described for Chapter 2.
Treatments
The study was a randomized complete block with a 2 (application methods) x 4 (fertilizer
additives) x 2 (fertilizer-N rates) factorial treatment arrangement plus a nontreated control with
four replications. At V5 to V6, broadcast applications of nitrapyrin (Instinct HL, nitrogen
stabilizer, Corteva AgroSciences, 9930 Zionsville Rd., Indianapolis, IN 46268) at 526 g ai ha-1
were applied. All applications were made using a CO2-pressurized backpack sprayer equipped
with flat-fan nozzles (TeeJet 11002 VS tips, TeeJet Technologies, 200 W. North Ave., Glendale
Heights, IL 60139) set to deliver 140 L ha-1 at 206 kPa using water as a carrier onto a dry soil
surface prior to N application. Nitrapyrin at 526 g ai ha-1 and N-(n-butyl) thiophosphoric
triamide (NBPT) (Agrotain Advanced 1.0, urease inhibitor, Koch Agronomic Services, LLC.,
4111 East 37th St. N., Wichita, KS 67220) at 626 ml ai metric ton-1 were impregnated onto urea
using a tabletop lab seed treater (USC, LLC., 2320 124th Rd., Sabetha, KS 66534). Fertilizer
treatments were applied in the form of granular urea (460 g N kg-1) at V5 to V6 prior to flooding.
Fertilizer rates of 112, and 168 kg N ha-1 were applied for clay-textured soils. Fertilizer rates of
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112 and 146 kg N ha-1 were applied for silt loam-textured soils. Suboptimal fertilizer-N rates
were used in each study to evaluate the nitrapyrin treatment effect when N was yield-limiting.
Sample collection and analysis were as described for Chapter 2.
Statistics
The experimental design was a randomized complete block with four replications.
Treatments were arranged in a 2 (application methods) x 4 (fertilizer additives) x 2 (fertilizer-N
rates) factorial plus a nontreated control. Statistical procedures were conducted using PROC
GLIMMIX in SAS v. 9.3 (SAS Institute Inc. 100 SAS Campus Drive Cary, NC 27513-2414,
USA) with site-year and replication (nested within site-year) as random effects parameters
(Blouin et al., 2011). Data were subjected to ANOVA implementing Fisher’s protected LSD (P
≤ 0.05) to compare total aboveground biomass, total-N uptake, days to 50% heading, total milled
and head rice yield (HRY) milling quality, FNRE and grain yield, among treatments within each
study.
Results and Discussion
Clay soil method study
Nitrapyrin application methods did not influence any of the response variables in the clay
soil texture study (Table 3.3). Nitrapyrin efficacy can be influenced by soil textures,
environment, and cultivation practices (Meisinger et al., 1980). Differences in the main effect of
N rate averaged across application method and fertilizer additive were observed for total
aboveground biomass, total-N uptake, days to 50% heading, and grain yield (Table 3.3).
Aboveground biomass was 14% greater with 168 versus 112 kg N ha-1 applications in claytextured soils (Table 3.4). Similarly, 168 versus 112 kg N ha-1 increased total-N uptake by 28%,
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respectively (Table 3.4). These results are similar to reports by Moore et al. (1981) who
determined that N uptake correlates to dry matter production. Maturity was delayed 5 d when
168 kg N ha-1 was applied (Table 3.4). Comparing the different N rates, grain yield was 14%
greater when 168 kg N ha-1 was applied at V5 to V6 compared to 112 kg N ha-1 (Table 3.4).
Grain yield increases associated with nitrapyrin have been obtained when yield-limiting N rates
were applied (Hergert and Wiese, 1980). Our research yielded similar results to Mohammed et
al. (2016), which reported no differences to spring applications to wheat (Triticum aestivium L.)
regardless of N source or fertilizer additive with respect to grain yield. Additionally, differences
in grain protein or grain N uptake were observed when comparing the nontreated to all other
spring application treatments. No differences were observed with N source or fertilizer additive
in the spring application timing. Harty et al. (2017) reported that perennial ryegrass (Lolium
perenne L.) dry matter yield from urea plus DCD was lower than untreated urea in four siteyears, which was contradicting to our results that showed no differences in yield regardless of the
fertilizer additive implemented. Additionally, applications of urea plus NBPT plus DCD were
not different from untreated urea for perennial ryegrass dry matter yield. Similar trends were
observed when analyzing perennial ryegrass N uptake as well. Differences in N rate averaged
across application method and fertilizer influenced FNRE (Table 3.3). Fertilizer-N recovery
efficiency was 11% greater when 168 kg N ha-1 was applied in comparison to 122 kg N ha-1
(Table 3.5). Overall, N applications at 112 and 168 kg N ha-1 resulted in 22 and 31% FNRE,
respectively. These values were much lower than Norman et al. (2003) which reported N
recovery can range from 65 to 75% if properly applied. Applications to the soil-surface can
result in reduced efficacy of nitrapyrin by photolysis and volatilization (Briggs, 1975); however,
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applications to soils high in organic matter can result in sufficient adsorption to lower these
losses considerably (Hendrickson and Keeney, 1979).
Silt loam method study
Nitrapyrin application methods inconsistently influenced the response variables analyzed
in the silt loam soil texture study (Table 3.6). Differences in total aboveground biomass, total-N
uptake, days to 50% heading, total milled and head rice yield (HRY) milling quality, and grain
yield was influenced by the main effect of N rate averaged across application method and
fertilizer additive (Table 3.6). Aboveground biomass was 15% greater with 146 kg N ha-1 in
comparison to 112 kg N ha-1 applied at V5 to V6 (Table 3.7). Total-N uptake was 30% greater
when applied at 146 kg N ha-1, regardless of fertilizer additive or application method
implemented (Table 3.7). These results are congruent with Massey et al. (2011), which
demonstrated no differences in bermudagrass [Cynodon dactylon (L.) Pers] yield or N uptake
when comparing NBPT to urea alone. In contrast to our findings, Watson et al. (1994) reported
that urea amended with NBPT increased ryegrass yield and N recovery compared to urea alone.
Maturity was delayed 4 d when N applications increased from 112 to 146 kg N ha-1,
respectively (Table 3.7). Total milled rice yield quality was 1% greater from 112 versus 146 kg
N ha-1 applied at V5 to V6 (Table 3.7). Grain yield was 9% greater with 146 kg N ha-1 in
comparison to 112 kg N ha-1 applied at V5 to V6 (Table 3.7). Research conducted by Bundy
(1986), reported that the benefits of using enhanced efficiency fertilizer additives will likely
occur 30 to 40% of time. The greatest benefit of implementing NIs is obtained when crop
demand for N is low, high rainfall events on sandy soils occur, and fine-textured soils are poorly
drained (Laboski, 2016). Research conducted by Martin et al. (1993), suggested that
implementing DCD or nitrapyrin across multiple N rates did not influence yield on potato
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(Solanum tuberosum L. ev. Atlantic) compared to untreated ammonium nitrate or ammonium
sulfate on irrigated sandy soil textures. An economic analysis on the effect of N timing and the
use of N-serve on corn suggested miniscule increases preplant and slight decreases applied inseason in terms of net profits (Wolkowski, 1995).
Total milled and HRY milling quality were influenced by the main effect of fertilizer
additive averaged across N rate and application method (Table 3.6). Urea amended with NBPT
or nitrapyrin was 1% greater than urea applied alone with respect to total milled rice yield quality
(Table 3.8). There was no observable difference in total milled rice yield quality when urea
amended with NBPT and nitrapyrin was applied versus urea alone. Differences from the
interaction of application method x N rate averaged across fertilizer additive influenced FNRE
(Table 3.6). Fertilizer additives impregnated onto urea were 6% greater than broadcast
applications at 112 kg N ha-1, with respect to FNRE (Table 3.9). However, application method
did not influence FNRE at 146 kg N ha-1.
Conclusion
Differences in grain yield responses associated with enhanced efficiency fertilizer
additives across cropping system and geography can vary based upon environmental and soil
conditions (Meisinger et al., 1980). Our research indicates that regardless of nitrapyrin
application method, broadcast or impregnated, there was no observable difference with respect to
rice grain yield. The benefit of applying NBPT plus nitrapyrin in conjunction with urea at V5 to
V6 does not increase grain yield in comparison to NBPT or nitrapyrin alone. Further research
should be conducted to assess spray-volume, N rates, multiple nitrapyrin application timings
prior to preflood N applications, and various timing intervals delaying permanent flood
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establishment across various soil textures to fully assess the influence nitrapyrin has on rice grain
yields.
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Table 3.1

Siteyear

Geographic location, soil classification, and agronomic information for field studies evaluating N-(n-butyl)
thiophosphoric triamide (NBPT) and nitrapyrin alone and in-combination at Mississippi State University Delta Research
and Extension Center in Stoneville, MS.
Coordinates

Soil Series

Description

Previous Crop

pH

OM

1:1

1:2(v:v)

%

2018 A

33⁰26’05.89”N
90⁰54’28.82”W

Tunica clay

Clayey over loamy,
smectic over mixed,
superactive, nonacid,
thermic Vertic
Epiaquepts

2018 B

33°25'5.75"N
90°54'21.40"W

Bosket very fine
sandy loam

Fine-loamy, mixed,
active, thermic Mollic
Hapludalfs

Soybean:Rice

6.2

1.6

Soybean:Rice

6.7

1.9

Soybean:Rice

7.8

2.4

2019 A

33°26'3.20"N
90°54'29.18"W

Tunica clay

Clayey over loamy,
smectic over mixed,
superactive, nonacid,
thermic Vertic
Epiaquepts

2019 B

33°26'17.25"N
90°54'30.04"W

Bosket very fine
sandy loam

Fine-loamy, mixed,
active, thermic Mollic
Hapludalfs

Rice:Rice

6.8

1.6

Rice:Rice

6.7

1.9

Soybean:Rice

6.6

1.1

2020 A

33°26'20.90"N
90°54'27.76"W

Tunica clay

Clayey over loamy,
smectic over mixed,
superactive, nonacid,
thermic Vertic
Epiaquepts

2020 B

33°26'1.53"N
90°54'28.63"W

Commerce silty clay
loam

Fine-silty, mixed,
superactive, nonacid,
thermic Fluvaquentic
Endoaquepts
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Table 3.2

Selected dates of agronomic importance for research studies evaluating NBPT and
nitrapyrin alone and in-combination at the Delta Research and Extension Center
from 2018 to 2020.

Site-year

Planting

2018 A
2018 B
2019 A
2019 B
2020 A
2020 B

2-May
31-May
30-Apr
17-May
20-May
12-May

V5/V6
Application
31-May
5-Jul
30-Jun
14-Jun
26-Jun
15-Jun
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Flooding

R1 Sampling

Harvest

5-Jun
10-Jul
1-Jun
18-Jun
2-Jul
18-Jun

5-Jul
14-Aug
26-Jun
22-Jul
29-Jul
21-Jul

18-Sep
15-Oct
4-Sep
3-Sep
11-Sep
11-Sep

Table 3.3

Analysis of variance p-values for total aboveground biomass, total-N uptake, days to 50% heading, total milled rice
quality, head rice yield (HRY) milling quality, fertilizer-N recovery efficiency (FNRE), and rice grain yield data for the
clay soil texture study at the Delta Research and Extension Center from 2018 to 2020 evaluating NBPT and nitrapyrin
alone and in-combination.

Source

df

Fertilizer additive
Application method
Additive*Method
N Rate
Additive*N Rate
Method*N Rate
Additive*Method*N Rate

3
1
3
1
3
1
3

Measurement
Aboveground
Total-N
50%
Total
HRY
FNRE
Grain Yield
Biomass
Uptake
Heading
Milled
-------------------------------------------------p-value--------------------------------------------0.8065
0.7472
0.6473
0.1656
0.1291
0.5294
0.1027
0.5211
0.5570
0.2413
0.1170
0.2233
0.6655
0.9327
0.9934
0.9839
0.9879
0.9734
0.3143
0.7027
0.6489
0.0429
<0.0001
<0.0001
0.1991
0.9197
0.0005
<0.0001
0.9378
0.9595
0.7599
0.9120
0.2830
0.7581
0.6909
0.2538
0.2858
0.5791
0.5239
0.3837
0.8786
0.5066
0.2209
0.0757
0.9898
0.8126
0.2572
0.0674
0.7827
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Table 3.4

N Rate‡

Total rice aboveground biomass, total-N uptake, days to 50% heading, and rice
grain yield as influenced by the main effect of N rate pooled across application
method and fertilizer additive in clay soil textures for research established from
2018 to 2020 at the Delta Research and Extension Center.
Total-N Uptake†
kg N ha-1
54§

50% Heading†

0

Aboveground Biomass†
kg ha-1
4934§

77§

Grain Yield†
kg ha-1
4501§

112

6944 b

78 b

82 b

7033 b

168

8073 a

108 a

87 a

8176 a

†Means within a column followed by the same letter are not significantly different at P ≤ 0.05.
‡
Rates expressed as kg N ha-1.
§
Nontreated reference only – not included in the statistical analysis.

Table 3.5

Fertilizer-N recovery efficiency (FNRE) as influenced by the main effect of N rate
pooled across application method and fertilizer additive in clay soil textures for
research established from 2018 to 2020 at the Delta Research and Extension
Center.
N Rate‡

FNRE†
%

112

22 b

168

31 a

†Means within a column followed by the same letter are not significantly different at P ≤ 0.05.
‡
Rates expressed as kg N ha-1.
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Table 3.6

Analysis of variance p-values for total aboveground biomass, total-N uptake, days to 50% heading, total milled and head
rice yield (HRY) milling quality, fertilizer-N recovery efficiency (FNRE), and rice grain yield data for the silt loam soil
texture study at the Delta Research and Extension Center from 2018 to 2020 evaluating NBPT and nitrapyrin alone and
in-combination.

Source

df

Fertilizer additive
Application method
Additive*Method
N Rate
Additive*N Rate
Method*N Rate
Additive*Method*N Rate

3
1
3
1
3
1
3

Table 3.7

Measurement
Aboveground
Total-N
50%
Total
HRY
FNRE
Grain Yield
Biomass
Uptake
Heading
Milled
-------------------------------------------------p-value--------------------------------------------0.9743
0.9854
0.8084
0.0262
0.0179
0.3666
0.7478
0.5299
0.9712
0.3793
0.2924
0.6593
0.3790
0.0777
0.8589
0.6785
0.9509
0.8984
0.8699
0.1410
0.6759
0.0053
<0.0001
<0.0001
0.0002
0.0020
<0.0001
0.0003
0.9828
0.9952
0.8696
0.9789
0.2376
0.6255
0.5084
0.4568
0.4565
0.5530
0.0649
0.0700
0.0455
0.5868
0.5313
0.5483
0.9878
0.6869
0.2198
0.0685
0.6631

Total rice aboveground biomass, total-N uptake, days to 50% heading, total milled and head rice yield (HRY) milling
quality, and rice grain yield as influenced by the main effect of N rate pooled across application method and fertilizer
additive in silt loam soil textures for research established from 2018 to 2020 at the Delta Research and Extension
Center.

N Rate‡

Aboveground Biomass†

Total-N Uptake†

0

kg ha-1
2457§

kg N ha-1
29§

112

4800 b

146

5678 a

50% Heading†

Total Milled†

HRY†

Grain Yield†

70§

--------------%------------52§
43§

kg ha-1
4483§

61 b

77 b

63 a

54 a

8250 b

87 a

81 a

62 b

53 b

9023 a

†Means within a column followed by the same letter are not significantly different at P ≤ 0.05.
‡
Rates expressed as kg N ha-1.
§
Nontreated reference only – not included in the statistical analysis.
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Table 3.8

Total milled and head rice yield (HRY) milling quality as influenced by the main
effect of fertilizer additive pooled across N rate and application method in silt loam
soil textures for research established from 2018 to 2020 at the Delta Research and
Extension Center.

Fertilizer Additive
None

Total Milled†
HRY†
----------------------%----------------------52§
43§

Urea

62 b

52 b

NBPT

63 a

54 a

Nitrapyrin

63 a

54 a

NBPT + Nitrapyrin

63 ab

53 ab

†Means within a column followed by the same letter are not significantly different at P ≤ 0.05.
§
Nontreated reference only – not included in the statistical analysis.

Table 3.9

Fertilizer-N recovery efficiency (FNRE) as influenced by the interaction of
application method by N rate pooled across fertilizer additives in silt loam soil
textures for research established from 2018 to 2020 at the Delta Research and
Extension Center.

Application Method

N Rate‡

FNRE†
%

Broadcast

112
146

24 c
39 a

Impregnate

112
146

30 b
36 a

†Means within a column followed by the same letter are not significantly different at P ≤ 0.05.
‡
Rates expressed as kg N ha-1.
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CHAPTER IV
EVALUATION OF NITRAPYRIN MIXED WITH DIFFERENT
HERBICIDES FOR WEED CONTROL
IN RICE (ORYZA SATIVA)
Abstract
Information on herbicides mixed with enhanced efficiency fertilizer additives for weed
control and nitrogen management in rice are limited. A study was conducted from 2019 to 2020
to evaluate phytotoxic responses and weed control from nitrapyrin and no nitrapyrin applied with
different herbicide modes of action. Herbicide treatments included imazethapyr at 105 g ai ha-1,
florpyrauxifen-benzyl at 29.5 g ai ha-1, bispyribac-sodium at 28 g ai ha-1, propanil at 4,483 g ai
ha-1, fenoxaprop-p-ethyl at 122 g ai ha-1, quinclorac at 420 g ai ha-1 at early-POST timing. A
related study evaluated effects of grain yield from nitrapyrin applied with different adjuvants was
conducted. Adjuvant treatments included 1% (v/v) petroleum oil surfactant, 0.417% (v/v)
methylated seed oil, and 1% (v/v) surfactant-deposition aid. Nitrapyrin at 526 g ai ha-1 was
applied with each herbicide and adjuvant treatment. No differences in barnyardgrass control
were observed from nitrapyrin and no nitrapyrin applications with different herbicides. In the
adjuvant study, grain yields were reduced with applications of petroleum oil compared to MSO
and no adjuvant by 5.6 and 4.4%, respectively. However, the addition of nitrapyrin did not
affect rough rice yield. Nitrapyrin mixed with herbicides and adjuvants do not affect rough rice
yield. Visible symptoms of phytotoxicity were not observed for either study. Mixing nitrapyrin
72

with herbicides or adjuvants can be a viable option that is convenient for producers when making
fertilizer or herbicide applications in rice.
Introduction
Weeds are one of the most limiting factors for rice (Oryza sativa L.) production
(Buehring and Bond, 2008). Directly out-competing rice for moisture, space, nutrients, and
sunlight, weeds can reduce grain yields, interfere with harvest, increase drying cost, and decrease
quality (Odero and Rainbolt, 2014). To successfully maintain weed control for rice production,
producers must consider multiple factors for an effective management program (Odero and
Rainbolt, 2014; Webster, 2014). Critical variables producers should consider when designing a
weed management program include planting date, climatic conditions, seedbed preparation, seed
quality, plant population, water management, and herbicide chemistry (Odero and Rainbolt,
2014). In 2008, it was estimated that Mississippi rice producers spent approximately $7.5 to $15
million on weed control (Beuhring and Bond, 2008).
The top four most troublesome weeds in Mississippi rice are barnyardgrass [Echinochloa
crus-galli (L.) Beauv.], Palmer amaranth [Amaranthus palmeri (S.) Wats], hemp sesbania
[Sesbania herbacea (Mill.) McVaugh], and Amazon sprangletop [Leptochloa panicoides (J.
Presl) Hitchc.] (Webster, 2012). Weed competition studies by Smith (1988) revealed that earlyseason competition from barnyardgrass, annual sedge (Cyperus compressus L.) and Amazon
sprangletop reduced rice grain yields 70, 50 and 35%, respectively. Additionally, mid-season
pests such as red rice (Oryza spp.), ducksalad (Heteranthera limosa (Sw.) Willd), and hemp
sesbania reduced rice grain yields 82, 21 and 19%, respectively (Smith, 1988).
Cultural weed control practices aim to prevent or reduce infestations, suppress growth,
and kill weeds (Smith and Shaw, 1966). At planting, ensuring that rice seed is weed free will
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prevent clean fields from becoming infested. Seed purchased for sowing will have a weed seed
label enacted by the Federal Seed Act to ensure the purity of seed purchased and reduce
dissemination of weed seeds (Ross and Lembi, 1985). Continuous cropping systems can
increase weed populations but implementing crop rotations of 2:1 soybean [Glycine max (L.)
Merr.] and rice will help with red rice and aquatic weeds (Buehring and Bond, 2008). Altering
weed habitats by rotating cropping system has been an effective cultural method for weed control
(Smith and Shaw, 1966). Appropriately selecting cultivar, seeding rate, and row spacing is also
an important factor to consider for effective weed management (Webster, 2014). Additionally,
some rice cultivars are more competitive than others and can be essential for weed suppression
(Webster, 2014). Uniform stand establishment at the optimal seeding rate for individual
cultivars will allow rice to out-compete weeds, but over-seeding can be detrimental to yield and
producers should seek consultation from seed companies or university extension scientists for
optimal seeding rates (Bond et al., 2005; Harrell and Blanche, 2010; Webster, 2014). Bond et al.
(2005) determined that seeding rates of 323 seeds m-2 spaced 18 cm apart achieved optimal grain
yields for rice in Mississippi and Louisiana. Land leveling and levee construction for uniform
flooding is an important cultural weed control method (Smith and Shaw, 1966). Timely flooding
to uniform depth is a reliable weed control mechanism in the U.S. Kendig et al. (2003) estimated
that 40 to 60% of a crop’s weed control is achieved through flooding.
In Mississippi, flooding rice begins at the V5 to V6 (one- to two-tiller) growth stage and
will be maintained at a depth of 5 to 10 cm until physiological maturity (Counce et al., 2000). In
direct-seeded, delayed-flood rice production, weed control prior to flooding is crucial (Kendig et
al., 2003; Odero and Rainbolt, 2014). Chemical control methods in the U.S. have become the
most important and relied upon practice for weed management (McWhorter and Shaw, 1982;
74

Norsworthy et al., 2013). Herbicide selection and application timing must be factored into weed
management programs for optimal efficacy. Producers essentially have four application timings
of burndown, herbicides applied no earlier than six to eight weeks prior to planting and no later
than three to four weeks prior to planting, PRE after planting, delayed-PRE (DPRE), and POST
for herbicide selection (Webster, 2014).
Burndown applications in rice consist of either glyphosate, paraquat, 2,4-D, saflufenacil,
thifensulfuron plus tribenuron-methyl, or flumioxazin alone and in combination depending on
the targeted weed species (Buehring and Bond, 2008; Bond et al., 2021). Herbicides such as
clomazone or halosulfuron are important PRE treatments and are often mixed with glyphosate
and saflufenacil to control emerged weed species (Shaner, 2014; Anonymous, 2021; Bond et al.,
2021). Options for DPRE, which are herbicide applications after rice seed have imbibed
moisture for germination but prior to emergence, include pendimethalin and thiobencarb (Scott
et al., 2013). Once rice emerges, herbicides available for POST application before and/or after
flooding represent various modes of action (MOA) such as synthetic auxins, microtubule
assembly inhibition, photosystem II (PSII), acetolactate synthase (ALS), and
protoporphyringogen oxidase (PPO) alone or in combination (Kendig et al., 2003; Scott et al.,
2013; Anonymous, 2021; Bond et al., 2021).
Another tool to improve herbicide efficacy and weed control is the use of adjuvants
(Webster, 2014). Broadly, adjuvants are any substance in a herbicide formulation or added to the
spray tank to modify herbicidal activity or application characteristics (Hazen, 2000). Adjuvants
are divided into different categories such as activator adjuvants (i.e. surfactant), crop oil
concentrate, petroleum oil, or vegetable oil concentrate, and nitrogen fertilizer (Curran et al.,
1999). Surfactants reduce surface tension of the spray solution to allow greater contact between
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the droplet and plant surface (Curran et al., 1999). Crop or vegetable oil concentrate allow for
greater penetration into plant tissue and also assist in solubilizing less water-soluble herbicides
on the leaf surface (Curran et al., 1999). Ammonium-based fertilizers, primarily ammonium
sulfate, have increased efficacy in herbicides that are relatively polar, weak acid herbicides such
as bentazon, sulfonylureas, and imidazolinones (Hazen, 2000). Although it is still debatable how
the ammoniacal salts improve efficacy, these additives were promoted to reduce potential
antagonism with hard water or other pesticides (Curran et al., 1999). Economically, adjuvant
costs are less than herbicide costs, especially when several products are applied (Webster, 2014).
Combinations with different herbicide MOA may potentially increase or decrease weed
control (Hydrick and Shaw, 1994). Fertilizer additives can be mixed with herbicides to increase
efficacy or remediate nutrient deficiencies (Scroggs et al., 2009; Devkota and Johnson, 2016).
Koger et al. (2007) reported urea ammonium nitrate (UAN) enhanced bispyribac-sodium
efficacy on barnyardgrass when applied with either methylated seed oil (MSO) or non-ionic
surfactant (NIS), making the fertilizer additive a viable option in rice. Ammonium sulfate
(AMS) plus an adjuvant increased absorption of glyphosate in quackgrass [Elytrigia repens (L.)
Nevski] (De Ruiter and Meinen, 1996) and overcame antagonism by allowing the ammonium to
out-compete calcium cations for complexation sites on the glyphosate molecule (Nalewaja and
Matysiak, 1992; Thelen et al., 1995). However, control of common lamsquarters (Chenopodium
album L.), large crabgrass (Digitaria sanguinalis L.), morningglory spp. (Ipomoea spp.), smooth
pigweed (Amaranthus hybridus L.), giant foxtail (Setaria faberi Herrm.), and velvetleaf
(Abutilon theophrasti Medik.) with glyphosate was reduced with manganese (Bailey et al., 2002;
Bernards et al., 2005b). Scroggs et al. (2009) reported herbicide antagonism with fertilizer
additives, more specifically glyphosate and zinc sulfate. Glyphosate plus zinc sulfate
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applications reduced control of barnyardgrass, browntop millet [Urochloa ramosa (L.) Nguyen],
and Palmer amaranth to 39, 39, and 45% from 93 to 95% control compared with glyphosate
applied alone.
The efficacy of mixing POST herbicide applications with nitrification inhibitors (NI)
early-POST (EPOST) after crop emergence, or preflood (PF) has never been documented in rice.
Furthermore, analysis on the effect or no effect of adjuvants mixed with NI has also never been
performed. The primary objective of this research was to evaluate if nitrapyrin mixed with
EPOST herbicides influenced grass control. In order to make broadcast nitrapyrin applications
EPOST a viable option for producers, it has to be compatible with different herbicide MOA. We
hypothesized that nitrapyrin mixed with various herbicide MOA will have no effect on weed
control or yield, which will provide viable weed and nitrogen management strategies in directseeded, delayed-flood rice production.
Materials and Methods
Herbicide study
Research was conducted in 2019 and 2020 to evaluate rice injury and weed control with
mixtures of nitrapyrin and different herbicide MOA. Studies were established at the Mississippi
State University Delta Research and Extension Center in Stoneville, MS. Global positioning
system coordinates, soil series, soil description, previous crop, soil pH, and soil organic matter
(OM) for each study are described in Tables 4.1.
Preplant weed control for the herbicide study included glyphosate (Roundup PowerMax
4.5L, herbicide, Bayer Crop Science, 800 N. Lindburgh Blvd., St. Louis, MO 63167) at 1,120 g
ae ha-1 and/or paraquat (Gramoxone 2.0 SL, herbicide, Syngenta Crop Protection, P.O. Box
19300, Greensboro, NC 27409) at 560 g ai ha-1. Saflufenacil (Sharpen 2.85 SC, herbicide, BASF
77

Crop Protection, 26 Davis Dr., Research Triangle Park, NC 27709) at 4.5 g ai ha-1 was applied
PRE to control broadleaf weed species.
The rice cultivar ‘CL153’ (HorizonAg, 8275 Tournament Dr. Suite 255, Memphis, TN
38125) was drill-seeded at 73 kg ha-1 (291 seed m-2) to a depth of 2 cm using a small-plot grain
drill (Great Plains 1520, Great Plains Mfg, Inc., 1525 East North St., Salina, KS 67401) into
conventionally tilled plots. Treated plots contained eight rows of rice spaced 20 cm apart
measuring 4.5 m in length and were separated by a perpendicular alley 1.5 m in width. At V5 to
V6, plots were flooded to an approximate depth of 5 to 10 cm.
The study was designed as a two-factor factorial within a randomized complete block
with four replications. Factor A was nitrapyrin and included no nitrapyrin and nitrapyrin
(Instinct HL, nitrogen stabilizer, Dow AgroSciences LLC., 9930 Zionsville Rd., Indianapolis, IN
46268) applied at 526 g ai ha-1. Factor B was herbicide treatment and included no herbicide,
imazethapyr (Newpath, herbicide, BASF Crop Protection, 26 Davis Dr., Research Park Triangle,
NC 27709) at 105 g ai ha-1 plus petroleum oil surfactant (Herbimax, 83% petroleum oil,
Loveland Products, P.O. Box 1286, Greeley, CO 80632) at 1% (v/v), florpyrauxifen-benzyl
(Loyant, herbicide, Corteva Agriscience, 9330 Zionsville Rd., Indianapolis, IN 46268) at 29.5 g
ai ha-1 plus methylated seed oil (MSO, 100% methylated vegetable oil, Loveland Products, P.O.
Box 1286, Greeley, CO 80632) at 0.417% (v/v), bispyribac-sodium (Regiment, herbicide, Valent
U.S.A. Corporation, P.O. Box 8025, Walnut Creek, CA 94596-8025) at 28 g ai ha-1 plus
surfactant-deposition aid (Phase II, 80% carbamides, alcohol ethoylates, methylated esters of
fatty acids, polyether modified polysiloxane, Loveland Products, P.O. Box 1286, Greeley, CO
80632) at 1% (v/v), propanil (Stam M4, herbicide, RiceCo LLC., 5100 Poplar Ave. Suite 2482,
Memphis, TN 38137) at 4,483 g ai ha-1, fenoxaprop-p-ethyl (Ricestar HT 0.58 EC, herbicide,
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Bayer CropScience, 2 T.W. Alexander Dr., Research Park Triangle, NC 27709) at 122 g ai ha-1,
quinclorac (Facet 1.50 SL, herbicide, BASF Crop Protection, 26 Davis Dr., Research Park
Triangle, NC 27709) at 420 g ai ha-1 plus petroleum oil surfactant at 1% (v/v). All treatments
were applied EPOST using a CO2-pressurized backpack sprayer and hand-held boom equipped
with flat-fan nozzles (TeeJet XR11002 nozzles, TeeJet Technologies, 200 W. North Ave.,
Glendale Heights, IL 60139) set to deliver 140 L ha-1 at 206 kPa using water as a carrier.
Visible estimates of phytotoxicity and barnyardgrass control were recorded 7, 14, 21, and
28 d after treatment (DAT) on a scale of 0 to 100% with 0 indicating no phytotoxicity or
barnyardgrass control and 100 indicating complete death. Rice biomass samples in two subsamples of 1-m from rows two or seven in each plot were collected at 14 d after application but
prior to preflood N application and converted to g m-2. Rice plant heights were recorded in cm
from five plants in rows two or seven in each plot 14 DAT.
The square root of barnyardgrass control was arcsine transformed to improve
homogeneity of variance. If homogeneity of variance was not improved, non-transformed
barnyardgrass control estimates were presented. Data were subjected to ANOVA using the
PROC GLIMMIX procedure in SAS v. 9.3 (SAS Institute Inc. 100 SAS Campus Drive Cary, NC
27513-2414, USA) with siteyear and replication (nested within siteyear) as random effects
parameters (Blouin et al., 2011).
Adjuvant study
Research was conducted in 2019 and 2020 to evaluate rice grain yield from nitrapyrin
applied alone and in combination with multiple adjuvants. Experiments were established at
Mississippi State University Delta Research and Extension Center in Stoneville, MS. Global
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positioning system coordinates, soil series, soil description, previous crop, soil pH, and soil
organic matter (OM) for each study are described in Table 4.2.
Preplant weed control was similar to the herbicide study except for the addition of
clomazone (Command 3 ME, herbicide, FMC Corporation, 1735 Market St., Philadelphia, PA
19103) at 498 g ai ha-1. Propanil plus thiobencarb (Rice Beaux, herbicide, RiceCo LLC., 5100
Poplar Ave. Suite 2482, Memphis, TN 38137) at 6,725 g ai ha-1 plus halosulfuron (Permit 27 DF,
herbicide, Gowan Company, P.O. Box 5569, Yuma, AZ 85364) at 12 g ai ha-1 were applied at
V5 to V6. In the 2019 adjuvant study, quizalofop p-ethyl (Provisia, herbicide, BASF Crop
Protection, 26 Davis Dr., Research Triangle Park, NC 27709) at 116 g ai ha-1 plus crop oil
concentrate (Agri-Dex, 99.0% heavy range paraffinic oil, polyol fatty acid ester, and
polyethoxylated derivatives thereof, Helena Chemical Company, 225 Schilling Blvd.,
Collierville, TN 38017) at 1% (v/v) were applied at V2 and V5 growth stages.
For the 2019 Adjuvant Study, the rice cultivar ‘PVL02’ (HorizonAg, 8275 Tournament
Dr. Suite 255, Memphis, TN 38125) was drill-seeded at 73 kg ha-1 (291 seed m-2) to a depth of 2
cm using a small-plot grain drill into conventionally tilled plots. All plots contained eight rows
of rice spaced 20 cm apart measuring 4.5 m in length and were separated by a perpendicular
alley 1.5 m in width. At V5 to V6, plots were flooded to an approximate depth of 5 to 10 cm.
The 2020 Adjuvant Study was conducted as outlined above for the Herbicide Study.
The study was designed as a two-factor factorial within a randomized complete block
with four replications. Factor A was nitrapyrin and included no nitrapyrin and nitrapyrin applied
at 526 g ai ha-1. Factor B was adjuvant and included no adjuvant, petroleum oil surfactant at 1%
(v/v), methylated seed oil at 0.417% (v/v), and surfactant-deposition aid at 1% (v/v). All
treatments were applied the same way as outlined in the Herbicide Study.
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Visible estimates of phytotoxicity were recorded 7, 14, 21, and 28 DAT on a scale of 0 to
100% with 0 indicating no rice injury 100 indicating complete death. At physiological maturity,
plots were mechanically-harvested with a small-plot combine (Zürn 150, Zürn Harvesting GmbH
and Co. KG, Kapellensraße 1, Schöntal-Westernhausen, 74214) to obtain rice grain yields.
Grain yields were adjusted to 12% moisture content for uniform statistical analysis and
expressed as kg ha-1. Statistical analysis was conducted similar to Herbicide Study.
Results and Discussion
Herbicide Study
A main effect of herbicide treatment was detected for barnyardgrass control 7, 14, 21,
and 28 DAT only (Table 4.3). Although differences were not observed for each herbicide
treatment with respect to nitrapyrin, effect and no effect of phytotoxicity have been welldocumented for mixing different herbicides, fungicides, or foliar fertilizers and should be
cautioned (Webster et al., 2006; Blouin et al., 2010; Wilkerson et al., 2013; Fish et al., 2016;
Lawrence et al., 2020). Barnyardgrass control was reduced by 66% when labeled applications of
glyphosate were mixed with 10% zinc sulfate in cotton (Gossypium hirsutum L.) (Scroggs et al.,
2009). Bernards et al. (2005a) reported giant foxtail [Setaria faberi (Herrm)] control was
reduced with combinations of manganese and glyphosate. When mixing commonly-applied
herbicides in rice, Miller and Norsworthy (2018) reported no antagonistic symptoms from
applications of florpyrauxifen-benzyl with contact (acifluorfen, bentazon, carfentrazone,
propanil, and salflufenacil) or systemic (2,4-D, bispyribac, cyhalofop, fenoxaprop, halosulfuron,
imazethapyr, penoxsulam, quinclorac, and triclopyr) herbicides. There were no observable
differences in biomass or plant heights (Table 4.3).
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Adjuvant Study
No differences in phytotoxicity were observed for adjuvants or nitrapyrin (Table 4.5). A
main effect of adjuvant was detected for rough rice yield (Table 4.5). Grain yields were reduced
with applications including petroleum oil and MSO compared with no adjuvant by 5.6 and 4.4%,
respectively (Table 4.6). Montgomery et al. (2014) observed similar results when MSO applied
with saflufenacil increased rice injury by 13% over the control 7 DAT. Regardless of
saflufenacil rate, including any adjuvant increased rough rice yield compared with saflufenacil
alone (Montgomery et al. 2014). Wilkerson et al. (2014) observed differences in phytotoxicity
with trifloxystrobin plus prothioconazole when comparing NIS to a COC 14 DAT. Phytotoxicity
was greater with the COC compared to the NIS; however, there was no influence on rough rice
yield.
Conclusion
Nitrapyrin mixed with herbicides applied EPOST and various adjuvants did not reduce
grain yield, plant heights, or biomass. No visible symptoms of phytotoxicity were observed for
either study. Our research indicates that mixing nitrapyrin with herbicides or adjuvants can be a
viable option that is easy and convenient for producers when making fertilizer or herbicide
applications in rice. Further research should be conducted in a weed-free environment for directseeded, delayed-flood, alternate wetting and drying, and furrow-irrigated rice systems with
multiple fertilizer N rates and herbicide MOA to fully assess the viability and practicality of
nitrapyrin. Additional research should be conducted to evaluate spray volume and weed control
when mixing nitrapyrin with various herbicides to assess benefits from aerial versus ground
applications. Literature evaluating the practicality of mixing enhanced efficiency fertilizers with
herbicides is limited. Further research should be conducted to examine the differences in weed
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control, phytotoxicity, application methods, and yield responses from various nitrification
inhibitors with herbicides and the economic benefits provided.
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Table 4.1
Siteyear

Geographic location, soil classification, and agronomic information for field studies conducted to evaluate weed control
of nitrapyrin alone and in combination with different herbicide modes of action in Stoneville, MS.
Coordinates

Soil series

Description

Previous crop

pH

OM

1:1

1:2(v:v)

%

Planting

Flood
establishment

Application

2019

33°26.30.46N
90°54.16.99W

Dowling
clay

Very-fine, smectitic,
nonacid,thermic
Vertic Endoaquepts

fallow:rice

8.1

2.1

28-May

8-Jul

26-Jun

2020 A

33°26.31.58N
90°54.18.32W

Dowling
clay

Very-fine, smectitic,
nonacid,thermic
Vertic Endoaquepts

fallow:rice

8.0

1.8

20-May

25-Jun

15-Jun

2020 B

33°26.31.50N
90°54.17.24W

Dowling
clay

Very-fine, smectitic,
nonacid,thermic
Vertic Endoaquepts

fallow:rice

8.0

1.8

27-May

25-Jun

22-Jun
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Table 4.2
Siteyear

2019

2020

Geographic location, soil classification, and agronomic information for field studies conducted to evaluate rough rice
yield from nitrapyrin alone and in combination with different adjuvants in Stoneville, MS.

Coordinates

33°25.14.26N
90°54.32.63W

33°26.21.48N
90°54.25.78W

Soil series

Description

Previous
crop
1:1

pH

OM

1:2(v:v)

%

Planting

Flood
establishment

Application

Harvest

Bosket very
fine sandy
loam

Fine-loamy,
mixed, active,
thermic Mollic
Hapludalfs

rice:rice

6.2

1.6

23-Apr

6-Jun

5-Jun

3-Sep

Commerce
silty clay
loam

Fine-silty,
mixed,
superactive,
nonacid,
thermic
Fluvaquentic
Endoaquepts

rice:rice

6.6

1.1

12-May

18-Jun

17-Aug

11-Sep
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Table 4.3

Analysis of variance p-values for 7, 14, 21, and 28 d after treatment (DAT), rice
plant height, and rice plant biomass for research conducted to evaluate weed
control of nitrapyrin alone and in combination with different herbicide modes of
action at Stoneville, MS in 2019 and 2020.
Measurement

Effects

df

7 DAT
14 DAT 21 DAT 28 DAT
Height
Biomass
-------------------------------------p-value-------------------------------------

Herbicide

6

<0.0001

<0.0001

<0.0001

<0.0001

0.9216

0.3851

Nitrapyrin

1

0.9008

0.7081

0.5658

0.7691

0.6780

0.5363

Herbicide × Nitrapyrin

6

0.9835

0.6353

0.9512

0.9259

0.7960

0.1205
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Table 4.4

Analysis of variance p-values for phytotoxicity ratings 7, 14, 21, and 28 days after
treatment (DAT) and rough rice yield for research conducted to evaluate nitrapyrin
alone and in-combination with different adjuvants at Stoneville, MS in 2019 and
2020.
Effects

df

Measurements
14 DAT
21 DAT

7 DAT

28 DAT

Yield

------------------------------p-value---------------------------Adjuvant

3

1.00000

1.00000

1.00000

1.00000

0.0361

Nitrapyrin

1

1.00000

1.00000

1.00000

1.00000

0.7389

Adjuvant × Nitrapyrin

3

1.00000

1.00000

1.00000

1.00000

0.7960

Table 4.5

Grain yield effects from adjuvants pooled across nitrapyrin applications at
Stoneville, MS in 2019 and 2020.
Grain yielda
kg ha-1
10982 a
10497 b
11123 a
10523 ab

Adjuvant
None
Petroleum oil
MSO
Surfactant-deposition aid
a

Means within a column followed by the same letter are not significantly different at P ≤ 0.05.
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CHAPTER V
IN VITRO ANALYSIS TO CHARACTERIZE THE EFFECTS OF NITRAPYRIN ALONE
AND IN CONJUNCTION WITH N-(N-BUTYL) THIOPHOSPHORIC
TRIAMIDE (NBPT) ON AMMONIA VOLATILIZATION
FROM HYDROLYZED UREA
Abstract
In rice (Oryza sativa L.) production, ammonium forming nitrogen (N) fertilizers are
primarily used due to their relatively high N content, low cost, and ease of application.
Establishing a uniform permanent flood in direct-seeded, delayed-flood rice can occur over
multiple days. Fertilizer applications onto the soil-surface prior to flooding are subjected to N
losses via ammonia volatilization (AV) or nitrification/denitrification if not incorporated into the
soil profile within a few days’ post-application. Using enhanced efficiency fertilizer additives
can extend the time N fertilizers are left on the soil surface by impeding N losses and allowing
for N to be flood incorporated. The objective of this research was to investigate the efficacy of
nitrapyrin alone and in conjunction with N-(n-butyl) thiophosphoric triamide (NBPT) to reduce
N losses associated with AV. Two laboratory studies were conducted using modified static
diffusion chambers to characterize product efficacy in warm, saturated environmental conditions
conducive for AV over a 21-day time interval. Analyzing the predictor variables of urea,
nitrapyrin, NBPT, and nitrapyrin plus NBPT influenced the response variable of cumulative
applied N lost across individual sample timings. The main effects of NBPT reduced N losses by
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14, 22, 26, and 29% in comparison to nitrapyrin across each sample timing. Differences among
the main effects of NBPT and nitrapyrin plus NBPT were not observed with respect to
cumulative applied N losses. Nitrapyrin was ineffective at reducing AV resulting in subsequent
N losses. Incorporating nitrapyrin with NBPT did not reduce N losses in comparison to NBPT
alone.
Introduction
To optimize grain yields, nitrogen (N) fertilizer management in rice (Oryza sativa L.) is
critical. In the southern U.S., N fertilization can account for approximately 25% of commercial
production input cost (Watkins et al., 2008a,b). Direct-seeded, delayed-flood rice systems in the
southern U.S. utilize a split urea application method (Wells and Johnston, 1970; Reddy and
Patrick, 1976; Wells and Turner, 1984; Patrick et al., 1985; Brandon and Wells, 1986; Westcott
et al., 1986). Mississippi and Louisiana generally suggest a two-way split-application of
fertilizer N at 100 to 180 kg N ha-1 preflood followed by 34 to 67 kg N ha-1 applied at R1 (Corbin
et al., 2016). Nitrogen fertilizer rates are dependent on soil texture and pH, plant density,
cultivar, application timing and method, tillage, and previous crop history with respect to optimal
grain yield. For instance, sandy soils have a low cation exchange capacity and are highly
permeable; therefore, it is recommended to increase fertilizer rates or split the N fertilizer into
multiple applications to overcome N losses due to leaching (Golden et al., 2009).
A major inefficiency of urea applications is ammonia volatilization (AV) during
hydrolysis of urea by the urease enzyme (Krajewska, 2009). Urease serves as the catalyst in the
hydrolysis of urea to ammonium carbonate that further decomposes to produce ammonia and
carbon dioxide (Dillon et al., 2012). At the dissolution microsite, the proportion of ammonium
to ammonia is determined by the localized pH (Boswell et al., 1985). Managing urea
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applications appropriately are critical to minimize AV, where losses of 35 to 50 and up to 70% of
applied N have been reported under favorable field and laboratory conditions (Beyrouty et al.,
1988; Bayrakli, 1990; Carmona et al., 1990; Christianson et al., 1990; Antisari et al., 1996). The
majority of N losses via AV have been reported to occur within 7 to 10 d after urea application
(Beyrouty et al., 1988). Most rice producers in the midsouthern U.S. typically require 5 to 10 d
to establish a flood, which can be problematic for preflood urea left on the soil surface (Norman
et al., 2009). Overcoming N losses by employing enhanced efficiency fertilizer additives have
been a viable asset for N management in rice.
Primarily, urease enzyme inhibitors have been utilized to reduce AV (Frame, 2017) from
urea by inhibiting the hydrolysis rate and slowing the conversion of ammonium (Bremner and
Chai, 1989; McCarty et al., 1989; Watson, 2000). Urea hydrolysis inhibition allows for subtle
changes in pH and ammonium concentrations at the dissolution microsite, allowing urea an
extended time frame to diffuse into the soil profile away from the granule site (Bremner and
Chai, 1989; Clay et al., 1990; Watson, 2005). The urease inhibitor N-(n-butyl) thiophosphoric
triamide (NBPT) is one product, that exist in many formulations, commonly used for surface
applied urea in rice (Frame et al., 2012; Frame, 2017). Research conducted by Dempsey et al.
(2017) reported that 11 days after application (DAA) ammonia losses accounted for 8.6% of
applied urea and 1.8% of the applied urea treated with NBPT. Furthermore, the majority of
ammonia losses measured 11 DAA occurred within 5 DAA (87%) for Urea, but only 37% of the
total ammonia losses had occurred within 5 DAA for urea treated with NBPT. Research
conducted by Norman et al. (2009) evaluated cumulative AV losses multiple days after
application from urea, urea plus NBPT, ammonium sulfate (AS), and a urea-AS (UAS) blend to
silt loam soils. At 10 DAA, AV was reduced by 14.6 and 13.5% with urea plus NBPT compared
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to urea alone in 2003 and 2004, respectively. Comparing urea plus NBPT to UAS at 10 DAA
revealed AV was reduced by 5.4 and 6.1% in 2003 and 2004 respectively, suggesting that NBPT
was more of an advantage than AS applied in conjunction with urea. Urea plus NBPT produced
greater grain yields than urea and UAS by 36 and 16% when 67 kg N ha-1 was applied 10 d
preflood in 2003. In 2004, urea plus NBPT increased rough yields in comparison to urea and
UAS by 14 and 8% at the same N rate and timing. Similar trends were also observed when 134
kg N ha-1 was applied to silt loam soils in 2003 and 2004. Carmona et al. (1990) reported N
losses via AV were 52% from untreated urea compared to 14.7% from urea plus NBPT. Ample
studies have verified the efficiency of NBPT on AV (Gioacchini et al., 2002; Watson et al.,
2008; San Francisco et al., 2011). With rapid advances in technology and industry competition,
products containing NBPT pre-mixed with nitrification inhibitors are being re-classified as N
stabilizers targeting AV and nitrification/denitrification to provide a dual mode of action for
preventing two primary means for N losses (AAPFCO, 2012).
Nitrification is a two-step microbial process that converts the reduced form of N,
ammonium or ammonia, to an oxidized N form, nitrite or nitrate, in the presence of oxygen (Fitts
et al., 2014). Step one is carried out by specialized ammonia-oxidizing chemoautotrophic
bacteria (Nitrosomonas spp) and step two is performed by nitrite-oxidizing, obligate aerobe,
chemoautotrophic bacteria (Nitrobacter spp.) (Norton, 2008). Nitrates are highly mobile in the
soil and can be subjected to leaching through water movement down the soil profile if not
utilized by the crop (Gioacchini et al., 2002). Nitrification inhibitors (NI) will impede the
conversion of ammonium to nitrite by targeting the ammonia mono-oxygenase enzyme in the
Nitrosomonas bacteria, inhibiting respiration (Frame, 2017; Lasisi et al., 2020). This allows for
reductions of N losses via leaching or atmospheric gaseous losses from denitrification (Subbarao
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et al., 2006; Frame, 2017). However, the persistence of N in the ammoniacal form can have
unintended consequences such as AV under conducive environments (Soares et al., 2012; Pan et
al., 2016). The addition of dicyandiamide (DCD) to urea has been reported to increase AV 5 to
16 and 29% compared to urea alone (Zaman et al., 2008; Soares et al., 2012). Nitrification
inhibitors can increase AV resulting from increased retention time of ammonium in the soil (Kim
et al., 2012). Castellano-Hinojosa et al. (2019) reported that applications of NBPT reduced AV
losses to 2 and 2.4%, whereas 3,4-dimethylpyrazole phosphate (DMPP) increased N losses by up
to 36.8 and 26%, respectively. Therefore, the combination of urease enzyme and NI may not
increase N use efficiency by inhibiting the two primary N loss pathways.
The primary objective of this research was to determine whether nitrapyrin alone and in
combination with NBPT would reduce N losses associated with AV from surface-applied urea.
Data generated will provide a better understanding of enhanced efficiency fertilizer additives that
may inhibit AV under conducive N loss environments. We hypothesized that using nitrapyrin
alone would promote AV similar to untreated urea and the combination of nitrapyrin plus NBPT
would not provide the greatest efficacy from AV associated N losses.
Materials and Methods
Two laboratory studies were conducted at Mississippi State University, Delta Research
and Extension Center using modified procedures as described by Cabrera et al. (2001) to test the
recovery of applied N from static diffusion chambers constructed as described by Mulvaney et
al. (1997) and the University of Illinois, NRES (2002). The diffusion chambers were constructed
as described by the University of Illinois, NRES (2002) using 473 ml, wide-mouth Mason jars
with an 86 mm dome lid modified to support a 60 mm petri dish.
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The soil used was a Bosket very fine sandy loam (fine-silty, mixed, active, thermic Aquic
Hapludalfs) sampled at a depth of 0 to 10 cm. Textural and chemical characteristics of the soil
are provided in Table 5.1. Soil was air-dried and ground to pass through a 2 mm sieve. Each
diffusion chamber was filled with 30 g of air-dried soil and 6 ml of deionized water were added
to each chamber to raise the soil moisture content to approximately 20%. Once the moisture was
equilibrated throughout the soil, the diffusion chambers were placed inside a refrigerated
incubator (Precision Low Temperature BOD Refrigerated Incubator, PR505755R, Thermo
Fisher Scientific, Waltham, MA. 02451) at 24.4℃ for 24 h to allow for microbial activation.
Treatments evaluated were nitrapyrin (Instinct HL, nitrogen stabilizer, Corteva
AgroSciences, 9930 Zionsville Rd., Indianapolis, IN 46268) at 526 g ai ha-1 and NBPT (Agrotain
Advanced 1.0, urease inhibitor, Koch Agronomic Services, LLC., 4111 East 37th St. N., Wichita,
KS 67220) at 626 ml ai metric ton-1 impregnated onto urea using a tabletop lab seed treater
(USC, LLC., 2320 124th Rd., Sabetha, KS 66534). Granular urea (460 g N kg-1) was sieved to
pass a No. 8 mesh sieve and retained on a No. 10 mesh sieve to ensure uniformity of granule size
and treatment accuracy. Nitrogen rates of 82 mg N chamber-1 (≈256 kg N ha-1 based on surface
area) were applied to the soil surface after equilibration.
A petri dish containing 5 ml of boric acid (4% w/v) with Bromocresol green-methyl red
indicator were placed in the diffusion chamber immediately after fertilizer applications to capture
volatilized ammonia. Samples were analyzed 3, 6, 9, 14, and 21 DAA and all petri dishes and
boric acid solution were replaced in the chamber and placed back in the incubator. Samples
were subsequently analyzed by diluting the boric acid solution with 5 ml deionized water to
stabilize the solution and titrated with 0.02 N sulfuric acid by pH endpoint titration using a
manual burette (Solarus, Herschmann Laborgerate GmbH & Co., Erberstadt, Germany).
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Captured N is calculated by S x T in ppm, where S is the ml of sulfuric acid used in titrating the
sample and T is the titer of the titrant (for 0.02 N sulfuric acid, T = 280 µg N ml-1).
Volatilization (%) is calculated by
𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑 𝑁(𝑝𝑝𝑚)
𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 % 𝑜𝑓 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 𝑁 𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑖𝑧𝑒𝑑 = (
) × 100
𝑁 𝑎𝑑𝑑𝑒𝑑(𝑝𝑝𝑚)

(5.1)

to determine cumulative applied N lost via AV (Equation 5.1).
All studies were analyzed as a randomized complete block with a repeated measures
design with three replications. Statistical procedures were conducted using PROC GLIMMIX in
SAS v. 9.3 (SAS Institute Inc. 100 SAS Campus Drive Cary, NC 27513-2414, USA) with siteyear and replication (nested within site-year) as random effects parameters (Blouin et al., 2011).
The Tukey-Kramer mean separation procedure was used to determine treatment differences in
cumulative N captured at each sampling interval. Cumulative % N loss in all studies were
regressed against sampling time interval allowing for both linear and quadratic terms with
coefficients depending on sampling time interval and non-significant model terms were removed
sequentially until a satisfactory model was obtained (Golden et al., 2006).
Results and Discussion
Analyzing the predictor variables of urea, nitrapyrin, NBPT, and nitrapyrin plus NBPT
influenced the response variable of cumulative applied N lost across individual sample timings
(Table 5.2). Nitrogen losses via AV were reduced with NBPT by 14, 22, 26, and 29% in
comparison to nitrapyrin across each sample timing, except 3 DAA (Table 5.2; Figure 5.1). A
quadratic trend was detected for NBPT (P = 0.0039) cumulative % N loss across all sampling
intervals (Table 5.3). Influences of urea or nitrapyrin to the response variable were not
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significantly different across sample timings. A linear trend was observed for urea (P = 0.0038)
cumulative % N loss across all sampling intervals (Table 5.3). Similarly, a linear trend was
detected for nitrapyrin (P = 0.0014) cumulative % N loss across all sampling intervals (Table
5.3). Congruent results from Frame (2017) reported greater N loss levels than standard urea
when implementing dicyandiamide (DCD) or nitrapyrin as an enhanced efficiency fertilizer
additive on silt and silty clay soil textures. The time intervals to reach 5% cumulative N loss was
extended 7, 5, and 9 d with NBPT compared to DCD across three soil textures. Furthermore,
NBPT plus DCD reduced the time interval to reach 5% cumulative N loss by 4, 2, and 5 d,
respectively (Frame, 2017). Similar observations were reported when comparing NBPT and
nitrapyrin alone and in combination. Differences among the main effects of NBPT and
nitrapyrin plus NBPT were minuscule with respect to cumulative applied N losses. A quadratic
trend was detected for nitrapyrin plus NBPT (P = 0.0018) cumulative % N loss across all
sampling intervals (Table 5.3). Cumulative N losses from nitrapyrin plus NBPT were greater
than NBPT at 14 and 21 DAA. However, the duration of this study was not conducted long
enough to imply antagonism from nitrapyrin, and therefore cannot be inferred. Research
conducted by Gioacchini et al. (2002), revealed greater volatilization losses of total N applied
with NBPT plus DCD than NBPT at approximately 20 DAA in clay and silt loam soils.
The increased potential of AV from NI plus urease enzyme inhibitors were directly
correlated with increasing concentrations of NI relative to urease enzyme inhibitors alone
(Soares et al., 2012; Frame, 2017). For example, NBPT reduced AV by approximately 38% in
comparison to NI plus NBPT from urea (Soares et al., 2012). Multiple factors such as cation
exchange capacity (CEC), soil organic matter (SOM), soil texture, and soil pH can influence AV
regardless of fertilizer additives (O’Toole et al., 1985; San Francisco et al., 2011; Soares et al.,
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2012; Sunderlage and Cook, 2018). Research conducted by Sunderlage and Cook (2018)
reported that volatilization increased with urease enzyme inhibitors in more acidic soils,
indicating that low soil pH reduced urease enzyme inhibitor efficacy. In contrast, Soares et al.
(2012) reported that NI could counteract the effect of the urease inhibitor in reducing AV losses
in Oxisol soils. It may be possible that implementing NI in acidic soils would provide greater
efficacy than in higher pH soils where AV potential is greater (Francis et al., 2008).
Conclusion
Enhanced efficiency fertilizer additives are a critical component for N management,
especially in direct-seeded, delayed-flood rice production. Inferences can be made that reducing
AV with NBPT or nitrapyrin plus NBPT are effective management strategies that can be utilized
in conducive environments for N losses. Increasing levels of ammonia in the soil causing an
increase in soil pH from nitrapyrin results in increased AV by inhibiting nitrification. Our
research indicates that nitrapyrin plus NBPT were not different from NBPT alone in reducing N
losses via AV and may not be economically viable for producers in terms of return on
investment. Technological advancements have provided alternative products or improved
formulations that have a potential benefit in reducing N losses. Further research should be
conducted to assess cumulative N losses from AV across various soil textures and pH ranges
implementing NI and urease enzyme inhibitors to determine optimal management strategies.
Our research was unable to make inferences past 21 DAA; therefore, further research should be
conducted to investigate the environmental fate and efficacy NI and urease enzyme inhibitors
have across multiple soil textures, climatic conditions, moisture content, and pH ranges.
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Table 5.1

Soil chemical and textural analysis characteristics for the Bosket very fine sandy loam used during the laboratory
experiment.
Mehlich III extractablea
Soil texture

pH
1:2(v:v)

Bosket very fine sandy loam

7.8

Phosphorus

Potassium

Calcium

Textural analysisc
Magnesium

-------------------------ppm-------------------------38

161

2977

a

Mehlich (1984).
Abbreviation CEC: Cation Exchange Capacity.
c
Gavlak et al. (2003).
b

100

375

CECb
cmolc kg-1 soil
18.6

Sand

Silt

Clay

OM

--------------%-------------59.3

23.2

17.5

1.3

Table 5.2

Cumulative percent N lost via ammonia volatilization measured using pH endpoint
titration.
Days After Application†

Product

3

6

9

14

21

♦

----------------------------------------% ----------------------------------------Urea

3.37 a

16.57 a

25.04 a

29.87 a

34.68 a

Nitrapyrin

1.32 ab

14.61 a

24.42 a

30.73 a

36.68 a

NBPT

0.12 b

0.68 b

1.99 b

4.30 b

8.71 b

Nitrapyrin + NBPT

0.10 b

0.59 b

1.95 b

4.61 b

9.14 b

p = 0.0045

p <0.0001

p <0.0001

p = 0.0001

p = 0.0001

†Means within a column followed by the same letter are not significantly different at P ≤ 0.05.
♦Cumulative % of applied N volatilized.

Table 5.3

Regression coefficients for cumulative percent N loss based on sampling interval
and fertilizer additive.
Intercept

SEa

Linear

SEa

Urea

-11.0856

2.3076

16.3477

1.7586

-

-

0.9962

Nitrapyrin

-13.5882

1.5990

16.473

1.2185

-

-

0.9986

NBPT

1.2723

0.6588

-1.6480

0.5020

0.6213

0.0821

0.9961

Nitrapyrin + NBPT

1.3352

0.4786

-1.8066

0.3647

0.6695

0.0596

0.9982

Product

a

SE-standard error term.
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Quadratic

SEa

R2

Figure 5.1

Cumulative percent N lost via ammonia volatilization measured using pH endpoint
titration comparing nitrapyrin and NBPT alone and in combination as enhanced
efficiency fertilizer additives with urea.
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