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ABSTRACT 

Late nitrogen (N) fertilizer applications in maize: investigating N fluxes at the field 
and plant scale

Joshua Nasielski 

University of Guelph, 2019

Advisor: Bill Deen 

 

With the increasing availability of high clearance equipment, there is growing interest in late N 

management strategies where a certain proportion of fertilizer N is applied much later in the 

season than is traditionally done. A suite of experiments was conducted to understand the 

physiologic response of maize to late N applications.  

A field experiment was conducted to understand how yield formation in maize is affected by late 

N management strategies. It was found that the bulk of N fertilizer can be delayed until 9-11 

days before silking (V13) without any grain yield penalty. Mechanistically, this is because maize 

yield potential established just after silking is maximized at relatively low initial N rates. Low N 

rates become suboptimal in terms of yield only after silking. Thus, on soils which supply at least 

moderate amounts of indigenous N via mineralization, the bulk of fertilizer N can be applied 

much closer to silking than traditionally done without yield penalty. 

A greenhouse study found that the accumulation of luxury N prior to silking can help buffer 

grain yield against N stresses experienced after silking, and also elucidated the mechanisms 

responsible for this protective effect. To the extent that late N applications reduce luxury N 

uptake prior to silking, they may cause maize crops to be less resilient to shortfalls in post-

silking N availability.   
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A greenhouse study was conducted to better understand how exogenous soil N supply and maize 

N demand interact to regulate post-silking N uptake in maize, which is typically increased with 

late N management. Our data supports a model that characterizes post-silking N uptake as a 

function biomass accumulation and the longevity of vegetative organs.   

After calibrating and validating the Denitirification and Decomposition (DNDC) computer 

model, the effects of 16 different N management strategies, including late N applications, on the 

environmental performance of economically optimum N rates (EONR) was assessed. Late N 

applications reduced leaching N losses at the EONR modestly, but N source and N placement 

decisions more strongly affect the agronomic and economic performance of the EONR relative 

to N timing.  
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BM, biomass 

C, carbon 

CER, carbon exchange rate 

CGR, crop growth rate 
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1 Introduction 

For most of human history, nitrogen (N) was the nutrient that most strongly limited crop 

yields.  Relying only on organic wastes (e.g. manure) and the cultivation of legumes (in rotation 

or as a green manure), inorganic N availability in pre-industrial agroecosystems averaged around 

50 kg N ha-1 yr-1, strongly limiting growth of cereals (Smil 2004). The commercial development 

of inorganic N fertilizers in the early 20th century allowed farmers to break the N barrier that had 

limited crop production across the globe, uncoupling human population growth from limitations 

imposed naturally by the global N cycle. The subsequent growth of the human population, from 

1.6 billion at the time the Haber-Bosch process of ammonia synthesis was invented, to more than 

7 billion today, led Smil (1999) to label N fertilizers as the ‘detonator of the population 

explosion’. Because of the spectacular success of N fertilizers, the production of world staple 

cereals, such as maize, rice and wheat, are no longer limited by N. Rather, contemporary 

problems associated with N in many agroecosystems are due to too much, rather than too little, 

inorganic N (World Resources Institute 2018). 

Maize is the largest single recipient of N fertilizers applied to agricultural crops globally. 

However, less than half of the fertilizer N used on maize is recovered in harvested crop biomass 

the year it is applied (Raun and Johnson 1999; Dobermann and Cassman 2004). The remainder is 

either immobilized in the soil or exits the agro-ecosystem before crop uptake (Smil 2004; Sebilo 

et al. 2013). Even when N losses are not environmentally deleterious, N losses reduce the 

profitability of maize production. Volatilization of ammonia from broadcast granular urea, by far 

the most common source of N used in Ontario maize production (Hein 2014) and worldwide, 

begins immediately after application (Keller and Mengel 1986) and within 7 days of application, 
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up to 25% of applied N can be lost to volatilization (Silva et al. 2017). In mid-west USA, the 

most productive maize growing region in the world, Greer and Pittelkow (2018) found that even 

at the recommended N fertilizer rate of 180 kg N ha-1, N leaching potential can reach 60 kg N ha-

1 (i.e. triple the leaching potential of non-fertilized maize fields). The inefficiency of N fertilizer 

use in maize has been a perennial issue for policy makers and farmers given the scale of the 

problem (World Resources Institute 2018) and improving fertilizer N use efficiency has attracted 

a considerable amount of researcher attention (Shanahan et al. 2008). There is a clear need for 

more rational N fertilizer management practices for both economic and environmental reasons. 

A major axiom in the literature on N fertilizer management is that improvements in N 

fertilizer use efficiency are possible by better synchronizing N fertilizer supply with crop N 

demand (Cassman et al. 2002; Crews and Peoples 2005). In the northern Corn Belt, N is 

typically applied around or well before planting (Vetsch and Randall 2004), while maize N 

uptake remains relatively low until ~V10 stage of development (Bender et al. 2013; Woli et al. 

2018). Between V10 and V14, maize N uptake averages 8.9 kg N ha-1 day-1 (Debruin et al. 

2017). Between emergence and V10, there is a large timeframe within which crop N uptake is 

low, and fertilizer N remains in the soil, where it does not contribute to crop growth and remains 

vulnerable to loss. Several agronomists have argued that, at least in theory, late N applications 

made during periods of high rates of crop N uptake can improve the N use efficiency and N 

recovery efficiency of N fertilizers (Cassman et al. 2002; Shanahan et al. 2008). In field trials, 

this has indeed been shown to be the case (Walsh et al. 2012; Mueller and Vyn 2017). With the 

increasing availability of equipment capable of applying N to maize at any stage of growth, 
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known colloquially as high clearance equipment, N applications made at V10 or later are no 

longer simply academic exercises but are feasible for farmers in production settings.  

However, there remain concerns among farmers and agronomists that delaying N 

application until close to silking will result in irrevocable yield losses due to early season 

vegetative N stress (Binder et al. 2000; Scharf et al. 2002; Rutan and Steinke et al. 2018). A two-

year field study at the Elora Research Station was conducted (Chapter 3) to address this concern.  

Late N applications also shift grain N sources, decreasing the amount of N remobilized 

from pre-silking N uptake and increasing the reliance of the maize crop on post-silking N uptake 

uptake (Mueller and Vyn 2018). Two greenhouse experiments were conducted (Chapter 4 and 5) 

to better understand how late N applications can potentially impact maize N metabolism. In 

Chapter 4, the potential benefits of luxury pre-silking N uptake under post-silking N and/or water 

stress was quantified, and the mechanisms underlying this response to luxury N uptake were 

elucidated. Chapter 5 presents an experiment that sought to better understand the interaction 

between post-silking exogenous N availability, which would presumably be increased using late 

N management, and the strength of plant source and sink components, in driving post-silking N 

uptake in maize. 

In a final experiment, the DeNitrification and DeComposition (DNDC) model was used 

to evaluate the impact of 16 different N management strategies on the environmental 

performance of the economically optimum N rate (EONR). Chapter 6 presents results of a study 

that simulated the effects of two N sources (urea and urea ammonium-nitrate; UAN), two N 

placements (surface applied or injected at 7 cm depth) and four N timings (100% applied at 
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planting, 100% at V6, 50% around planting and 50% at V13, and 50% at V6 and 50% at V13) on 

the EONR and N losses via volatilization, leaching, denitrification and trace gas emissions over 

an 8 year period. 
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2 Literature Review 

2.1 Nitrogen uptake in maize 

Nitrogen is critical for plant life. It is present in the nucleotides of nucleic acids (DNA and RNA) 

and is an irreplaceable component of amino acids, the building blocks of proteins, as well as 

chlorophyll. Plants generally acquire N from the soil as inorganic molecules of nitrate and 

ammonium; once acquired, nitrate is reduced to ammonium, and then ammonium is assimilated 

into amino acids (Masclaux-Daubresse 2010). Soil N acquisition is energetically costly, since N 

enters the root via active transporters in cells near the root surface (Miller and Cramer 2004)1 and 

N assimilation itself requires carbon (C) expenditure. When the rhizosphere environment is 

depleted of N, plants must also expend energy to enable root proliferation into unexplored soil 

spaces, or spend energy increasing the concentration of N-transporter proteins on existing root 

surfaces (Robinson 2001). As such, N uptake is regulated by the needs of the plan; current N 

status and C status can up or downregulate N acquisition via crosstalk with phytohormones 

(Dechorgnat et al. 2011; Xu et al. 2012). 

 In maize, N uptake is regulated primarily by the rate of crop growth (Devienne-Barret et 

al. 2000; Gastal and Lemaire 2002). Faster growing maize plants take up more N than slower 

growing plants with similar or greater access to soil N (Lemaire et al. 2007; Peng et al. 2010; 

2012). When N supply exceeds growth requirements, and if sufficient assimilates are available, 

maize exhibits luxury N uptake, accumulating N primarily in the stalk (Plenét and Lemaire 1999; 

                                            

1 More specifically, N enters the root via epidermal, endodermal or cortex cells before being loaded into the xylem 
vessels.  
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Gastal and Lemaire 2002). Under N-limited conditions N uptake declines, as can biomass 

accumulation rates if the N stress is severe enough (Hou et al. 2012; Ciampitti and Vyn 2012). 

2.2 Role of N in maize growth 

 N is critical for various processes related to biomass accumulation. At the leaf level, N 

concentration has a strong effect on leaf carbon exchange rate (CER) (Vos et al. 2005), with leaf 

CER rising asymptotically with N concentration. Similarly, specific leaf N (SLN; N per unit of 

leaf area) also has a major impact on maize leaf photosynthesis, at least until a plateau is reached 

(DeBruin et al. 2013; Massignam et al. 2012). At the level of the maize plant, N supply plays a 

major role in regulating leaf area expansion (Uhart and Andrade 1995; Lawlor et al. 2001). At 

the level of the crop, N is strongly related to radiation use efficiency (RUE) (Muchow and 

Sinclair 1994). When N is deficient, RUE is reduced and, in turn, so is biomass accumulation 

(DeBruin et al. 2013; Teixeira et al. 2014). N stress also increases respiratory losses of fixed 

carbon, further reducing RUE (Gastal et al. 2015). When under N stress, maize attempts to 

maintain leaf area at the expense of SLN, leading leaf area to be less sensitive to N stress than 

SLN (Vos et al. 2005; Massignam et al. 2011). N supply also influences leaf area at the plant and 

canopy level by controlling the initiation and speed of senescence in existing leaves (Wolfe et al. 

1988; Hammer et al. 2001). Under N stress, especially if experienced after silking, leaves are 

sources of N for developing kernels, and when kernel N demand cannot be met, maize can 

catabolize leaf N for remobilization to the seed (Muchow 1988a; Masclaux-Daubresse et al. 

2010).  
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2.3 N uptake after silking 

 

 N uptake needs change drastically after anthesis, and typical relationships between N 

uptake and biomass accumulation rates break down during reproductive growth of maize 

(Lemaire et al. 2007; Ning et al. 2017). Although maize biomass more than doubles during 

reproductive development due to grain growth, only about 30% of total maize N uptake occurs 

post-silking (Bender et al. 2013; Ciampitti and Vyn 2013). While N uptake is stimulated by 

biomass accumulation during vegetative growth, biomass accumulation during reproductive 

growth has a varying impact on post-silking N uptake (PostN). On one hand, biomass 

accumulation during reproductive growth is generally confined to the developing ear, as virtually 

all metabolic activity is redirected into grain development and growth (Cakir 2004). The amount 

of N required to meet growth thus becomes a function of grain N demand (Ciampitti and Vyn 

2013). However, grain N demand is not only satisfied by PostN (i.e. N uptake concurrent with 

grain growth), but also by N remobilization from vegetative organs (Weiland and Ta 1992). 

Grain N is highly reliant on remobilized N, and roughly 45-65% of grain N is derived from 

remobilized vegetative N, though this amount is decreasing slightly in modern hybrids as PostN 

increases (Ciampitti and Vyn 2013; Mueller and Vyn 2016). N from the stalk is remobilized to 

the grain earlier than leaf N (Ta and Weiland 1992), although by maturity the stalk and leaves 

contribute roughly 90% of total remobilized vegetative N, with N remobilization from roots 

comprising the balance (Weiland and Ta 1992). This means that, internally, maize N demand 

(i.e. grain N demand) is met by two sources, rather than one.  
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 When N is remobilized from the leaves, leaf senescence leads to reduced production of 

photosynthate (Masclaux-Daubresse 2010). Grain C demand is met primarily by concurrent 

photosynthesis (Aluko and Fisher 1988; Schussler and Westgate 1991)and under N stress, leaf 

senescence can reduce photosynthate production and grain yield (Thomas and Ougham 2014). 

Modern maize hybrids typically exhibit reduced leaf N remobilization during grain-fill (i.e. 

reduced senescence), which is associated with an increase in grain yield due to greater 

preservation of leaf photosynthetic capacity during grain-fill (Rajcan and Tollenaar 1999). These 

modern ‘stay-green’ hybrids also take up more PostN than earlier hybrids (Muelller and Vyn 

2016), likely because the greater source-sink ratio of modern maize hybrids increases 

photosynthate supply to the roots.  

 During grain-fill, photoassimilate supply to the root declines in the face of intra-plant 

competition with the developing grain (Gallais and Coque 2005; Echarte et al. 2008). As the 

growing kernels outcompete roots for assimilates, root function declines, root mortality 

accelerates (Yu et al. 2014) and consequently PostN decreases (Pan et al. 1995; Rajcan and 

Tollenaar 1999). This is why the relationship between biomass accumulation and N uptake 

breaks down after silking. The growing kernels stimulate N uptake, but by starving roots of 

photosynthate, PostN declines even when soil N supply is increased massively via N fertilizer 

(Ning et al. 2017) and maize is thus reliant on N remobilization. In field experiments, high-

yielding plants have been found to take up more PostN than low yielding-plants (Akintoye et al. 

1999; Worku et al., 2007; Liu et al., 2014). But other studies have found that when maize sink 

strength is reduced via pollination prevention or ear removal, PostN is either unaffected (Ning et 

al. 2012; Yang et al. 2016) or decreased relative to controls (Christiensen et al. 1981; Crafts-
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Brandner 1984). In several field studies, sink strength and biomass accumulation were found to 

be inversely related to PostN (Pan et al. 1995; Rajcan and Tollenaar 1999), with greater sink 

strength promoting remobilized N. These contrasting observations about the impact of grain 

yield on PostN have not been reconciled. 

2.4 Impact of N stress on yield forming processes in maize: kernel 
number and kernel weight 

Reproductive development in maize begins within 40 days after emergence with the 

development of spikelet primordia on the uppermost maize ear (i.e. ovules) (Edmeades and 

Daynard 1979; Otegui and Melon 1997). N stress from this point until physiological maturity 

can, at least in theory, reduce grain yield either directly or indirectly. Final spikelet/ovule number 

on the uppermost ear is established several days before silk appearance (Tollenaar 1977) as a 

function of the surface area of the ear (cm2) (Jacobs and Pearson 1992). Spikelet number is 

relatively insensitive to N stress, so it is possible but unlikely in field conditions for N stress to 

reduce spikelet establishment at R1 (Lemcoff and Loomis 1986, 1994; DeBruin et al. 2018) 

given that more ovules are produced than survive to maturity even in non-stress conditions 

(Tollenaar 1977; Vega et al. 2001). Generally, the number of spikelets is not a major determinant 

of final kernel number (KN), unless the N stress is severe enough to dramatically restrict spikelet 

formation (Jacobs and Pearson 1991; Yan et al. 2018; Shen et al. 2018). 

To continue development, ovules must be pollinated. The emergence of silks from the ear 

must be coordinated with the release of pollen from the tassel for pollination to occur. Severe N 

stress can reduce pollination success by reducing silk elongation rates, increasing the anthesis-

silking interval (Jacobs and Pearson 1991; Banziger et al. 2002). The lengthening of the anthesis-
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silking interval reduces pollination success due to, for example, lower silk receptivity and 

reduced pollen viability (Anderson et al. 2004). Severe N stress can also desynchronize silk 

emergence by delaying silk initiation/extrusion near the cob tip (DeBruin et al. 2018). Earlier 

pollinated spikelets towards the base of the ear typically outcompete later pollinated spikelets 

near the tip for assimilates, inducing kernel abortion and reducing kernel set (reviewed in: 

Cárcova et al. 2003). In this way, N stress can directly reduce kernel number by affecting 

pollination.  

Once pollinated, growing kernels rely on assimilates from concurrent photosynthesis 

(Schussler and Westgate 1991; Zinselmeier et al. 2000). Plant growth rate during the critical 

period of maize growth, roughly ±2 weeks around silking, is a strong determinant of kernel set 

(Otegui and Bonhomme 1998; Andrade et al. 1999) and to a lesser extent, final KW (Gambin et 

al. 2008; Severini et al. 2011).  Any N stress that reduces plant growth during the critical period 

(e.g. reduced canopy interception of sunlight or reduced radiation use efficiency) will indirectly 

lead to a reduction in grain yield (Andrade et al. 2002). N stress can also reduce the partitioning 

of assimilates to the developing ear during the critical period, independent of plant growth rates. 

Thus, N stress that is not severe enough to reduce crop growth rates during the critical period 

may reduce kernel set by restricting assimilate partitioning to the developing ear (D’Andrea et al. 

2008; Ning et al. 2018). Unlike spikelet number, kernel number is very sensitive to abiotic stress. 

Yan et al. (2018) report that at high planting densities, up to 26% of fertilized kernels can be 

aborted after fertilization. Abiotic stress can induce the abortion of fertilized kernels up to 30 

days after silking, although Gustin et al. (2018) note that reductions in KN in conventional field 

conditions are possible up to 40 days after silking. This adjustment of KN in maize is meant to 
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ensure that, during grain-fill, assimilate supply per kernel is sufficient to ensure that surviving 

kernels reach a certain weight by maturity, in order to be viable (Sadras 2007). KN abortion 

continues up to 40 days after silking in response to stress (Gustin et al. 2018), and thus KW 

continues to adjust to changes in assimilate availability per kernel. However it is commonly 

acknowledged that in maize KN is much more sensitive to abiotic stress than KW.  

 KW determination begins immediately after pollination, during what is called the lag 

phase of grain development (Egli 1998). While dry matter deposition is minimal, kernel water 

content increases rapidly (Egli 1998). During this time, kernel water status plays a major 

regulatory role in establishing kernel sink potential (Melchiori and Caviglia 2008). Final kernel 

dry weight is strongly related to maximum kernel volume, which determines the size and number 

of sites inside the kernel available for reserve deposition, which in turn is related to maximum 

kernel water content (Westgate and Boyer 1986; Borrás and Westgate 2006; Sala et al. 2011). 

Maximum kernel water content is achieved close to mid grain-fill, but even by the end of the lag 

phase of grain-fill (i.e. when 80% of KW is water) it is possible to accurately predict final KW 

from kernel water content (Borrás and Westgate 2006). N stress during the critical period around 

silking can reduce kernel water content, reducing potential KW in turn (Paponov et al. 2005; 

Melchiori and Caviglia 2008).  

 The second phase of grain-fill is called the linear or effective phase, characterized by a 

rapid increase in dry matter deposition and a reduction in percent moisture concentration of the 

kernel (Melchiori and Cavaglia 2008). Although maximum potential KW is established earlier, 

source-sink relations during this phase establish final KW (Borrás and Otegui 2001). Generally, 

maize kernel set is such that under typical conditions kernel growth proceeds in line with kernel 
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sink potential and final KW equals potential KW established earlier (Borrás and Westgate 2006; 

Gambin et al. 2006; Gambin et al. 2008). However, any N stress during the linear phase of grain-

fill that reduces assimilate supply (e.g. by inducing senescence) will reduce final KW (Maddonni 

et al. 1998; Paponov et al. 2005) and can also reduce the length of the effective grain-fill period 

(Paponov et al. 2005; Pommel et al. 2006). Hisse et al. (2019) found that under high N 

conditions, final KW was strongly related to plant growth rate around silking, while, under N 

stress, final KW is more strongly related to plant growth rate during the linear phase of grain-fill. 

At the final phase of grain-fill, physiological maturity, dry matter deposition is complete; kernels 

continue to lose water but N stress cannot affect yield (Gambin et al. 2008).   

2.5 The impact of water deficits on maize growth and yield 

Like N stress, the effect of water deficit on maize yield is dependent on the growth stage 

at which the deficit is experienced. Denmead and Shaw (1960) subjected maize plants to severe 

water stress (i.e. wilting) and found that when applied prior to silking, during silking, or after 

silking, water stress induced yield declines of 25%, 50% and 20%, respectively. Subsequent 

research has not modified this 58-year old research finding. Maize yield is sensitive to water 

deficit regardless of the growth stage at which it is experienced but is most sensitive to water 

deficits in the critical period around silking (Classen and Shaw 1970; Frederick et al. 1990; Cakir 

2004).  

Water deficit experienced during vegetative growth reduces vegetative biomass, with 

plants being both shorter and having smaller or fewer leaves than well-watered maize (Ne Smith 

and Ritchie 1992; Cakir 2004). When water deficits are moderate and short (less than one day), 

maize biomass accumulation recovers though rapid compensatory growth, but a prolonged water 
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deficit will cause permanent reductions in total vegetative biomass and leaf area (Acevedo et al. 

1971). During early growth when biomass accumulation rates are slow, water deficit is less 

likely to affect biomass accumulation and final yield (Abrecht and Carberry 1994; Cakir 2004). 

Once the maize begins to grow exponentially, around the V10 stage (Bender et al. 2013), water 

deficits are much more likely to lead to declines in vegetative biomass accumulation (Cakir 

2004).  

Maize yield is most sensitive to water deficit around silking with kernel number being the 

yield component most affected (Frederick et al. 1990; Cakir 2004). Although kernel sink 

potential is a function of kernel water relations during the lag phase of kernel development, 

kernel water status is mostly independent of plant water status, and generally homeostasis is 

maintained in developing kernels at the expense of other plant organs (Westgate 1994). When 

experienced right before silking, water deficit can desynchronize pollen shed and silk emergence, 

causing some silks to remain unpollinated (Ge et al. 2012; Oury 2015). Water stress also 

damages maize ovaries and inhibits their ability to use pollen (Otegui et al. 1995). After silking, 

water stress can reduce assimilate production by reducing leaf area (Wolfe et al. 1988) and 

radiation use efficiency (Earl and Davis 2003). This can lead to abortion of fertilized kernels up 

to 30 days after silking (Westgate and Boyer 1986; Monneveux et al. 2005), and reductions in 

final kernel weight (Grant et al. 1989; Cakir 2004). 

2.6 Improving N fertilizer management in maize: a key challenge for 
agricultural scientists 

The goal of research aimed at improving N fertilizer management is to improve the 

profitability of crop production while reducing losses of N to air and water (Cassman et al. 
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2002). Ideally, N fertilizer management achieves strong agronomic performance, high farm 

profitability, and minimal N losses. Various metrics have been developed to assess how well 

different N management strategies achieve these goals. N use efficiency (NUE) is an integrated 

measure relevant to the agronomic and environmental performance at the cropping-system level 

and is defined by Cassman et al. (2002) as: “The proportion of all N inputs that are removed in 

harvested crop biomass, contained in recycled crop residues, and incorporated into soil organic 

matter and inorganic N pools.” The amount of N not recovered in these pools is considered to 

have exited the agroecosystem and is lost to the environment. In field settings, it is difficult to 

measure all these components, and several other measures analogous to this definition, which are 

easier to measure, have been adopted by agronomists. One similar measure is the N recovery 

efficiency (NRE), the proportion of fertilizer N recovered in crop biomass (stover or grain) (e.g. 

Mueller and Vyn 2017). As NRE increases, so does NUE. Another common measure is 

agronomic efficiency, or the increase in maize grain yield (relative to yield in an unfertilized 

plot) per unit N applied (e.g. Vanlauwe et al. 2011). At the plant scale, a common metric is the N 

internal efficiency, or the ratio of grain yield to unit of N uptake (e.g. Ciampitti and Vyn 2013). 

All these metrics are interrelated, for example an increase in N internal efficiency will increase 

the agronomic efficiency.  

A common approach to improve system level NUE is the 4R framework (e.g. Vollmer-

Sanders 2016; King et al. 2018; Bruulsema 2018), summarized by Johnson and Bruulsema 

(2014) as: “Applying the Right Source of nutrients (i.e. formulation) at the Right Rate, at the 

Right Time and in the Right Place”. By focusing on these four components of fertilizer 

management, it is possible to improve cropping-system NUE (Bindraban et al. 2015). 



 

 

15 

 

Environmentally, to minimize N loss per unit area of land in the short term, the optimal N 

rate is essentially 0, since as N rate increases, N losses from leaching, denitrification and 

volatilization tend to increase as well (Jaynes et al., 2001; Ma et al. 2010; Christianson and 

Harmel 2015; Zhao et al. 2017). From an agronomic and economic standpoint, some amount of 

fertilizer N must be added to maize fields. The amount of N a farmer ought to apply is the 

economically optimum N rate (EONR), since the EONR maximizes the profitability of N 

fertilizer application for a given fertilizer N/corn price ratio (Morris et al. 2018). Farmers have a 

strong incentive to apply the EONR and efforts to induce farmers to apply less than this amount 

are typically unsuccessful (Zhao et al. 2017).  

 The EONR varies strongly year-to-year, even on the same field (Mamo et al. 2003), due 

to annual differences in soil N supply and maize yield (Lory and Scharf 2003; Samborski et al. 

2009; Schmidt et al. 2011). For example, Deen et al. (2015) found that over a 5-year period, on 

the same site, the EONR varied from around 140 to 260 kg N ha-1. Currently, and despite 

tremendous efforts, contemporary N decision support tools are unable to accurately predict the 

EONR and account for its spatial and temporal variation (Morris et al. 2018). Given these 

uncertainties, and since the price of N fertilizer in Ontario is relatively low compared to the 

potential yield loss if inadequate fertilizer N is provided, farmers have an incentive to overapply 

N to ensure that yield is not N-limited (Mitsch et al. 2001; Rajsic et al. 2008). This 

overapplication of N, in most years, leads to high N losses (Smil 2004). As such, helping farmers 

predict EONR has been the major goal of N fertilizer management research (Morris et al. 2018).  

It has been shown that limiting N application rates to the EONR reduces surplus or 

residual N left in the soil after harvest, because in general, the EONR matches fertilizer N supply 
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to crop N needs not supplied by soil N mineralization (Hong et al. 2007; Van Groenigen et al. 

2010; Zhou and Butterbach- Bahl 2014). However, only a couple of field studies have evaluated 

the in-season performance of the EONR (e.g. Hong et al. 2007), since it is only possible to 

determine the EONR after harvest. In other words, it is currently difficult to estimate the EONR 

in time to actually apply it. The environmental performance of the EONR is difficult to study 

directly since it is site-year specific and can only be measured at the end of the growing season, 

so only a limited number of empirical studies have measured N losses at the EONR. However, 

field studies have found consistently that the EONR does not exceed the N uptake needs of the 

crop, and in general N losses begin to increase dramatically only when the EONR is exceeded 

(Sogbedji et al. 2000; Andraski et al. 2000; Hong et al. 2007; Ziadi et al. 2013). In several meta-

analyses, even very high N rates that do not exceed crop N uptake have been found to perform 

well when N losses are measured on a yield-scaled basis (Van Groenigen et al. 2010; Zhou et al. 

2014; Zhao et al. 2016). 

2.7 Contemporary approaches to estimate optimum N rates in maize 

 Contemporary approaches to EONR estimation rely on a variety of techniques. Some 

algorithms, such as the maximum return to fertilizer N (MRTN), are based on large historical 

datasets, and offer static N recommendations which do not incorporate in-season information 

(Sawyer et al. 2006). Increasingly, researchers and farmers are using in-season data to adjust 

fertilizer N rates. Both crop-based and soil-based measurements have been incorporated in DSS 

algorithms (Shanahan et al. 2008). Tractor mounted, airborne or hand-held crop reflectance 

systems can measure leaf or canopy reflectance across a variety of wavebands in order to derive 

a recommended N rate (Samborski et al. 2009; Ma and Biswas 2015). Soil-based indicators 
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include soil sampling (e.g. the pre-side-dress nitrate test) or computer models of N 

mineralization and N losses (e.g. the Adapt-N model) (Sela et al. 2017).  Soil-based approaches 

generally estimate the amount of indigenous N supplied by the soil, and then use a yield goal to 

provide an N recommendation based on the gap between maize N demand and indigenous soil N 

supply (Morris et al. 2018). This yield goal is essentially an educated guess made by the farmer 

at the start of the growing season; it therefore cannot account for the dynamic impact of in-

season weather on actual maize yield. 

Other researchers have attempted to estimate final yield via crop reflectance or crop tissue 

sampling. The relationship between crop-based measurements and final yield tends to strengthen 

as the crop advances through vegetative growth stages (Schroeder et al. 2000; Scharf et al. 2006; 

Barker and Sawyer 2010). Several authors have found that the correlation between crop 

reflectance or transmittance measurements and yield becomes stronger over the growing season 

(Waskome et al. 1996; Ziadi et al. 2008; Shaver et al. 2011; Goron et al. 2018). Based on these 

kinds of findings, Shanahan et al. (2008) in their review recommend applying N between V8 and 

R2 in order to: a) increase the synchrony between soil N supply and maize N demand, and b) get 

a better sense of in-season yield potential using crop-based measurements. The former reason, 

achieving better synchrony between maize N demand and fertilizer N supply, is practically 

axiomatic in the N management literature (Cassman et al. 2002) and is part of the “Right Time” 

component of 4R nutrient stewardship. 

2.8 Late N applications in maize 

Maize N uptake rate is greatest during periods of rapid biomass accumulation, which 

typically occur during the vegetative developmental stages prior to R1, continuing past silking to 
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the R2-R3 stage of reproductive growth (Karlen et al. 1988; Bender et al. 2013; Woli et al. 

2018), when the N uptake rate has been estimated to be between 8.9 kg N ha-1 day-1 (Debruin et 

al. 2017) to 15 kg N ha-1 day-1 (Karlen et al. 1988), depending on biomass accumulation, yield 

and environment. In the northern Corn Belt, fertilizer N is commonly applied well before this 

period of rapid N uptake, in the spring around planting (Vetsch and Randall 2004) or as an early 

sidedress at or prior to V6.  With the increased availability of high clearance equipment, there is 

growing farmer and researcher interest in delayed N management strategies (Scharf et al. 2002; 

Mueller and Vyn 2017), given their ability to improve the agronomic and environmental 

performance of N fertilizer use in maize (Crews and Peoples 2005; Shanahan et al. 2008). 

 Depending on the soil’s capacity to supply N, delaying N fertilizer applications to 

vegetative growth stages just prior to R1 may result in a small yield penalty. Scharf et al. (2002) 

analyzed 25 site-years in Missouri and found that if the full N application of 220 kg N ha-1 was 

delayed to V12 or later, there was a small chance of a small (~3%) yield penalty. Binder et al. 

(2000) found that it was possible to delay N application to as late as R1 without a yield penalty 

in one of two site-years. In a 3-year study in Oklahoma, Walsh et al. (2012) found no difference 

in yield between 180 kg N ha-1 applied pre-plant and 180 kg N ha-1 at V10. If N application was 

delayed until tasseling (VT), then only 30 kg N ha-1 applied pre-plant was enough to avoid yield 

reductions (Walsh et al. 2012). Rutan and Steinke (2018) found that in Michigan, delaying N to 

V11 resulted in an 8-10% yield reduction when 7.8 kg N ha-1 was applied at planting, but no 

yield penalty when 45 kg N ha-1 was applied at planting. When N was delayed until R1, Mueller 

and Vyn (2018) in Indiana found that an rate of 55 kg N ha-1 applied at V4 was sufficient to 

ensure that no yield penalty occurred. In Brazil, Silva et al. (2005) conducted a late N experiment 
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on soil with very low N supply (yielding less than 4400 kg ha-1 without N fertilizer); however, 

even with low soil N supply, split-applying 50 kg N ha-1 pre-plant and 80 kg N ha-1 at silking 

generated comparable yields to applying 130 kg N ha-1 all pre-plant (11,000 versus 11,400 kg ha-

1) (Silva et al. 2005).  It appears that, in many cases, soil N supply, perhaps boosted by a modest 

N application (<55 kg N ha-1), is sufficient to bring maize through the vegetative growth stages 

just prior to R1 without N stress sufficient to reduce yield potential. 

When delaying N applications reduce yields, N losses can also increase (Jaynes and 

Colvin 2006), likely because the smaller, lower-yielding crop has reduced N uptake. Similarly, 

Walsh et al. (2012) observed that N use efficiency was highest when the total N rate was split 

equally between pre-plant and V10, compared to a 100% N application made at either pre-plant 

or at V10 alone. These results suggest that the agronomic and environmental benefits of delayed 

N applications appear most consistently when a certain proportion of N is applied early in the 

season, and raises the important question of why relatively low N rates are sufficient to avoid 

yield penalties associated with later applications of N.  The overarching goal of this thesis was to 

understand the effects of late N applications from the plant to the field scale. Late N applications 

are defined as any N management strategy where a proportion of the total fertilizer N rate is 

applied between V10 and R1, following conventions in previously published literature (Walsh et 

al. 2012; Mueller et al. 2017; Mueller and Vyn 2018). At the plant scale, particular attention was 

paid to the impact of late N applications in the context of water stress, one of the most common 

abiotic stresses experienced in farm fields (Gonzalez-Dugo et al. 2010). 
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2.8.1 Thesis roadmap 

This thesis is comprised of three experiments: a greenhouse experiment (one growing 

season, a field experiment (two growing seasons) and modelling experiment using the 

denitrification and decomposition (DNDC) computer model. In terms of chronological order, the 

greenhouse experiment was conducted first, in the summer of 2016. The field experiment was 

conducted next, during the 2017 and 2018 growing season. Calibration and validation of the 

DNDC model was done in 2018 on a historical dataset (2009-2016) and subsequent model 

analyses occurred throughout 2018 and 2019.  

The experiments are not presented in chronological order in the thesis, because results 

from preceding experiments were not used to inform subsequent ones. Each study is standalone, 

designed to answer separate research questions related to the impact of late N applications from 

the plant to field scales. The field study is presented first in Chapter 3. A shared dataset from the 

greenhouse experiment was utilized for Chapter 4 and Chapter 5, with each chapter focused on a 

different research objective. Finally, the DNDC modelling study is presented in Chapter 6.  

2.8.2 Objectives and hypotheses of the thesis 

Chapter 3 Research Question: 

▪ How do late N applications impact the establishment of yield potential just after silking, 

and the maintenance of yield potential during grain-fill?   

Chapter 3 Objectives: 

▪ Describe how late N management strategies impact yield forming processes in maize 
▪ Identify the physiological reasons why the bulk of fertilizer N can be applied around 

silking (R1) without yield penalty 

 



 

 

21 

 

Chapter 3 Hypotheses: 

o Hypothesis 1: Yield forming processes that occur prior to silking are maximized at 

relatively low N application rates.  

o Hypothesis 2: Low N application rates become suboptimal in terms of yield soon after 

silking due to reductions in pollinated kernel number and weight. 

o Hypothesis 3: A large N application just prior to silking (9-11 days before) will maintain 

yield potential and result in no yield drag relative to the same amount of N applied 

around planting 

Chapter 4 Research Question: 

▪ Would a reduction in pre-silking N uptake, a typical consequence of late N applications, 

make maize yield less resilient to future post-silking N and/or water stress?  

Chapter 4 Objectives: 

• Identify the physiological mechanisms underlying the beneficial effect of luxury pre-

silking N as a buffer against N and/or water stress experienced during grain-fill (if it 

exists) 

Chapter 4 Hypotheses: 

o  Hypothesis #1: Luxury pre-silking N uptake is beneficial under post-silking N and/or 

water stress 

Chapter 5 Research Question: 

▪ Which plant traits are most strongly related to post-silking N uptake in maize, particularly 

in the context of post-silking N and/or water stress? 

Chapter 5 Objectives: 

• Clarify the effect of grain yield on post-silking N uptake, given contradictory evidence in 

the literature.  

Chapter 5 Hypotheses: 

o Hypothesis #1: Post-silking N uptake is a function of post-silking biomass accumulation 

rates, which itself is a function of grain yield. As such, greater yields can stimulate post-

silking N uptake 

o Hypothesis #2: Greater grain yields can reduce vegetative organ function during grain-

fill, particularly leaf function. This can reduce assimilate supply to roots and thus reduce 

post-silking N uptake under post-silking N and/or water stress 
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Chapter 6 Research Question:  

▪ Do late N applications reduce in-season environmental N losses, when the N rate is equal 

to the EONR? 

Chapter 6 Objective: 

• Using a well-calibrated and validated computer model (DNDC), quantify the 

environmental performance of the EONR when different 4R management strategies are 

used (N source, placement and timing). Environmental performance refers to yield-scaled 

and in-season N losses, as well as N surplus. 

• Compare yield-scaled N losses at a static EONR that is applied constantly in each year, 

versus a variable EONR that is adjusted each year based on in-season weather, soil and 

crop performance 

Chapter 6 Hypotheses: 

• Hypothesis #1: Yield-scaled N losses at the EONR are strongly dependent on N 

management factors. The subsurface incorporation of N, applied in-season, will reduce 

the amount of N applied at the EONR and also N losses at the EONR. 

• Hypothesis #2: N management decisions (N source, timing, placement) affect not only 

the amount of N loss at the EONR but the N loss pathway by which N is lost (e.g. 

leaching).  

• Hypothesis #3: At the EONR, fertilizer N supply does not exceed crop N demand (i.e. N 

surplus is low or negative).  

• Hypothesis #4: A static EONR applied constantly in every year will have greater in-

season N losses than a variable EONR that is adjusted every year based on growing 

conditions.  
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3 Nitrogen applications made close to silking: implications 
for yield formation in maize 

3.1 Abstract 

Given the growing interest in late N applications made at vegetative stages just prior to 

silking (R1), there is a need to characterize how yield formation in maize responds when a small 

amount of N is applied early in the season, and the bulk of N fertilizer is delayed to vegetative 

stages close to R1. To understand how the development of kernel number and weight are 

affected by this shift in fertilizer N availability, a two-year split-plot experiment was conducted. 

The main plot factor consisted of five pre-plant N rates (in kg N ha-1: 0, 80, 140, 200, 260) and a 

split-plot factor consisted of an N application at V13, 9 or 11 days before R1. Split-plots either 

received no in-season N or a non-limiting N rate such that the total N applied equaled 260 kg N 

ha-1. At 0 kg N ha-1 pre-plant, N stress significantly reduced radiation use efficiency and crop 

growth rate during the critical period around R1, which in turn reduced potential kernel number 

(pKN) and potential kernel sink capacity (pKW) by the start of the linear phase of grain-fill. 

When 80 or 140 kg N ha-1 was applied pre-plant, N stress was not detected at or prior to the start 

of the linear phase of grain-fill, but reductions in KN and/or KW occurred later, within 30-40 

days of R1. The V13 N application increased grain yield at the lower pre-plant N rates by either: 

i) preventing reductions in pKN and pKW at the start of the linear grain-fill period or by ii) better 

maintaining KN and KW during the linear phase of grain-fill.  At maturity grain yield in the 

split-N treatments receiving 260 kg N ha-1 at V13 was statistically similar to 260 kg N ha-1 

applied pre-plant, but maize N uptake increased in response to the V13 N application only once 

the crop became N deficient. Overall, these results provide a physiological understanding of the 
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impact of late N applications on yield formation in maize and can assist in the further 

development of N management strategies that better synchronize fertilizer N supply with crop N 

demand. 

3.2 Introduction 

The development of nitrogen (N) fertilizer strategies that better synchronize fertilizer N 

supply with crop N demand is a priority for farmers and agronomists given the well-recognized 

need for more efficient N management (Cassman et al. 2002; Gehl et al. 2005; Shanahan et al. 

2008). In maize, N uptake is highest during the stages of development bordering silking (~V10-

R2) (Karlen et al. 1987; Bender et al. 2012; Woli et al. 2018) and there is growing interest in 

‘late’ or ‘delayed’ N application strategies: a reduced amount of fertilizer N is applied at 

traditional N application dates around planting, with the balance applied at the vegetative stages 

just prior to silking when crop N uptake is high. This change in N application timing has been 

shown to improve the proportion of fertilizer N recovered in crop biomass at maturity (Walsh et 

al. 2012; Mueller et al. 2017), a measure known as N recovery efficiency (NRE). But concerns 

remain about the possibility of irrevocable yield loss due to N stress when withholding the bulk 

of fertilizer N until later in the season. 

Agronomists in North America have generally found that the risk of a small yield 

penalty, relative to the same N rate applied around planting, begins when N is delayed to the 

V12-V16 stage of development (Scharf et al. 2002; Walsh et al. 2012), although the magnitude 

of the yield penalty is highly variable from year-to-year (Binder et al. 2000). To avoid the risk of 

yield penalty, researchers have found that some proportion, generally 25-50% (30-60 kg N ha-1) 

of the N rate, should be applied earlier in the season (de Silva et al. 2005; Walsh et al. 2012; 
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Mueller and Vyn 2018; Runtan and Steinke 2018). The exact proportion of N that must be 

applied around planting to avoid a yield penalty, and the length of time it is safe to delay making 

the second N application, is thought to be a function of indigenous soil N supply (Binder et al. 

2000). However, there is little information available regarding how shifting fertilizer N 

availability away from planting and closer to silking can affect potential yield, in terms of its 

impact on the development of kernel number and weight. 

The impact of N stress on each step in the sequence of processes that govern the 

formation of kernel number (KN) and kernel weight (KW) throughout maize development has 

been studied extensively. The development of spikelet primordia on the uppermost maize ear 

(i.e. ovules) begins around 40 days after emergence (Cheng et al. 1983; Otegui and Melon 1997) 

and final ovule number is established several days before silk appearance (Tollennar 1977). It is 

possible but unlikely in field conditions for N stress to reduce spikelet establishment at silking 

(R1) (Lemcoff and Loomis 1986, 1994; DeBruin et al. 2018) since more ovules are produced 

than survive to maturity even in non-stress conditions (Tollenaar 1977; Vega et al. 2001). 

Spikelets must be pollinated to continue development, and severe N stress during pollination can 

directly reduce pollination success, for example by desynchronizing or delaying silk emergence 

(DeBruin et al. 2018). The number of pollinated spikelets achieved just past silking essentially 

places a maximum limit on KN and establishes potential KN (pKN). Once pollinated, developing 

kernels rely mainly on assimilate supply from concurrent photosynthesis and if assimilate supply 

is reduced, kernel abortion will occur (Aluko and Fisher 1988; Schussler and Westgate 1991; 

Zinselmeier et al. 2000). Kernel set is strongly related to biomass accumulation during the 

critical (~30 day) period around R1 (Tollenaar et al. 1992; Andrade et al. 1999). Any N stress 
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that reduces crop growth and assimilate supply to the developing ear during the critical period 

will reduce final KN (Andrade et al. 2002; D’Andrea et al. 2008). Reductions in final KN via 

abortion of pollinated kernels are possible up to 30-40 days after R1 (Frey 1981; Monneveux et 

al. 2005; Gustin et al. 2018).  

The period of KW determination overlaps with KN determination and can extend past it 

under N stress (Borrás et al. 2004). The first step of KW determination, the lag phase, begins 

soon after pollination and lasts for ~14 days (Jones et al. 1996). Kernel dry matter deposition is 

minimal, but kernel sink potential, or potential KW (pKW) is established based on endosperm 

cell division and starch granule formation, which sets the number of sites within the kernel 

available for dry matter deposition (Reddy and Daynard 1983). Crop growth rates during the 

critical period around R1 are strongly related to both pKW and final KW (Gambín et al. 2006). N 

stress during this time reduces kernel sink capacity (pKW) and final KW (Paponov et al. 2005; 

Melchiori and Caviglia 2008). Because maize kernel abortion is regulated in a way that ensures 

that surviving kernels reach a minimum viable KW at maturity (Vega et al. 2001), barring major 

stress during the linear phase of grain-fill, final KW normally equals pKW established earlier 

(Borrás and Westgate 2006; Gambín et al. 2006; Gambín et al. 2008). However N stress which 

reduces source-sink ratio and assimilate supply during the linear phase of grain-fill will reduce 

final KW below pKW established earlier (Hisse et al. 2019).  

Late N management strategies alter the pattern of fertilizer N availability towards greater 

N availability after silking (Mueller et al. 2017). There is a need to understand the impact of this 

shift in fertilizer N availability on the establishment of potential kernel number (pKN) and 

potential kernel weight (pKW), and the ability of a maize crop to maintain pKN and pKW to 
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maturity without yield loss due to N stress. Recently, Mueller and Vyn (2018) found that when 

the full N application was delayed to R1, a yield penalty occurred because:  i) the vegetative N 

stress was severe enough to reduce vegetative biomass accumulation, which, ii) permanently 

reduced the ability of the crop to take up post-silking N and iii) prevented subsequent leaf N 

recovery. Yield loss in the late N treatments was associated with reductions in both final KN and 

KW (Mueller and Vyn 2018). But because late N applications may impact final KN and KW by 

reducing either the establishment of pKN and pKW in the days and weeks after R1, or the 

maintenance of pKN and pKW during the linear phase of grain-fill, in-season measurements of 

KN and KW formation are warranted to better understand the impact of late N management 

strategies on grain yield. A study was conducted to understand how late N applications delivered 

at V13, 9-11 days before R1, affects; i) the establishment of pKN and pKW in maize during 

early grain-fill and, ii) the maintenance of pKN and pKW during the later linear phase of grain-

fill. The objectives were to understand across a range of pre-plant N rates how and when N stress 

impacts the processes that govern KN and KW determination in maize and to discover the 

mechanisms whereby supplemental late N applications made at V13, 9-11 days before R1 

influence grain yield in maize. It was hypothesized that the shift in fertilizer N availability 

imposed by late N applications would not impact the establishment of potential yield (pKN and 

pKW) but would facilitate the maintenance of pKN and pKW during the linear phase of grain-

fill. In addition, the effect of late N application on grain N sources, remobilization and post-

silking N uptake was also investigated. 
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3.3 Materials and methods 

A field experiment was conducted in 2017 and 2018 at the Elora Research Station, located 

near Elora, ON, Canada (43°38’31.1’’ N 80°24’14.8’’ W). To avoid legacy N effects, field sites 

differed between years, but were located within 2 km of each other. In both years soil was 

classified as an Albic Luvisol (WRB 2006), and soil tests showed texture to be silt loam. Both 

sites were tile drained and had no history of manure application in the past 10 years. In 2017, the 

previous crop was barley, and organic matter (OM) determined prior to planting was 2.65%. In 

2018, the previous crop was also barley and %OM determined prior to planting was 3.05%. In 

both years’ soils were sampled prior to planting, and pre-plant applications of potash and 

phosphate fertilizer were made based on provincial soil test recommendations. Maize hybrid 

Dekalb DKC 39-97 (Monsanto; Winnipeg MB) was planted at a target population of 79,000 

plants/ha on 0.76 m row spacings (8.7 plants m2), on May 13 2017 and May 14 in 2018. Starter 

fertilizer applied with the seed consisted of phosphate and potash (0-20-20) applied in a 5 cm x 5 

cm band at 181 kg ha-1, a starter rate based on published recommendations from the provincial 

Ministry of Agriculture.  

 Treatments were imposed in a split-plot completely randomized block design, with four 

blocks (replicates) with pre-plant N rate as the main plot factor, and an in-season N rate 

delivered at V13 (13 fully collared leaves) as the split-plot factor. There were 5 main plot 

treatments, composed of either 0, 80, 140, 200 or 260 kg N ha-1 as granular ammonium nitrate 

(NH4
+-NO3

-) applied and incorporated via shallow tillage 2-3 days before planting. Pre-plant N 

rates were selected to be equally spread above and below the site-specific N rate 

recommendation provided by the Ontario Ministry of Agriculture’s N decision-support tool (140 
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kg N ha-1). The V13 N application was applied as NH4
+-NO3

- by hand and incorporated between 

rows with a rake. The split-plot V13 application consisted of two factor levels: either no N was 

applied, or a non-limiting N application was made such that the total N applied was equal to 260 

kg N ha-1, the highest pre-plant N rate in the study. The highest N rate of 260 kg N ha-1 was 

selected because N rate experiments conducted previously in a nearby field (Deen et al. 2015) 

demonstrated economically optimum N rates as high as 260 kg N ha-1.  Thus, V13 N application 

rates were 260, 180, 120 or 60 kg N ha-1 applied to the 0, 80, 140 or 200 kg N ha-1 pre-plant 

treatments, respectively. The pre-plant treatment of 260 kg N ha-1 received no in-season N 

fertilizer. The V13 application occurred on July 15 in 2017, 11 days prior to R1, and in 2018 on 

July 13, 10 days prior to R1, when three leaves remained in the whorl and it was estimated that 

silking was ~10 days away. In total there were nine treatments, five pre-plant N rates and five in-

season N rates (including 0 kg N ha-1). Treatments receiving no fertilizer N at V13 and only pre-

plant N are referred to as 0_0, 80_0, 140_0, 200_0 and 260_0, while treatments receiving N at 

V13 are referred to as 0_260, 80_180, 140_120 and 200_60. 260_0 was considered the control 

treatment. Irrigation was provided in each year between V13 and R1 to all experimental units, to:  

i) ensure that the N applied at V13 in the split-plots infiltrated into the soil profile and was 

available for plant uptake, and ii) ensure that potential yield establishment was not limited by 

water availability. In 2017, 20 mm of water was applied, and in 2018, when less rainfall occurred 

after the V13 application, 30 mm of water was applied. Irrigation water was sourced from a 

nearby well and was tested for total N concentration to ensure that negligible N was applied with 

the irrigation water (<0.5 mg L-1).  
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3.3.1 Plant Measurements 

 Each experimental unit (i.e. split-plot) was 6 rows wide and 16 m long, with only the four 

inner rows sampled. At V10, canopy Normalized Difference Vegetation Index (NDVI) 

measurements were taken with a handheld GreenSeekerTM (Trimble, Westminster, CO, USA) as 

recommended by the manufacturer in each subplot. Prior to R1, 30 plants in each experimental 

unit were tagged, and silking date recorded on a per-plant basis. The date of 50% silking (R1) 

were July 26 in 2017, and July 22 in 2018. In both years the date of 50% silking was delayed in 

the lowest N treatment (0_0) relative to the treatments receiving N fertilizer pre-plant or at V13. 

In 2017, the difference in 50% silking date between 0_0 and the other treatments was less than 3 

days. In 2018, the delay in silk emergence was less than 2 days on average. Whole-plant biomass 

harvests occurred at V13 and R2 (Abendroth et al. 2011) on a 6.08 m2 area. The V13 harvest 

occurred 11 days prior to R1 in 2017 and 9 days prior to R1 in 2018, while the R2 harvest 

occurred 14 days after R1 in 2017 and 11 days after R1 in 2018. Total aboveground biomass 

from the whole sample area was weighed immediately after harvest, while a subsample of 10 

plants in each experimental unit was dried at 80oC for at least 72 hours, weighed, ground and 

analyzed for N concentration using the combustion method (Campbell and Plank 1992). These 

measurements allowed for the calculation of crop growth rate (CGR) and N uptake during the 

critical period bracketing R1 via differences in biomass and N uptake between sampling periods.  

Additionally, the N nutrition index (NNI) for maize developed by Plenét and Lemaire (2000) and 

validated in eastern Canada by Ziadi et al. (2008) was used to calculated N sufficiency at V13. 

The NNI is based on an allometric relationship that predicts, for a given aboveground biomass, 

the critical tissue N concentration, below which N is limiting growth (Sadras and Lemaire 2014):  
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%𝑁𝑐 = 3.4 × 𝑊𝑐
−0.37  [Eqn. 1] 

where %Nc is the critical N concentration and Wc is maize biomass in t ha-1.  At a given crop 

biomass, he NNI equals the ratio of measured tissue N concentration to the critical N 

concentration. An NNI less than one indicates that N supply is limiting growth, while an NNI 

equal to or greater than one indicates N is not limiting growth (Plenét and Lemaire 2000; Sadras 

and Lemaire 2014).  

 At R6, plants were harvested within a 6.08 m2 area to determine stover biomass, grain 

yield and its components: KN m-2 and mean KW. Only apical ears were sampled, as subapical 

ears had no mature kernels. In each sub-plot a subsample of 10 plants was separated into stover 

and grain, dried at 80oC for at least 72 hours, weighed, ground and analyzed for N concentration 

using the Dumas method. A quadratic plateau function was used to describe the yield response to 

pre-plant N application (Scharf et al. 2002), and economically optimum N rate was calculated 

assuming a fertilizer/maize price ratio of 6.2.  N recovery efficiency (NRE) was calculated as: 

𝑁𝑅𝐸 =  
𝑈𝑝𝑡𝑎𝑘𝑒𝑁𝑁𝑟𝑎𝑡𝑒− 𝑈𝑝𝑡𝑎𝑘𝑒𝑁0

𝑁𝑟𝑎𝑡𝑒 
     [Eqn. 2] 

Where UptakeN0 is total N uptake at maturity of the treatment with no fertilizer N applied (0_0), 

and UptakeNNrate is total N uptake at maturity of the treatment with Nrate (as kg N ha-1) applied. 

To calculate radiation use efficiency (RUE) during the critical period around R1, canopy 

interception of incident photosynthetically active radiation (PAR) was estimated at V13 and at 

R2 using a SunScan plant canopy analyzer (Delta-T Devices; Cambridge, UK).  Four paired 

measurements of PAR incident at the top of the canopy and PAR at the bottom of the canopy 
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were taken in each split-plot with the canopy analyzer either centered on the row or diagonal 

across rows at V13 and R2. The measurements were taken around the same point in time, spread 

out over the experimental unit to account for spatial variability. These values were averaged to 

obtain the average canopy interception percentage over the critical period around R1. Daily 

incident solar radiation was measured at a nearby weather station located within 2 km of the 

fields, and daily incident PAR was estimated as 50% of solar radiation. For each subplot, total 

intercepted PAR (IPAR) during the critical period was calculated by multiplying total incident 

PAR by canopy interception during the critical period.  RUE was calculated by dividing the 

change in biomass accumulation from V13 to R2 by total IPAR during this period (expressed as 

g DM MJ-1).  

 Immediately at silk emergence, ears from four plants in each subplot were harvested and 

the number of spikelet rows per ear and spikelets per row were determined following Echarte 

and Tollennar (2006). Ears were then dried and weighed. The plants tagged previously for 

silking date determination were sampled throughout the grain-fill period to measure the 

dynamics of KN, KW and grain N concentration. The first post-R1 ear sampling occurred when 

kernel moisture concentration was ~80%. Borrás and Westgate (2006) previously established 

that it was possible to predict kernel sink capacity at 80% kernel moisture, corresponding 

roughly to the end of R2 and start of R3 (Abendroth et al. 2011). In 2017, ear sampling began 24 

days after R1, when mean kernel moisture concentration was 77%, and in 2018, 17 days after 

silking, when mean kernel moisture concentration was 80%. Three apical ears, selected to ensure 

that ear silking date was within 1 day of each other in 2017, and 2 days of each other in 2018, 

were sampled for potential KN (pKN) and potential KW (pKW). pKN was the number of non-
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aborted and pollinated kernels and was determined following Echarte and Tollennar (2006), by 

counting the number of pollinated kernels per ear, stopping near the tip of the cob, where kernel 

rows became non-uniform. Pollination success was assessed visually, kernels which were yellow 

and not shriveled or shrunken in appearance were considered pollinated.  To measure pKW, 20 

kernels per ear were sampled from rows 10-15 from the base of the ear, with the fresh weight of 

kernels determined immediately and dry weight determined after being dried at 800C for at least 

72 hours. This permitted measurement of kernel moisture concentration (i.e. proportion of kernel 

weight derived from water) and water content (i.e. weight of water in each kernel), which were 

transformed into estimates of pKW using the equations found in Figure 1 of Borrás and Westgate 

(2006). These equations were parameterized using two commercial dent corn hybrids (Dekalb 

DK611 and Holdens LH198 x LH185) and were validated on a number of other genotypes in a 

subsequent study (Borrás et al. 2009). 

  Ears were sampled three additional times during grain-fill. In 2017, sampling occurred 

71, 113 and 276oC days after R2, with thermal time determined using a base of 10oC (Stewart 

and Dwyer 1994), corresponding to mean kernel moisture concentrations of 68%, 57% and 38% 

respectively. In 2018, sampling occurred at 72, 140 and 286 oC days after R2, corresponding to a 

mean kernel moisture concentration of 67%, 59% and 47% in 2018. For each sampling date, 

three apical ears in each experimental unit with silking dates within 1 day of each other in 2017 

and 2 days of each other in 2018, were sampled for pKN and dry KW.  When differences in final 

grain yield were detected at maturity, KN, dry ear weight, KW, and kernel N concentration 

values were analyzed to identify if changes in these variables could be detected within the ear 

sampling period.  
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3.3.2 Statistical analysis 

All statistical analyses were performed in R v.3.5.0 (R Core Development Team; Vienna, 

Austria) using a split-plot mixed effects model (lme function; nlme R package) with pre-plant N 

rate as the main plot and the V13 N application as the split-plot factor and block (replicate) as a 

random factor. Treatment means were compared to the 260_0 control via a Dunnett’s Test. The 

2017 and 2018 growing seasons were analyzed separately. Changes in KN, KW and kernel N 

concentration during the linear phase of grain-fill were analyzed with a repeated measures mixed 

model (lmer function; lme4 R package) or a generalized linear mixed model (glmmTMB 

function; glmmTMB R package). In summary, N treatments were considered fixed effects and 

block as a random effect, while treatment means were compared to: a) the corresponding split-

plot treatment and b) the 260_0 control. For all statistical tests conducted, the type I error rate 

was set at 0.05.  

3.4 Results 

3.4.1 Weather 

Table 3-1 summarizes the weather conditions during both growing seasons (May-

October). Briefly, the 2018 growing season was slightly warmer overall, and considerably drier 

in May and June, than the 2017 season. Both seasons experienced less rainfall during July and 

August compared to historical averages, though supplemental irrigation was provided between 

V13 and R1. Average temperatures in 2017 were similar to historical averages, while 2018 

experienced average temperatures at least 2oC greater than the historical averages in May, 

August and September.   
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Table 3-1 Average Monthly rainfall and temperature during the 2017 and 2018 growing season (May 1 to October 31) at the Elora Research 
Station in Ontario Canada. Historical average at the Elora Research Station (1986-2006) included for comparison. Rainfall does not 
include supplemental irrigation provided between V13 and R1. 

 Rainfall (mm)  Temperature (oC) 

 2017 2018 
Historical 

Average 
 2017 2018 

Historical 

Average 

May 238.5 63.2 75.3  10.7 16.0 12.3 

June 118.6 55.8 93.3  17.5 17.9 17.3 

July 35.8 27.9 105.1  19.0 21.0 19.7 

August 67.2 74.1 97.8  17.3 20.4 18.4 

September 55.0 41.5 67.1  15.7 16.6 14.6 

October 90.1 87.1 79.7  10.9 7.19 7.9 
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3.4.2 Crop performance prior to and during the critical period bracketing silking 

In 2017, canopy NDVI measurements taken at V10 to assess crop N status were reduced 

in 0_0 and 0_260 relative to the 260_0 control (0.6612 vs. 0.7600; Appendix Figure 1).  No 

differences in canopy NDVI at V10 were found in 2018 among any of the N treatments (mean 

NDVI = 0.7594; Appendix Figure 1). At V13, mean NNI in the 0_0 and 0_260 treatment equaled 

0.80 in 2017 and 0.82 in 2018, while in all other treatments, NNI indicated no N limitation on 

growth (Ziadi et al. 2008; Appendix Figure 2).  By R2, in the treatments receiving at least 80 kg 

N ha-1 pre-plant, there was no sign of N stress relative to the 260_0 control, as N uptake, 

biomass, CGR and RUE were statistically similar (Table 3-2 and 3-3). NNI at R2 was 

significantly reduced only at 0_0 (0.53 in 2017 and 0.76 in 2018) while in all other treatments 

NNI equaled an average of 0.96 in 2017 and 0.94 in 2018 (Appendix Figure 3). Numerically, R2 

N uptake in 260_0 was only slightly greater than the average N uptake of treatments receiving 

either 80, 140 or 200 kg N ha-1 pre-plant (2017: 157 kg N ha-1 vs. 145 kg N ha-1; 2018: 136 kg N 

ha-1 vs. 129 kg N ha-1).  

The V13 N application influenced crop N uptake between V13 and R2 only in the 0_0 

treatment, when the 0_260 treatment significantly increased R2 N uptake in both years (Table 3-

2 and 3-3).  In 2017, the increased N uptake in 0_260 also increased R2 biomass, CGR and RUE, 

relative to 0_0, allowing the crop to avoid reductions in growth during critical period between 

V13 and R2 (Table 3-2), while in 2018 the increased N uptake did not affect crop growth 

parameters (Table 3-3). In treatments receiving 80 kg N ha-1 or more pre-plant, the V13 N 

application had only a marginal (non-significant) effect on N uptake and crop growth between 
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V13 and R2 (Table 3-2 and Table 3-3).  A polynomial function was fitted to evaluate the effect 

of CGR during the critical period on final KN m-2 (Appendix Figure 4).
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Table 3-2 Effect of the main-plot and split-plot treatment factors on crop parameters between V13 and R2 in 2017. Split-plot treatments are always 
compared within main-plot treatments, and treatment means for each parameter followed by different letters (a–b) are significantly different at p 
<0.05. Additionally, split-plot treatments are compared via linear contrasts to the main-plot treatment receiving 260 kg N ha-1 pre-plant via a 
Dunnett’s test (Y-Z). (n=4). 

 

 

Pre-plant 

N rate 

V13 N 

rate 

Biomass at 

V13 

(kg DM ha-

1) 

 

N uptake at 

V13                    

(kg N ha-1) 

 

Biomass at 

R2 

(kg DM ha-1) 

 

N uptake 

at R2 

(kg N ha-

1) 

 

Crop growth rate 

between V13 and 

R2 

(kg ha-1 day-1) 

 

Radiation use efficiency 

between V13 and R2 

(g DM MJ-1) 

 

0 
0 3798 a Y 54 a Y 7707 a Y 65 a Y 163 a Y 1.91 a Y 

260 3161 a Y 64 a Y 9482 b Y 134 b Y 263 b Z 2.93 b Z 

80 
0 4985 a Z 91 a Y 11355 a Z 146 a Z 265 a Z 2.93 a Z 

180 4772 a Z 97 a Y 10900 a Z 152 a Z 246 a Z 2.67 a Z 

140 
0 4655 a Z 106 a Z 10729 a Z 138 a Z 253 a Z 2.74 a Z 

120 4686 a Z 104 a Z 10579 a Z 142 a Z 245 a Z 2.64 a Z 

200 
0 5040 a Z 106 a Z 11056 a Z 150 a Z 251 a Z 2.69 a Z 

60 4681 a Z 109 a Z 10475 a Z 145 a Z 241 a Z 2.62 a Z 

260 0 4703 Z 113 Z 10866 Z 157 Z 256 Z 2.93 Z 
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Table 3-3 Effect of the main-plot and split-plot treatment factors on crop parameters between V13 and R2 in 2018. Split-plot treatments are always 
compared within main-plot treatments, and treatment means for each parameter followed by different letters (a–b) are significantly different at p 
<0.05. Additionally, split-plot treatments are compared via linear contrasts to the main-plot treatment receiving 260 kg N ha-1 pre-plant via a 
Dunnett’s test (Y-Z). (n=4). 

 

Pre-

plant N 

rate 

V13 N 

rate 

Biomass at V13 

(kg DM ha-1) 
 

N uptake at 

V13             

(kg N ha-1) 

 
Biomass at R2 

(kg DM ha-1) 
 

N uptake at 

R2                

(kg N ha-1) 

 

Crop growth 

rate between 

V13 and R2 

(kg ha-1 day-1) 

 

Radiation use 

efficiency 

between V13 

and R2                       

(g DM MJ-1) 

 

0 
0 4612 a Y 69 a Y 8710 a Y 101 a Y 186 a Y 1.80 a Z 

260 4696 a Y 78 a Y 8506 a Y 134 b Z 173 a Y 1.67 a Y 

80 
0 4851 a Z 89 a Y 9428 a Z 129 a Z 208 a Z 2.02 a Z 

180 4760 a Z 88 a Y 9519 a Z 139 a Z 216 a Z 2.10 a Z 

140 
0 4664 a Z 93 a Z 9642 a Z 130 a Z 226 a Z 2.19 a Z 

120 4308 a Y 89 a Z 9106 a Z 125 a Z 218 a Z 2.11 a Z 

200 
0 4842 a Z 97 a Z 9623 a Z 131 a Z 217 a Z 2.10 a Z 

60 4476 a Z 91 a Z 9406 a Z 126 a Z 224 a Z 2.17 a Z 

260 0 5185 Z 104 Z 10159 Z 136 a Z 226  Z 2.19 Z 
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3.4.3 Ear size and spikelet number at R1  

Ear parameters at R1 were highly conserved and statistically similar across the N 

treatments, except in the 0_0 and 80_0 treatments (Table 3-4).  In 2017, both ear weight and 

spikelet number per ear at R1 were reduced in 0_0 relative to both 0_260 and the 260_0 control 

(Table 3-4). At 80_0, a reduction in spikelet number occurred in 2017 compared to 80_180 and 

the 260_0 control. The difference in spikelet number per ear was driven not by differences in the 

number of rows per ear, but by the number of spikelets per row (Appendix Table 1).  In 2018, the 

N treatments had no effect spikelet number at R1, but ear weight was reduced significantly in 

0_0 and 0_260 relative to the control 260_0.  
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Table 3-4 Effect of the main-plot and split-plot treatment factors on ear weight and spikelet number per ear at R1 in 2017 and 2018. Split-plot 
treatments are always compared within main-plot treatments, and treatment means for each parameter followed by different letters (a–b) are 
significantly different at p <0.05. Additionally, split-plot treatments are compared via linear contrasts to the control treatment receiving 260 kg N ha-

1 pre-plant via a Dunnett’s test (Y-Z). (n=4). 

Pre-

plant N 

rate 

V13 N 

rate 

Ear weight 

(g DM plant-1) 

Spikelets per ear 

(spikelets ear-1) 

 

2017 2018 2017 2018 

0 
0 8 a Y 12 a Y 412 a Y 513 a Z 

260 14 b Z 13 a Y 608 b Z 520 a Z 

80 
0 15 a Z 15 a Z 563 a Y 535 a Z 

180 16 a Z 15 a Z 601 b Z 546 a Z 

140 
0 16 a Z 15 a Z 571 a Z 521 a Z 

120 15 a Z 15 a Z 604 a Z 554 a Z 

200 
0 15 a Z 15 a Z 577 a Z 549 a Z 

60 17 a Z 15 a Z 609 a Z 545 a Z 

260 0 15 Z 17 Z 608 Z 533 Z 
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3.4.4 Pollinated kernel number and potential kernel weight after silking 

Estimates of pKW at R2-R3 was a statistically significant predictor of final KW for 

kernels in floret position 10-15 in both years (p < 0.01) with adjusted R2 of 0.38 and RMSE of 30 

mg kernel-1 (data not shown). In both years, pKW was reduced in 0_0 only (Table 3-5).  There 

were no other differences in pKW at the end of the lag phase of grain-fill in the other N 

treatments in either year. 

Differences in pKN ear-1 mirrored the differences observed in pKW (Table 3-5). In both 

years pKN was reduced in the 0_0 treatment relative to the 260_0 control while the V13 N 

application (0_260) prevented reduction in pKN and pKW that occurred at 0_0 (Table 3-5). As 

long as the treatments received a minimum of 80 kg N ha-1, there was no difference in pKN or 

pKW measured 24 days (in 2017) or 17 days (in 2018) after silking.  
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Table 3-5 Pollinated kernel number and potential kernel weight in 2017 and 2018 at ~80% kernel 
moisture concentration (R2-R3) estimated via the equations of Borrás and Westgate (2006) for kernels on 
floret position 10 to 15. V13 N rate split-plot treatments are always compared within main-plot treatments, 
and treatment means for each parameter followed by different letters (a–b) are significantly different at p 
<0.05. Additionally, split-plot treatments are compared via linear contrasts to the control treatment 
receiving 260 kg N ha-1 pre-plant via a Dunnett’s test (Y-Z). (n=4). 

 

 

 

 

 

 

Pre-plant N 

rate 

(kg N ha-1) 

V13 N rate 

(kg N ha-1) 

Potential kernel weight 

(mg kernel-1) 

Pollinated kernel number 

(kernels ear-1) 

2017 2018 2017 2018 

0 
0 332 a Y 281 a Y 475 a Y 489 a Y 

260 391 b Z 344 b Z 568 b Z 569 b Z 

80 
0 349 a Z 314 a Z 548 a Z 544 a Z 

180 362 a Z 328 a Z 560 a Z 573 a Z 

140 
0 385 a Z 315 a Z 568 a Z 582 a Z 

120 375 a Z 337 a Z 593 a Z 578 a Z 

200 
0 369 a Z 317 a Z 584 a Z 561 a Z 

60 374 a Z 332 a Z 592 a Z 546 a Z 

260 0 367 Z 334 Z 594 Z 575 Z 
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3.4.5 Kernel number, kernel weight and kernel N concentration during the linear 
phase of grain-fill 

In the 0_0 treatment, reductions in pKN m-2 were apparent by the start of ear sampling 

(~80% kernel moisture concentration), relative to the split-plot (0_260) in both years (Figure 3-1 

and 3-2). Reductions in pKN m-2 in the 80_0 treatment also occurred in both years relative to the 

split-plot (80_180), but these reductions occurred later during grain-fill (Figure 3-1 and 3-2). In 

2017 only, reductions in pKN m-2 occurred at 140_0 compared to the split-plot (140_120) 

(Figure 3-1).  

In 2017, reductions in both KW and kernel N concentration occurred when comparing the 

two lowest preplant N rates (0_0 and 80_0) to their respective split plot treatment (0_260 and 

80_180; Figure 3-1). In 2018, reductions in kernel N concentration occurred only in the 0_0 

treatment and no differences in KW were detected during the ear sampling period in any of the 

treatments (Figure 3-2). There were no differences in KN, KW or kernel N % between the 200_0 

and 200_60 split-plot treatments in either year (data not shown). In both years a strong 

relationship was observed between kernel N assimilation rate and ear growth rate (Figure 3-3), 

indicating a link between N assimilation and dry weight accumulation in growing kernels during 

the linear phase of kernel development. 
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Figure 3-1 Potential kernel number per plant (pKN), kernel weight (KW) and kernel N concentration from 
the start of the ear sampling period (R2-R3) to 276OC day in 2017. Mean kernel moisture concentration 
at each sampling date are (in chronological order): 77%, 68%, 57% and 37%. Treatments are compared 
within split-plots (pre-plant only versus preplant plus the V13 application totaling 260 kg N ha-1). N rate at 
the top of the figure denotes initial pre-plant N rate. All plots were analyzed as a repeated measures 
analysis of variance (n=4) at a significance level of p < 0.05. Graphs with a red (*) indicate significant 
differences between the split-plot treatments. 
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Figure 3-2 Potential kernel number per plant (pKN), kernel weight (KW) and kernel N concentration from 
the start of the ear sampling period (R2-R3) to 286OC day in 2018. Kernel moisture concentration at each 
sampling date are (in chronological order): 80%, 67%, 59% and 47%.  Treatments are compared within 
split-plots (pre-plant only versus preplant plus the V13 application totaling 260 kg N ha-1. N rate at the top 
of the figure denotes initial pre-plant N rate. All plots were analyzed as a repeated measures analysis of 
variance (n=4) at a significance level of p < 0.05. Graphs with a red (*) indicate significant differences 
between the split-plot treatments. 
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Figure 3-3 Relationship between ear N assimilation rate and ear dry matter assimilation rate in 2017 and 
2018 during the grain-fill sampling period. Data from all treatments are pooled (n=27). Ear dry matter 
includes only kernels. 
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3.4.6 Grain yield and N uptake at maturity 

A strong positive yield response to pre-plant N fertilizer rates occurred in both years: 

EONR in 2017 was 163 kg N ha-1 and 259 kg N ha-1 in 2018 (fertilizer N/maize grain price ratio 

of 6.2; Appendix Figure 5). In both years there were no statistical differences in yield between 

200_0, 200_60 and 260_0 (Figure 3-4 and 3-5). Compared to the 260_0 control, N stress 

significantly reduced yield at 0_0 and 80_0 in both years, and in 140_0 in 2018. The V13 

application significantly increased grain yield when applied to the two lowest pre-plant N rates 

(0_260, 80_180) in both years, and in 2017, at 140_120 as well. Compared to 260_0, none of the 

split-N treatments suffered a yield penalty (Figure 3-4 and 3-5). Average yields in the treatments 

which received N fertilizer were comparable across years and numerically similar (12,908 kg ha-

1 in 2017 vs. 13,129 kg ha-1 in 2018) (Figure 3-4 and 3-5). Yield in the zero N treatment (0_0) 

was 36% higher in 2018 (9,316 kg ha-1) compared to 2017 (6,863 kg ha-1).  
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Figure 3-4 Effect of the N treatment on final grain yield (kg ha-1 at 15.5% moisture concentration) in 
2017. X-axis labels refer to the initial pre-plant N rate applied. Dark green bars refer to late N treatments 
receiving a total of 260 kg N ha-1. From left to right, bars refer to: 0_0, 0_260, 80_0, 80_180, 140_0, 
140_120, 200_0, 200_60, 260_0 (control).Lower case letters (a-b) represent significant differences 
across the split-plot treatments within each pre-plant N rate. Letters with (*) are significantly different from 
the 260_0 control treatment. All comparisons are made at p <0.05 (n=4). 
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Figure 3-5 Effect of the N treatment on final grain yield (kg ha-1 at 15.5% moisture concentration) in 
2018. X-axis labels refer to the initial pre-plant N rate applied. Dark green bars refer to late N treatments 
receiving a total of 260 kg N ha-1. From left to right, bars refer to: 0_0, 0_260, 80_0, 80_180, 140_0, 
140_120, 200_0, 200_60, 260_0 (control). Lower case letters (a-b) represent significant differences 
across the split-plot treatments within each pre-plant N rate. Letters with (*) are significantly different from 
the 260_0 control treatment. All comparisons are made at p <0.05 (n=4). 

 

 

 



 

 

51 

 

In terms of yield components, KN and to a lesser extent KW were affected by the N 

treatments and generally, but not always, mirrored the differences observed during the linear 

phase of grain-fill in Figure 3-1 and Figure 3-2 (Appendix Table 2). Reductions in KN occurred 

at 0_0, 80_0 and 140_ in both years relative to their respective split-plot treatment (0_260, 

80_180, 140_120), while reductions in KW occurred in both years at 0_0, and at 80_0 in 2017 

(Appendix Table 2). In 2018, differences in KW identified at maturity in 0_0 were not detected 

during the ear sampling period.  Reductions in KN and/or KW were avoided in the split-plots 

receiving the V13 applications (0_260, 80_180 and 140_120 in 2017), and final KN and KW 

were similar to 260_0 (Appendix Table 2). 

 Compared to 260_0, N uptake at maturity was reduced significantly in 0_0 and 80_0 in 

both years (Figure 3-6). The V13 N application significantly increased total N uptake at the 3 

lowest pre-plant N rates in 2017 and the 2 lowest pre-plant N rates in 2018, due to much greater 

N uptake between R2 and maturity (Figure 3-6). There was no difference in total N uptake 

between the 260_0 control and the split-plot treatments receiving 260 kg N ha-1 (Figure 3-6); 

however NRE increased numerically in the split-N treatments relative to 260_0 (44.7% vs. 

39.9%), particularly at the lower pre-plant N rates (Appendix Table 3). 
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Figure 3-6 N uptake at maturity in 2017 and 2018, separated into N uptake across 3 stages: between 
planting and V13, between V13 and R2 and between R2 and R6. X-axis labels represent the 9 nitrogen 
treatments included in the study. Upper case letters (A-B) represent significant differences across the 
split-plot treatments for total N uptake. Letters with (*) indicate total N uptake is significantly different from 
the 260_0 control treatment. Lower case letters (a-b) represent significant differences in N uptake across 
the split-plot treatments within each pre-plant N rate at: V13, between V13 and R2, and between R2 and 
R6. All comparisons are made at p <0.05 (n=4). 
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3.5 Discussion 

3.5.1 Effect of N rate and N timing on establishment of potential kernel number 
and weight 

As expected, low pre-plant N rates reduced yield relative to the control treatment of 

260_0 when not supplemented with additional N (Figure 4 and 5). However, the onset of N 

stress, and the processes of KN and KW determination which were disrupted, depended on the 

pre-plant N rate. In terms of the formation of KN, spikelet number at R1 was reduced only in 

2017, in 0_0 and 80_0 relative to both the control (0_260) and split-plot treatment (0_260 and 

80_180 respectively). In 2018, the N treatments had no effect on spikelet number at R1.  

Previous research indicates that only severe N stresses, characteristic of low fertility soils, can 

reduce spikelet number in maize (e.g. Jacobs and Pearson 1991; Lemcoff and Loomis 1994). For 

example, Debruin et al. (2018) reported that N stress (0 kg N ha-1 applied) reduced spikelet 

number in only one of two years. Generally, maize will adjust KN in response to abiotic stresses 

not by altering spikelet number but by inducing kernel abortion after R1, as found in this 

experiment and studies done by others (Shen et al. 2018; Yan et al. 2018). In 2017, the reduction 

in spikelet number at 80_0 did not result in any irrevocable reduction in pKN or final KN, and it 

is striking that an N application made just 9-11 days prior to R1 (0_260 and 80_180) could avert 

a reduction in spikelet number due to N stress.  

In both years, pollinated KN (pKN) and potential KW (pKW) measured 17-24 days after 

silking (kernel moisture concentration ~80%), were reduced only in the 0_0 treatment. 

Evidently, a pre-plant N rate of 80 kg N ha-1 was sufficient to maximize both pKN and pKW. In 

the 0_0 treatment, this reduction in pKN and pKW was associated with lower CGR and RUE 
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during the critical period and lower N uptake at R2 relative to 260_0 and, depending on the year, 

0_260. KN determination in maize is strongly related to the CGR during the critical period 

around R1, given the reliance of developing kernels on concurrent assimilate production 

(Andrade et al. 1999; 2002). The N stress at 0_0 reduced biomass accumulation during the 

critical period and decreased the amount of biomass accumulated in the ear as well, both of 

which have been previously shown to reduce final KN (D’Andrea et al. 2008) as well as pKW 

(Borrás and Gambín 2010). The curvilinear or quadratic plateau relationship between CGR and 

final KN m2 identified by Uhart and Andrade (1995) and Andrade et al. (1999) was not apparent 

in either 2017 or 2018 when the data was considered as a whole (Appendix Figure 2). However, 

the range of CGR evaluated in this study was much narrower in comparison (15 to 32 g m2 day-

1). Excepting the 0_0 treatments, average CGR achieved in the study was 22 g m2 day-1, close to 

threshold of 25 g m2 day-1 identified by Uhart and Andrade (1995) as the CGR where KN 

plateaus. Aside from a direct reduction in crop growth rates, severe N stress may have also 

reduced pKN by affecting pollen viability (Zhang et al. 2007) or reducing the evenness of silk 

emergence (Cárcova and Otegui 2007).  

3.5.2 Effect of N rate and N timing on maintenance of kernel number and weight 
during grain-fill 

Although pKN and pKW established during early grain-fill were maintained at 80_0 and 

140_0 in both years, these N rates were not sufficient to maintain KN later during the linear 

phase of grain-fill: kernel abortion occurred soon after R2-R3 (Figure 3-1 and 3-2) at 80_0 in 

both years, and in 140_0 in 2017. This reduction in KN was not observed in the 260_0 control, 

or in the split-plot treatments receiving a V13 N application. In 2017, but not 2018, the 0_0 and 

80_0 and treatment were unable to maintain KW during grain-fill, relative to the control and 
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split-plot treatment. Generally, maize response to abiotic stress is strongly dependent on 

adjusting KN (Sadras 2007). KW is only reduced by severe N stress experienced during grain-

fill, as observed by Borrás et al. (2004) and Hisse et al. (2019), although the magnitude of the 

effect of post-silking N stress on final KW is genotype dependent (Paponov et al. 2005). It is 

likely that indigenous soil N supply was lower in 2017 compared to 2018, given the difference in 

soil organic matter (2.65% vs. 3.05%) and the slightly cooler and wetter conditions in 2017 

which may have reduced mineralization (Table 3-1). At 0_0, both yield (6,893 kg ha-1 vs. 9,316 

kg ha-1) and total N uptake (96 kg N ha-1 vs. 121 kg N ha-1) were lower in 2017 compared to 

2018, further suggestive of lower indigenous soil N supply. Reduce indigenous soil N 

availability in 2017 can explain why it was the only year in which KW was reduced during the 

linear phase of grain-fill only, and the only year when the N treatments influence spikelet 

number at R1 (discussed in section 4.1). While the treatments receiving a V13 N application 

yielded equivalently to the 260_0 control, it is clear that indigenous soil N supply will alter the 

timing and magnitude of N stress when pre-plant N rates are reduced, as observed also by Binder 

et al. (200).  

The reason that the 0_0, 80_0 and, in 2017, 140_0 treatments were unable to maintain 

KN and KW to maturity was due to reduced post-R2 N uptake (Figure 3-6) leading to N stress. 

Monneveux et al. (2006) report that abiotic stress can induce kernel abortion up to 30 days after 

R1, while Gustin et al. (2018) observed reductions in KN in conventional field conditions up to 

40 days after R1. Our data indicate that ear N assimilation rate is closely and consistently related 

to ear biomass accumulation rate (Figure 3), suggesting shortfalls in N supply to kernels after R2 

either induced kernel abortion and/or reduced KW by reducing kernel growth rate. A reduction 
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in post-R2 N uptake may have reduced assimilate supply by, for example, reducing leaf 

photosynthesis and RUE (Muchow and Sinclair 1994; Debruin et al. 2013) or green leaf area 

(Wolfe et al. 1988; Kitonyo et al. 2018). N stress may have also reduced the ability of kernels to 

utilize sucrose produced by the ear leaf, as observed by Ning et al. (2018) in the 20 day period 

after silking.  

3.5.3 Impact of the V13 N application when pre-plant N rates were suboptimal 

The V13 N application stimulated N uptake at the lower pre-plant N rates, but the 

phenological stage at which N uptake responded to the V13 application depended on the N status 

of the maize crop. When no N was applied at planting (0_0), N stress was apparent at or before 

V13, and the V13 N application (0_260) significantly increased N uptake between V13 and R2, 

and between R2 and R6, in both years relative to 0_0, buffering both pKN and pKW against N 

stress and better maintaining KN and KW during the linear phase of grain-fill due. Notably, 

while reductions in NDVI, NNI, biomass and N uptake were observed at or before V13 in both 

the 0_0 and 0_260 treatment relative to the control (260_0), the lack of yield penalty in 0_260 

suggests that the N stress prior to V13 was not sufficient to irrevocably impact yield formation in 

maize. This finding is likely specific to field conditions where soils can provide relatively large 

amounts of N via indigenous soil N mineralization.  

At the pre-plant N rates of 80 and 140 kg N ha-1, grain yield response to N applied at V13 

was associated with greater N uptake post-R2, rather than greater N uptake between V13 and R2 

(Figure 3-6). The lack of N uptake response prior to R2 is most likely a reflection of the fact that 

crops in 80_0 and 140_0 were not under N stress prior to R2, as indicated by the NNI at V13 and 

R2 (Appendix Figure 2). These results are similar to the findings of Ning et al. (2017), who 
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found that applying 100 kg N ha-1 at silking to maize which previously received 200 kg N ha-1, 

had no effect on N uptake at maturity. Soil N acquisition is energetically costly (Miller and 

Cramer 2004) and N uptake is carefully regulated by the needs of the plant to avoid wasteful 

assimilate expenditures, via crosstalk with phytohormones and carbon metabolism that can up or 

downregulate N uptake based on the N and C status of the plant (Dechorgnat et al. 2011; Xu et 

al. 2012). It appears that if crops are N deficient at the time of the late N application, they will 

respond rapidly with increased N uptake. When late N applications are made on crops which are 

currently N sufficient, increased N uptake should not be expected to occur soon after application.  

3.5.4 Yield response to late N applications just prior to R1: explaining the lack of 
yield penalty 

Our observation that it is possible to delay the full N rate to V13 without significant yield 

reduction is in concordance with the findings of other researchers. Across 28 site-years in 

Missouri, Scharf et al. (2002), found only a small risk of yield loss (~3%) associated with 

delaying the full N rate to V12-V16. In Illinois, Binder et al. (2000) found that it was possible to 

delay N application to as late as R1 without a yield penalty in one of two site-years. In a 3-year 

study in Oklahoma, Walsh et al. (2012) found no difference in yield between 180 kg N ha-1 

applied pre-plant and 180 kg N ha-1 at V10. If N was delayed until tasseling (VT), then 30 kg N 

ha-1 applied pre-plant was enough to avoid yield reductions (Walsh et al. 2012). Rutan and 

Steinke (2018) found that in Michigan, delaying N to V11 resulted in an 8-10% yield reduction 

when only 7.8 kg N ha-1 was applied at planting, but no yield penalty when 45 kg N ha-1 was 

applied at planting. In Brazil, Silva (2005) conducted a late N experiment on soil with very low 

N supply (yielding less than 4400 kg ha-1 without N fertilizer). However, even with low soil N 

supply, split-applying 50 kg N ha-1 pre-plant and 80 kg N ha-1 at silking generated comparable 
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yields to applying 130 kg N ha-1 all pre-plant (11,000 kg ha-1 versus 11,400 kg ha-1) (Silva et al. 

2005).  When N was delayed until R1, Mueller and Vyn (2018) in Indiana (USA) found that a 

V4 application of 55 kg N ha-1 prevented any yield reduction from delayed application. 

Importantly, they also found that genotypic variations in yield response to late N application 

strategies were low in the seven hybrids they tested, released between 1946 and 2015.  

It appears that, in many cases, indigenous soil N supply, perhaps boosted by a modest N 

application (~55 kg N ha-1), is sufficient to bring maize to R1 without N stress sufficient to 

reduce potential yield (pKN and pKW). At V13, N uptake in the treatments receiving no pre-

plant N (0_0 and 0_260) was much lower compared to 260_0 (43% lower in 2017 and 29% 

lower in 2018), and the V13 NNI indicates these crops were under N stress. However this lower 

N uptake did not result in irrevocable yield reductions in 0_260, as both final grain yield and 

pKN and pKW were statistically similar to 260_0. But applying N just prior to R1 appears 

critical to avoiding reductions in pKN and pKW under N stress, and to maintaining KN and KW 

during grain-fill. When N application is delayed past R1, yield response to N applications are 

low or even negative (Binder et al. 2000; Scharf et al. 2002). 

A recent study by Osterholtz et al. (2017) suggest that maize production may be able to 

rely on mineralized soil N to a much greater degree than previously thought. The results of this 

study suggest that the potential yield of maize, that is pKW and pKN at R2, are maximized at 

relatively low N application rates, and that during vegetative growth the N uptake requirements 

for high grain yields can be satisfied primarily via soil N mineralization without reducing the 

establishment of pKN or pKW, at least in areas where moderate to high levels of indigenous soil 

N supply can be expected. This is true for the relatively high yielding maize in this experiment. 
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In both 2017 and 2018, yields when 260 kg N ha-1 was applied were above the 90th percentile of 

the long-term maize yield average at the Elora Research Station (Gaudin et al. 2015), indicating 

that growing conditions during the 2017 and 2018 seasons were more favorable than average. In 

both years, yield was highly responsive to N fertilizer addition, with EONRs of 162 kg N ha-1 

and 259 kg N ha-1. Yet, a pre-plant N application of 80 kg N ha-1, a value much lower than the 

EONR, was sufficient to maximize potential yield at R2 (Table 3-4 and 3-5).   

A benefit of late N applications, as pointed out by other researchers, is the improvement 

in N fertilizer recovery rather than yield (Walsh et al. 2012; Mueller et al. 2017). In this 

experiment modest numerical improvements in N recovery efficiency were found by splitting 

260 kg N ha-1 relative to the pre-plant application (47.3% vs. 41.9% in 2017 and 39.7% vs. 

37.8% in 2018; Appendix Table 3). Another benefit of late N management is an improved ability 

to tailor N application rates and better account for temporal and spatial variability in soil N 

supply and maize N demand (Shanahan et al. 2008). When N applications are made close to R1, 

farmers have a much larger in-season window within which to collect data and use precision 

agriculture technologies. Because many precision agriculture tools are more effective at 

predicting yield or crop N response the later in the season they are used (e.g. Goron et al. 2017), 

late N applications may work synergistically with precision N management in maize. For 

example, in-season weather variation, particularly in rainfall, plays a major role in regulating 

both indigenous soil N supply and maize N demand, and hence influences optimal N rates 

(Trembley et al. 2012; Colaço and Bramley 2018). Because the amount and distribution of in-

season rainfall is difficult to predict, it may be advantageous to delay N until close to silking, 

when rainfall effects on N mineralization and crop growth are better known and can be 
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accounted for. Rather than assessing the performance of late N applications relative to the same 

N rate applied at planting, late N applications may allow for effective N rate adjustments based 

on in-season data impossible to collect at planting.  

In this study, the availability of N applied at V13 for rapid crop uptake was enhanced due 

to supplemental irrigation provided between V13 and R1, a practice unavailable to farmers in 

rain-fed systems. In addition, the use of ammonium nitrate, incorporated between rows, 

minimized risks of volatilization losses, which can be considerable using the more common 

farmer practice of applying urea-based fertilizers on the soil surface. Additional studies are 

warranted to determine the risks associated with late N applications in rain-fed systems, 

particularly on less fertile soils, and future studies should focus on how N fertilizer sources and 

placements impact the efficacy of late N applications in maize.  
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4 Luxury vegetative nitrogen uptake in maize buffers grain 
yield under post-silking water and nitrogen stress: a 
mechanistic understanding 
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4.1 Abstract 

During vegetative growth maize can accumulate luxury nitrogen (N) in excess of what is 

required for biomass accumulation. When post-silking N uptake is restricted, this luxury N may 

mitigate N stress by acting as an N reserve that buffers grain yield and maintains plant function. 

The objective of this study was to determine if and how luxury accumulation of N prior to 

silking can buffer yield against post-silking N and/or water stress in maize. In a greenhouse 

experiment, maize was grown in high (Nveg) and low (nveg) N conditions during vegetative 

growth. These two treatments did not affect maize biomass or leaf area at silking, but N uptake 

was much greater in Nveg and generated a reserve of luxury N by silking. Plants in both 

treatments were then subjected to water and/or N stress after silking. 15N isotope tracers were 

delivered during vegetative or reproductive growth to measure N remobilization and the 

partitioning of post-silking N uptake in maize with and without a luxury N reserve. Under post-

silking N and/or water stress, yield was significantly and consistently higher in Nveg compared to 

nveg due to a reduction in post-silking kernel abortion. This reduction in kernel abortion was 

associated with larger amounts of N remobilized to kernels and much greater reliance on 

remobilized N as a source of grain N under post-silking stress. Luxury N uptake at silking also 

improved post-silking leaf function in Nveg plants compared nveg in post-silking N stress, leading 

to greater biomass production and higher yield. While post-silking N uptake was similar across 

Nveg and nveg, Nveg plants partitioned a greater proportion of post-silking N to vegetative organs, 

which may have assisted with the maintenance of leaf function and root N uptake capacity. 

These results indicate that N uptake at silking in excess of vegetative growth requirements can 

minimize the effect of N and/or water stress during grain-fill.  
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4.2 Introduction 

In maize (Zea mays L.) as in other globally important cereals, nitrogen (N) taken up 

during vegetative growth before silking is remobilized to the ear to support kernel formation. 

Roughly 45-65% of maize grain N at maturity is derived from N remobilization while N taken up 

during reproductive growth supplies the rest (Ciampitti and Vyn 2012; Gallais et al. 2007; Ning 

et al. 2017). But under abiotic stresses the typical patterns of N remobilization and partitioning 

are disrupted (Ciampitti and Vyn 2013; de Oliviera Silva et al. 2017). Notably, under low N 

availability, grain N will rely increasingly on remobilized N (Ta and Weiland 1992), possibly 

acting as a compensatory mechanism to support kernel N demand when post-silking N uptake is 

low (Ciampitti and Vyn 2012; Mueller et al. 2017). This phenomenon is also observed in wheat 

(Palta et al. 1994). However, an increase in N remobilization under post-silking N stress can 

lower yield by reducing leaf and root function, thereby decreasing photoassimilate production 

and nutrient capture earlier than normal (Triboi and Triboi-Blondel 2002). While maize can 

utilize previously acquired N for grain development, it relies heavily on concurrent assimilate 

supply to meet grain assimilate demand. This leads to the ‘yield dilemma’ of N remobilization 

(Masclaux-Daubresse et al. 2010), whereby high rates of N remobilization are tied to a decrease 

in yield due leaf senescence reducing assimilate production during grain-fill. As N 

remobilization increases in maize, post-silking N uptake is normally reduced as well (Gallais and 

Coque 2005; Ciampitti and Vyn 2013), presumably because N remobilization also reduces 

assimilate supply to roots (Muchow 1988b; Pan et al. 1995 Ta and Weiland 1992; Liedgens et al. 

2000). 
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In well-fertilized farm fields, the risk of post-silking N stress is largely due to water 

deficits, which can limit N availability (Gonzalez-Dugo et al. 2010). Under droughty conditions 

maize roots can access water in deeper soil layers, but N is concentrated in the topsoil and arrives 

to the root surface via mass flow or diffusion, assisted by transpiration (Kim et al. 2008; 

McMurtrie and Näsholm 2018). The reduction in maize N uptake that is commonly observed 

under a water limitation (e.g. Teixeira et al. 2014) is not solely attributable to a reduction in 

maize growth, but to a direct reduction in the accessibility of soil N for crop uptake (Lemaire et 

al. 1996; Buljovcic and Engels 2001).  

Plénet and Lemaire (2000) as well as Ciampitti and Vyn (2012) hypothesize that the 

accumulation of luxury N taken up during vegetative growth may be able to buffer yield against 

N stresses experienced during grain-fill. In the former study, irrigated maize was found to benefit 

from luxury pre-silking N uptake beyond that required for maximum biomass accumulation, 

concluding that a luxury N pool of ~20 kg N ha-1 by silking may be beneficial (Plénet and 

Lemaire 2000). The authors concluded that this reserve of vegetative N buffers grain yield since 

soil N availability during grain-fill is normally insufficient to support N demand (Plénet and 

Lemaire 200). But the possible mechanism(s) underlying this response to luxury N uptake, such 

as the quantification of grain N sources or changes in canopy longevity, were not explored. In the 

latter study, a meta-analysis, the authors observed that grain yield was strongly correlated to pre-

silking N uptake measured at silking (Ciampitti and Vyn 2012). Based on this relationship the 

authors suggested that, as a pathway to yield improvement, maize breeding efforts should focus 

on increasing pre-silking N uptake and forming an N reserve. However, no assessment was made 

as to the importance of a pre-silking N reserve under post-silking N or water stress (Ciampitti 
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and Vyn 2012). Both studies reason that, by minimizing dependence on post-silking N uptake, a 

reserve of luxury N accumulated by silking can allow the plant to meet grain N demand when 

post-silking N uptake is low.  

Several researchers have used 15N isotope tracing to quantify maize response to post-

silking N stress. In a greenhouse experiment, Friedrich and Schrader (1979) labelled maize with 

15N during vegetative growth and then imposed N stress after silking. N remobilization from 

leaves, stems and roots was enhanced under post-silking N stress relative to control, indicating 

that maize attempts to conserve ear N supply at the expense of vegetative organs (Friedrich and 

Schrader 1979).  In a field study using 15N multi-stage pulse labelling, de Oliveira Silva et al. 

(2017) quantified differences in post-silking N allocation to plant organs at discreet time periods 

during grain-fill. When no N was applied, a much greater proportion of post-silking N was 

allocated to developing ears, at the expense of leaves, relative to a moderately fertilized control. 

In a greenhouse experiment, Paponov and Engels (2005) applied 15N at the start of grain-fill to 

measure the partitioning of post-silking N under high and low N supply. A greater proportion of 

post-silking N uptake was allocated to the grain under low N and they noted that under N stress, 

N remobilization from leaves is enhanced relative to high N conditions (Paponov and Engels 

2005). Together these results demonstrate that under post-silking N stress, maize N metabolism 

changes to ensure that ear or kernel N supply is conserved at the expense of the N status of 

vegetative organs. As such they are in concordance with the idea that that a reserve of luxury 

pre-silking N can buffer yields under post-silking N stress by allowing greater N remobilization 

to the grain without impinging on leaf or root function.  
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The objective of this study was to determine if and how a reserve of luxury N 

accumulated by silking can buffer maize grain yield when water and/or N stress is experienced 

after silking. Maize was grown in pots filled with calcined clay, allowing for both N and water 

supply to be tightly regulated, and for 15N isotope tracers to be delivered during either vegetative 

or reproductive growth, and then leached away with irrigation to avoid inadvertent 15N uptake 

outside of the labelling period. Coupled with other plant-scale measurements, these results 

allowed for a greater understanding of the physiological mechanisms underlying this 

phenomenon.  

4.3 Materials and Methods 

4.3.1 Greenhouse experimental setup and design 

The data used in this experiment is derived from a single greenhouse study which also 

provided data for the experiment presented in Chapter 5. Because the exact same experiment was 

used to generate the data presented in both chapters, the materials and methods section is very 

similar in both this chapter (Chapter 4) and Chapter 5. The experiment was performed in the 

Crop Science Greenhouse at the University of Guelph, Ontario, Canada. Seeds of the maize 

hybrid DKC39-97 (Dekalb (Monsanto); Winnipeg, MB) were sown individually in 19-L plastic 

pots, filled with Turface MVP® (Profile Products LLC; Buffalo Grove, IL), an inert calcined clay 

widely used as growing medium for maize (Goron et al. 2015). All pots were free-draining due 

to holes on the bottom, with a mesh screen ensuring roots did not exit the pots. A constant 

temperature regime of 27oC day/ 21oC night was used throughout the experiment, while high 

pressure sodium and metal halide lamps provided supplemental lighting on a 16-hour 
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photoperiod starting at dawn. To avoid border effects within replicates, individual plant pots 

were rotated every seven to ten days.  

A nested factor design was used in the experiment with two N supply treatments (high 

and low N), imposed during vegetative growth under well-watered conditions. Five days after R1 

(silking) plants were placed into one of four treatments consisting of two different N supply 

levels (high and low N) and two different levels of water supply (well-watered and water stress) 

applied in combination, with four post-silking treatments in total. The experiment was setup as a 

completely randomized block, with six blocks (replicates). 15N isotope tracers were delivered to 

four of the six blocks. The other two blocks were treated identically except no 15N measurements 

were taken. Blocks with 15N contained 24 plants while blocks not receiving 15N contained 16 

plants. The experimental setup is summarized in Figure 4-1. Total time from emergence to 

maturity was 90 days. The experiment was conducted in two separate greenhouses, each 

greenhouse containing three blocks.  

4.3.2 Nitrogen and water supply treatments 

Final concentration of N was 20 mM in the high N solution and 5 mM in the low N 

solution. These N concentrations were chosen based on a preliminary experiment using Turface 

as a growing medium (data not shown) with 20 mM considered non-N limiting and 5 mM 

imposing a moderate N stress sufficient to reduce grain yield without affecting vegetative 

growth.  

Each fertilizer treatment was delivered on a separate, parallel, solenoid system with 

automatic fertilizer injectors (Superdos; Dosmatic U.S.A Inc.) and fertilizer solution was 
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delivered to the pot surface with a spray stick (Acu-Spray Stick; Jain Irrigation). The nutrient 

mixture, based on the recipe of Echarte et al. (2008), was made by dissolving into 80 L of 

distilled water: 0.329 L H3PO4 (750 g kg-1), 0.600 kg KHCO3, 0.320 kg Ca(NO3)2, 0.64 kg 

MgSO4 and 0.048 kg of chelated micronutrient mix (Plant Products Co, Brampton, ON). In the 

high N nutrient solution 1.125 kg NH4-NO3 was added, and in the low N nutrient solution, 0.165 

kg NH4-NO3. The mixture was diluted (20 times) during irrigation with distilled water. In 

addition to the nutrient mixture, distilled water irrigation was provided individually to each pot 

using an irrigation system that was parallel to the fertigation system described above. 

Volumetric water content was monitored via 30 soil moisture sensors (EC-5; Decagon 

Devices, Pullman, WA), with a minimum of 1 sensor in each treatment per replicate. All sensors 

were fitted with a custom calibration for use in Turface® and outputs were coupled with a 

moisture characteristic curve for Turface® calculated with the pressure plate technique (Premalal 

1997). Well-watered plants were irrigated to keep volumetric soil moisture between 35-40% 

(targeting -35 millibar), corresponding to a plant available water content between 80%-90% of 

maximum and (exactly as was done in the vegetative treatments). Pots in the water stress 

treatment imposed after silking were irrigated to keep volumetric soil moisture between 25-30% 

(targeting -500 millibar), equivalent to 57-68% of maximum plant available water content. These 

levels of water supply were selected based on a preliminary experiment, with the well-watered 

treatment considered non-limiting and the water stress treatment reducing biomass accumulation 

and grain yield. Throughout the experiment, fertigation and irrigation water combined never 

exceeded the water holding capacity of the pots except at silking when pots were being 

transitioned from vegetative to reproductive treatments. 
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Figure 4-1 Visual representation of treatment layout in a single replicate. In the four replicates with 15N 
tracers, 24 plants were used (8 harvested at silking and 16 harvested at maturity). In the two replicates 
without 15N added, 16 plants were used (8 harvested at silking and 8 harvested at maturity) due to a lack 
of space in the greenhouse. In total 128 plants were included in the experiment. 
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4.3.3 Treatment imposition and 15N labelling during vegetative and reproductive 
treatments 

Nineteen days after plant emergence (V4 growth stage) both high N (Nveg) and low N 

(nveg) were imposed under well-watered conditions. Each plant was monitored for the first 

appearance of silks. In each block eight plants were harvested at silking. Five days after silk 

appearance the remaining plants were irrigated with distilled water to remove residual N in the 

growing medium and placed into one of the four post-silking treatments that lasted until maturity 

(Figure 4-1). These treatments were: 1) high N, well-watered (NWrep), 2) low N, well-watered 

(nWrep), 3) high N, water stress (Nwrep), or 4) low N, water stress (nwrep). 

 In the four blocks receiving 15N, half of the plants harvested at maturity were labelled 

during vegetative growth and the other half labelled during reproductive growth. During 

vegetative growth, a total application of 40 mg of 15N was applied to label plants in both Nveg and 

nveg. Four times over a labelling period of 15 days, 10 mg of 15N was delivered in a syringe by 

dissolving 680 mg of K15NO3
- at 10% 15N abundance (purchased as 10% K15NO3

- from Sigma-

Aldrich; St. Louis, MO) in 100 mL of water. The daily irrigation regime ensured that the applied 

N infiltrated into the root zone. At each 15N application date, all plants not receiving 15N during 

vegetative growth were given the same amount of unlabeled KNO3
- in 100 mL of water to ensure 

equivalent amounts of water and KNO3
- were provided to all plants. Plants labelled during 

reproductive growth received 90 mg of 15N.  Nine times over a period of 24 days, beginning 8 

days after silking, 10 mg of 15N was delivered to the base of each plant in the same process used 

during vegetative labelling. Plants that were not being labelled during reproductive growth were 

provided with equivalent amounts of water and KNO3
- at each 15N application date to avoid 

confounding effects. In each reproductive treatment (NWrep, nWrep, Nwrep, nwrep), one plant was 
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labelled during vegetative growth and one plant was labelled during reproductive growth per 

block. 

4.3.4 Irrigating pots at silking to remove 15N applied during vegetative growth to 
improve estimates of N remobilization to the grain 

To improve estimates of pre-silking N remobilization to the grain, 15N was removed from 

each pot at silking by irrigating pots for 30 minutes at a flow rate of 18 L min-1 and allowing 

excess water to continually drain from the bottom holes of the pot. Two studies were conducted 

to test the efficacy of this procedure in leaching residual 15N and preventing post-silking 15N 

uptake. To test the leachability of Turface®, 2.25 g of N (in the form of dissolved KNO3
-) was 

added to eight 19-L pots filled with Turface MVP® without exceeding the water holding capacity 

of the pots. After resting for 1 day, pots were irrigated for 30 minutes or not at all (n=4) and 

residual N in the Turface growing medium was measured. Compared to the non-irrigated pots, 

Turface N content of the irrigated pots was 99% lower, indicating that most of the added N was 

leached away following the 30 minute irrigation (Appendix Table 1). As a second experiment, 40 

mg of 15N was delivered via syringe to four 19-L pots filled with Turface MVP® by dissolving 

2.25 g of K15NO3
- at 10% 15N abundance in 400 mL of water. After 3 days, pots were irrigated 

for 30 minutes each (flow rate = 18 L min-1). Each pot was immediately sown with a hybrid 

maize seed DKC39-97 (Dekalb (Monsanto); Winnipeg, MB) and grown until V13 in non-stress 

(high N and well-watered) conditions. At V13 the whole plant was harvested, ground and the 

Delta-15N (δ15N ‰) was determined to see if enrichment of plant tissue above natural abundance 

occurred. The δ15N ‰ is a measure of the level of 15N enrichment or depletion in a sample 

relative to natural abundance, with δ15N equal to zero at the international isotope standard of 

atmospheric N2 (0.3663% 15N) (Mariotti et al. 1981). The δ15N (‰) of these plants varied from -
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1.59 to -3.88 (0.3649% to 0.3657%% 15N), indicating that the isotopic ratio was slightly below 

natural abundance and no excess 15N uptake occurred after the irrigation procedure (Appendix 

Table 2).  

4.3.5 Measurements 

At silking four plants in Nveg and four plants in nveg were harvested.  Plant roots were first 

rinsed in distilled water and plants were dissected into 4 organ groups: leaves, stalk, roots and 

reproductive organs (cob, silks, tassel and husk). Leaf area was measured for each harvested 

plant by passing leaves through a leaf area meter (LI-3100c, LI-COR, Lincoln, NE). On a subset 

of leaves, leaf length and width at the widest point was also measured with a ruler prior to the 

leaf area meter measurement, and then later dried in an oven at 80oC for 48 hours and weighed 

individually. These measurements were used to parameterize two regressions, one regressing leaf 

height and width (as measured by a ruler) to leaf area (cm2), and another regressing leaf area 

(cm2) to leaf weight (described in the appendix materials for chapter 3). These regressions were 

used to calculate leaf area during grain-fill (described later). Potential kernel number was 

measured following Tollenaar and Echarte (2006), with spikelets as the tip of the cob, where 

kernel rows became non-uniform, not counted. All plant parts were dried at 80oC in an oven for 

48 hours and weighed. On half of the harvested plants, the organs (leaves, stalk, roots, 

reproductive organs) were ground into a homogenous powder, and a 10-g subsample was used to 

determine total N content using dry combustion (Dumas method).  

Leaf carbon exchange rate (CER) was measured with a LI-6400XT (LI-COR, Lincoln, 

NE) at 2000 µmol m-2 s-1 photosynthetic photon flux density at the leaf surface, maintaining a 

CO2 concentration of 350 ppm and a leaf temperature of 30oC within the sample chamber. 
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Measurements were taken on three leaves per plant: i) the second leaf below the ear leaf, ii) the 

ear leaf and iii) the second leaf above the ear leaf. Leaf CER was measured at mid-day, in a 6 

cm2 area near the middle of the leaf that did not include the midrib. Measurements were made 3 

times during the experiment: i) at the beginning of silking, before the imposition of the 

reproductive treatments, ii) 21 days after silking, iii) 34 days after silking. 

Leaf area was measured non-destructively at tasseling on all plants, by which time leaf 

emergence was complete. Length and width (at the widest point) of each individual leaf was 

measured with a ruler. Results from the destructive harvest at silking enabled ruler-based 

measurements of leaf length and width to be converted to leaf area. Leaf senescence during 

reproductive growth was measured 1, 2 and 3 weeks after silking. Fully senesced leaves or parts 

of leaves which were senesced, identified visually as lacking green colour, and by touch as being 

brittle, were cut off from green areas using scissors following Wolfe et al. (1988). Senesced 

leaves or leaf fragments were dried for 48 hours at 80oC and then weighed. Leaf area (cm2) was 

estimated based on dried leaf weight (g) using a regression parameterized using leaf data 

collected at silking (described in Appendix Information).  

At physiological maturity all plants were harvested. Roots were washed immediately in 

distilled water, and all plants were dissected and organs placed into 5 groups: green leaves (or 

parts of green leaves), senesced leaves (or parts of senesced leaves), stalk, roots, grain, and non-

grain reproductive organs (cob, husk and tassel). Plant parts were then dried at 80oC in an oven 

for 48 hours and weighed. Kernel number was determined in a computerized seed counter (ESC-

1; Agriculex, Guelph, ON) which allowed for average kernel weight to be calculated. Plant 

samples were analyzed for N concentration and 15N/14N ratio by dry combustion in an elemental 
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analyzer (CHNS-O 1108; Carlo Erba, Italy) coupled to a continuous-flow stable isotope ratio 

mass spectrometer (DeltaplusXL; Thermo Finnigan, Germany) at the University of Waterloo 

Environmental Isotopes Laboratory in Waterloo, Canada. 

4.3.6 15N Calculations 

Calculations of N uptake, remobilization and partitioning were based on Papanov and 

Engels (2005), Gallais et al. (2006, 2007) and Ning et al. (2017). They were made assuming: 1) 

no isotopic discrimination between 14N and 15N within the maize plant, 2) no isotopic 

discrimination in reactions involved in N metabolism, 3) no N losses from the plant, and 4) that 

15N was uniformly distributed in the growing medium surrounding the roots (Gallais et al. 2006; 

2007). Field-based studies of 15N are typically concerned with quantifying 15N recovery in maize 

biomass and other pathways of 15N fluxes in the field, such as environmental losses (e.g. Portela 

et al. 2006; O’Brien et al. 2012; de Oliveira Silva 2017). This study was focused on the 

partitioning of 15N derived from fertilizer across maize organs (i.e. once assimilated into the 

plant). 15N occurs naturally in maize tissue at approximately natural abundance (0.3663% 15N), 

and 15N accumulating in excess of this amount in a plant organ is assumed to come from 15N 

fertilizer. Total plant 15N derived from fertilizer could be calculated and the sum of 15N in each 

plant organ.  Because all plants labelled with 15N during vegetative growth were irrigated for 30 

minutes at silking, it was assumed that that no residual 15N applied during vegetative growth was 

taken up after silking. The equations used in 15N calculations of N remobilization normally use a 

correction factor to account for this residual post-silking 15N uptake (e.g. Ning et al. 2017), but 

no correction factors are used here. In this study, the natural abundance of unlabeled maize 
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grown in the greenhouse was determined empirically (n=5) and a value close to the international 

standard of atmospheric N2 was used (range: 0.3733 ± 0.0031 %15N). 

4.3.6.1 Calculation of vegetative N partitioning and remobilization at maturity 

For every plant part sampled (e.g. roots, stalk, leaves), the amount of 15N derived from 

labelled fertilizer (i.e. the amount of 15N in excess over natural abundance), was calculated as: 

𝑞(𝑥) = (𝐴(𝑥) −  𝐴𝑂(𝑥)) ×  𝑄𝑥  [Eqn. 1] 

Where q(x) equals the amount of 15N derived from labelled fertilizer (i.e.15N% excess for part x), 

A(x) equals 15N abundance for organ x, AO equals 0.3733% 15N (i.e. natural abundance of 15N in 

maize for this experiment) and Qx is the total N content of part x.  

For plants labelled prior to silking, the amount of 15N excess found in the grain q(grain) 

was assumed to come from 15N excess originating from pre-silking N uptake of labelled fertilizer 

that was then remobilized. The percent of pre-silking N remobilized (rem%) is thus equal to: 

𝑟𝑒𝑚% =  
𝑞(𝑔𝑟𝑎𝑖𝑛)

𝑞(𝑤𝑝𝑚)
  × 100       [Eqn. 2] 

Where qgrain is the amount of 15N excess in the grain, and q(wpm) is the amount of 15N excess in the 

whole plant at maturity. Consequently, the amount of pre-silking N remobilized to the grain at 

maturity (Qrem(grain)) is equal to: 

𝑄𝑟𝑒𝑚(𝑔𝑟𝑎𝑖𝑛) =  𝑄(𝑤𝑝𝑠)  × 𝑟𝑒𝑚%     [Eqn. 3] 
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Where Q (wps) is equal to the total N content of the whole plant at silking. The percentage of grain 

N derived from remobilization (Grainrem) is equal to: 

𝐺𝑟𝑎𝑖𝑛𝑟𝑒𝑚 =  
𝑄𝑟𝑒𝑚(𝑔𝑟𝑎𝑖𝑛)

𝑄(𝑔𝑟𝑎𝑖𝑛)
 × 100 [Eqn. 4] 

Where Q(grain) is the N content of the grain.  

4.3.6.2 Calculations of post-silking N uptake and partitioning 

For plants labelled during reproductive growth, the percentage of post-silking N uptake 

partitioned to the grain (Post%(grain)) is equal to: 

𝑃𝑜𝑠𝑡%(𝑔𝑟𝑎𝑖𝑛) =  
𝑞(𝑔𝑟𝑎𝑖𝑛)

𝑞(𝑤𝑝𝑚)
  × 100   [Eqn. 5] 

It follows that the total amount of grain N originating from post-silking N uptake (Qpost(grain)) is 

equal too: 

𝑄𝑝𝑜𝑠𝑡(𝑔𝑟𝑎𝑖𝑛) = ( 𝑄(𝑤𝑝𝑚) −  𝑄(𝑤𝑝𝑠)) × 𝑃𝑜𝑠𝑡%(𝑔𝑟𝑎𝑖𝑛)  [Eqn. 6] 

Note that equations 5 and 6 are generalizable to any plant organ. Q(wps) was the average N uptake 

for either vegetative treatments (Nveg and nveg) (n = 12). Q(wpm) was measured individually for 

each plant. For plants labelled during reproductive growth, the percent of grain N derived from 

remobilization (Grainrem): 

𝐺𝑟𝑎𝑖𝑛𝑟𝑒𝑚 = (1 −
𝑄𝑝𝑜𝑠𝑡(𝑔𝑟𝑎𝑖𝑛)

𝑄(𝑔𝑟𝑎𝑖𝑛)
)  × 100 [Eqn. 7] 



 

 

77 

 

4.3.7 Statistical Analysis 

 

All statistical analyses were performed in R v.3.5.0 (R Core Development Team; Vienna, 

Austria) using a mixed effects model (lme function; nlme R package) with vegetative and 

reproductive treatments as fixed factors; random factors were replicate and greenhouse. The 

experiment was set up as a nested factor design (Eqn. 8), with eight treatments in total (4 

reproductive treatments nested within the 2 vegetative treatments), and all statistical analyses 

were computed with reproductive treatments nested within vegetative treatments via the lsmeans 

function (lsmeans R package). Proportional data was analyzed using a beta regression 

(glmmTMB function; R package glmmTMB) and count data using a poisson regression (glmer 

function ;R package lme4). Green leaf area per plant during grain-fill was analyzed with a 

repeated measures ANOVA (lmer function; lme4 R package). Multiple means comparisons were 

performed with a Tukey’s test. For all statistical tests conducted, the type I error rate was set at 

0.05. After fitting, all models were assessed for normally distributed residuals and homogenous 

error variance across factor levels; when residual non-normality or heterogeneity among factor 

levels was apparent the model covariance structure was adjusted to a heterogenous error model.  

𝑌𝑖𝑗𝑘𝑙 = 𝜇 +  𝛽𝑖 +   𝛽𝑗(𝑖) +  𝛼𝑘 +  𝛼𝑙(𝑘) + 𝜀𝑖𝑗𝑘𝑙  [Eqn. 8] 

Where µ is the overall mean, ßi is the fixed effect of the vegetative treatment i, ßj(i) is the fixed 

effect of the reproductive treatment j nested within vegetative treatment i, αk is the random effect 

of greenhouse k, αl(k) is the random effect of block l within greenhouse k and εijkl is the random 

error. 
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4.4 Results 

4.4.1 At silking the vegetative treatments put plants on different reproductive 
trajectories 

At silking total biomass and leaf area were statistically similar across nveg and Nveg, 

although N content was higher in Nveg (Table 4-1). This indicates that luxury N accumulation 

during vegetative growth occurred in the Nveg treatments. This pre-silking luxury N accumulated 

primarily in the stalk and leaves (Figure 4-2). There was no difference in pollination parameters 

such as anthesis date or anthesis-silking interval (ASI) (data not shown). Nveg had a higher 

spikelet count compared to nveg (805 vs 656 spikelets plant-1) indicating that the higher N uptake 

in Nveg stimulated greater ovule formation (Table 4-1). Leaf CER was the same across Nveg and 

nveg treatments (mean = 24.2 µmol m2 s1) on all of the 3 sampled leaf positions (Appendix Figure 

1). 
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Figure 4-2 Plant N content at silking partitioned across vegetative organ in the vegetative 
treatments (mean ± S.E.). Different letters indicate significant differences in organ N 
content across the high N (Nveg) and low N (nveg) vegetative treatments at p < 0.05 

(n=6) 
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Table 4-1 Plant parameters (mean ± S.E.) at silking across the High N (Nveg) and Low N (nveg) treatments. Means within a column for each 
parameter followed by different letters (a–b) are significantly different at p <0.05 (n = 6). 

Vegetative 

Treatment 
Biomass (g plant-1) Leaf area (cm2 plant-1) 

Spikelet count                              

(spikelet plant-1) 
N uptake (g N plant-1) 

Nveg 176.8 ± 12.1 a 3538 ± 157 a 805 ± 25 b 2.76 ± 0.30 b 

nveg 156.4 ± 8.4 a 3231 ± 112 a 656 ± 21 a 1.61 ± 0.19 a 
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4.4.2 Yield, yield components and grain N sources under reproductive water 
and/or N stress  

Relative to well-watered and high N supply conditions (NWrep), the nwrep and Nwrep 

reduced yields in Nveg. However under N stress only (nWrep), yield was unaffected relative to 

NWrep (Table 4-2). Post-silking water and/or N stress increased the percent of grain N derived 

from remobilization in the Nveg treatment, from 61.9% under NWrep to an average of 85.9% in 

the reproductive stress treatments (nWrep, Nwrep and nwrep) (Table 4-2). The average amount of N 

remobilized to the grain under post-silking stress was 1.58 g N plant-1 (Table 4-2).  

In the nveg treatment, post-silking N and/or water stress (nWrep, Nwrep and nwrep) also 

reduced grain yields. However, when transitioned into high N and water supply (NWrep) nveg 

maize was able to recover and no difference in grain yield was found between Nveg and nveg 

(Table 4-2). N remobilization was enhanced under post-silking N and/or water stress, increasing 

from 45.4% in NWrep to 65.8% under post-silking N and/or water stress. Without a reserve of 

luxury N, the amount of N remobilized to the grain in nveg under post-silking stress was 0.77 g N 

plant-1, significantly lower than the amount of N remobilized in Nveg, but as a proportion of total 

pre-silking N, was slightly greater (62.5% vs. 55.6%) (Appendix Figure 2).  

Most importantly. under post-silking N and water stress (but not in NWrep), yield was and 

consistently higher in Nveg relative to nveg (Table 4-2), indicating that the N reserve buffered 

yield against N and/or water stress. However, under adequate N and water supply (NWrep), the N 

reserve did not offer any benefit in terms of yield.  The yield components driving the differences 

in grain yield between Nveg and nveg under post-silking stress was kernel number, not kernel 

weight (Table 4-2).
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Table 4-2 Effect of the vegetative treatments (Nveg and nveg) on grain and N uptake parameters (mean ± s.e) across all four reproductive 
treatments (NWrep, nWrep, Nwrep, nwrep) at maturity. Within reproductive treatments, vegetative treatment means for each parameter followed by 
different letters (a–b) are significantly different at p <0.05 (n = 6 for grain yield and yield components; n=4 for all other measurements). Vegetative 
treatments means are always compared within reproductive treatments. 

Reproductive 

Treatments 

Vegetative 

Treatments 
Grain yield (g plant-1) 

Kernel 

number per 

plant 

  

Kernel weight                         

(mg kernel-1) 

  

Proportion of 

grain N derived 

from N 

remobilization 

(%) 

Grams of pre-

silking N 

remobilized to 

the grain                     

(g N plant-1) 

Total biomass at 

maturity                

(g plant-1) 

High N + Well 

watered (NWrep) 

Nveg 133.0 ± 8.9 a 575 ± 30 a 231.2 ± 7.7 a 61.9 ± 8.6 a 1.59 ± 0.24 b 277.2 ± 15.7 a 

nveg 129.7 ± 12.9 a 532 ± 54 a 247.0 ± 12.1 a 45.4 ± 4.0 a 0.91 ± 0.11 a 
291.6 ± 14.2 a 

Low N + Well 

watered (nWrep) 

Nveg 139.2 ± 5.5 b 615 ± 17 b 226.0 ± 5.4 a 82.0 ± 5.4 b 1.67 ± 0.08 b 
281.8 ± 12.3 b 

nveg 107.4 ± 8.9 a 512 ± 49 a 214.5 ± 7.5 a 64.0 ± 8.0 a 0.82 ± 0.11 a 
224.6 ± 18.8 a 

High N + Water 

Stress (Nwrep) 

Nveg 107.5 ± 6.3 b 548 ± 18 b 194.4 ± 11.9 a 87.2 ± 4.7 b 1.63 ± 0.08 b 229.5 ± 15.3 a 

nveg 78.1 ± 9.2 a 401 ± 51 a 203.4 ± 6.3 a 72.1 ± 3.4 a 0.77 ± .11 a 
213.1 ± 12.4 a 

Low N + Water 

Stress (nwrep) 

Nveg 91.3 ± 6.4 b 500 ± 43 b 192.7 ± 15.7 a 88.2 ± 2.9 b 1.42 ± 0.07 b 222.8 ± 9.9 b 

nveg 66.6 ± 4.9 a 371 ± 30 a 182.6 ± 9.2 a 61.2 ± 10 a 0.59 ± 0.12 a 
169.9 ± 11.7 a 
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4.4.3 Post-Silking N uptake and partitioning among plant organs across 
vegetative and reproductive treatments 

As expected, post-silking N and/or water stress treatments reduced post-silking N uptake 

relative to NWrep in both vegetative treatments (Table 4-3). Post-silking N uptake was similar for 

Nveg and nveg in all four reproductive treatments (Table 4-3), but the allocation of post-silking N 

across plant organs was different. Notably, under low N supply (nWrep and nwrep) nveg plants 

partitioned more post-silking N to the grain relative to Nveg (79.4% vs. 31.8%) (Table 4-3). Aside 

from the grain, by maturity the stalk was a major sink for post-silking N in Nveg, accounting for 

23.8% of post-silking N uptake (Table 4-3). Under nveg, the stalk was a much smaller sink for 

post-silking N except when adequate N and water supply was provisioned (NWrep). The roots 

were also a major sink of post-silking N, especially under water stress. Under water stress (Nwrep 

and nwrep) plants in Nveg partitioned more post-silking N to the roots relative to nveg (46.3% vs. 

26.7%), and overall results indicate that under post-silking water stress the roots are a major sink 

for post-silking N. The cob and leaves (both senesced leaves and green leaves) each accounted 

for less than 5% of post-silking N in all treatments, except for nveg-NWrep. In nveg-NWrep post-

silking N accumulated in the cob and leaves to a much greater extent (Table 4-3).   
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Table 4-3 Effect of the vegetative treatments (Nveg and n veg) on post-silking N uptake and partitioning of post-silking N uptake across all four 
reproductive treatments (NWrep, nWrep, Nwrep, nwrep) at maturity. Within reproductive treatments, vegetative treatment means for each parameter 
followed by different letters (a–b) are significantly different at p <0.05 (n = 6 for post-silking biomass accumulation; n=4 for all other 
measurements). Vegetative treatments means are always compared within reproductive treatments. 

Reproductive 

Treatments 

Vegetative 

Treatments 

Post-silking N 

uptake                                

(g N plant-1) 

Proportion of 

reproductive 

N allocated to 

the grain (%) 

Proportion 

of 

reproductive 

N allocated 

to the 

cob/husk 

(%) 

Proportion of 

reproductive 

N allocated to 

the stalk (%) 

Proportion of 

reproductive 

N allocated to 

the roots (%) 

Proportion 

of 

reproductive 

N allocated 

to green 

leaves (%) 

Proportion of 

reproductive N 

allocated to 

senesced leaves 

(%) 

High N + Well 

Watered (NWrep) 

Nveg 1.35 ± 0.23 a 64.6 ± 5.8 b 1.7 ± 0.4 a 20.3 ± 4.8 a 11.5 ± 2.1 a 0.3 ± 0.1 a 2.1 ± 0.1 a 

nveg 1.75 ± 0.31 a 32.7 ± 9.2 a 14.3 ± 6.3 b 30.9 ± 6.7 a 14.7 ± 2.9 a 5.1 ± 2.2 b 2.2 ± 0.4 a 

Low N + Well 

Watered (nWrep) 

Nveg 0.58 ± 0.15 a 69.0 ± 4.0 a 1.8 ± 0.3 a 19.1 ± 3.4 b 7.1 ± 1.4 a 1.5 ± 0.9 a 1.5 ± 0.4 a 

nveg 0.50 ± 0.15 a 86.4 ± 2.9 b 3.0 ± 0.3 a 4.6 ± 1.0 a 4.0 ± 2.1 a 0.6 ± 0.6 a 1.5 ± 0.3 a 

High N + Water 

Stress (Nwrep) 

Nveg 0.61 ± 0.26 a 25.6 ± 4.0 a 1.7 ± 0.2 a 35.7 ± 6.8 b 33.9 ± 6.3 a 1.9 ± 1.2 a 1.2 ± 0.9 a 

nveg 0.69 ± 0.14 a 30.4 ± 2.9 a 9.3 ± 4.0 b 19.8 ± 8.2 a 37.3 ± 1.4 b 2.5 ± 1.8 a 0.6 ± 0.2 a 

Low N + Water 

Stress (nwrep) 

Nveg 0.67 ± 0.12 a 17.0 ± 3.9 a 2.4 ± 0.9 a 20.3 ± 4.5 b 58.9 ± 5.8 b 0.7 ± 0.5 a 0.7 ± 0.4 a 

nveg 0.58 ± 0.07 a 72.4 ± 14.0 b 2.6 ± 0.5 a 5.6 ± 0.3 a 16.1 ± 6.9 a 2.7 ± 0.9 a 0.9 ± 0.5 a 
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4.4.4 Leaf area and leaf CER during reproductive growth 

During early and mid grain-fill, from 0 to 23 days after silking (DAS)2, leaf area was 

better maintained in Nveg compared to nveg (Figure 4-3). This difference was statistically 

significant under post-silking N stress (nWrep and nwrep), indicating that the reserve of luxury 

pre-silking N could buffer leaf function under N stress, though this effect was not significant 

under post-silking water stress (Figure 4-3).  Leaf CER was also statistically similar across Nveg 

and nveg at mid grain-fill (21 DAS) and late grain-fill (34 DAS) on all three leaf positions (Figure 

4-4). Thus, despite plants in the Nveg treatment remobilizing more than twice as much vegetative 

N during grain-fill, neither leaf area nor leaf CER was negatively affected compared to nveg 

during early and mid grain-fill. By maturity total biomass was greater in Nveg when post-silking 

N stress occurred (Table 4-2). This suggests that the improvements in green leaf area observed in 

Nveg under post-silking N stress translated into greater post-silking assimilate production and 

biomass accumulation. 

 

                                            

2 Harvest occurred 39 DAS (Oct 1) 
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Figure 4-3 Green leaf area from silking to mid grain-filling in both vegetative treatments within all four 
reproductive treatments (mean ± S.E.). Repeated measures analysis indicates that the rate of green leaf 
area decline was significantly lower in Nveg compared to nveg in the nWrep and nwrep treatments at p < 0.05 
(n=6). No significant differences were found in the rate of leaf area decline between Nveg and nveg in the 
NWrep and Nwrep treatments at p < 0.05 (n=6) 
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Figure 4-4 Leaf CER measured at mid grain-fill (21 days after silking) and late grain-fill (34 days after 
silking) on the 2nd leaf below the ear (A,D), the ear leaf (B,E) and the 2nd leaf above the ear (C,F) (mean 
± S.E.). Vegetative treatment means nested within reproductive treatments were statistically similar at 
both dates and at all 3 leaf positions at p < 0.05 (n=6). 
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4.5 Discussion 

This study reveals the mechanisms by which luxury N uptake accumulated before silking 

can buffer yield against N and/or water stresses experienced during reproductive growth. Under 

adequate N and water supply imposed 5 days after silking (NWrep), kernel number and yield 

were similar between Nveg and nveg indicating that luxury N does not benefit yield in non-stress 

conditions. But under N or water stress that reduced post-silking N uptake, kernel number and 

yield were always significantly higher in the Nveg compared to nveg treatments. At the same time, 

plants in Nveg remobilized more pre-silking N to the grain under post-silking stress (1.57 g N 

plant-1 vs. 0.77 g N plant-1) and remobilized N comprised an increasingly larger fraction of grain 

N compared to nveg (86% vs. 60%; Table 4-2). Notably, pre-silking luxury N uptake was 

associated with greater maintenance of green leaf area during early and mid grain-fill under post-

silking N stress (Figure 4-3), and no reduction in leaf CER or post-silking N uptake was 

observed (Table 4-3). These data suggest that vegetative N reserves accumulated in the Nveg 

plants buffered yield by preventing kernel abortion due to: i) greater N remobilization, ii) 

enhanced assimilate production during grain-fill.   

Kernel number is particularly sensitive to N stress during the first ~20 days after silking 

(Below 1997; Monneveax et al. 2005), when about 25% of total grain N is accumulated (Ning et 

al. 2017). Reductions in N uptake during this phase result in kernel abortion and ultimately 

losses in yield (Jacobs and Pearson 1991; Uhart and Andrade 1995). The sensitivity of kernel 

number to N stress during the period immediately following silking arises from the tight link 

between grain C and N demand (Below et al. 2000; Ning et al. 2017), and the link between N 

and C supply to the grain. Investigating the reasons for decreased yield in N deficient plants, 
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Ning et al. (2018) found that from silking to 20 days after silking, N deficiency reduced the 

ability of developing kernels to utilize C, leading to feedback inhibition of photosynthesis (starch 

accumulation in the ear leaf). During vegetative growth, the stalk serves as an N sink, and is 

relied on heavily as a source of remobilized N (Cliquet et al. 1990; Chen et al. 2015 Yang et al. 

2016), particularly during the first week or two after silking (Crawford et al. 1982; Ta and 

Weiland 1992; Ning et al. 2017). In this experiment, biomass, leaf area and leaf CER at silking 

were similar across vegetative treatments, suggesting assimilate production was similar in N veg 

and nveg (Table 4-1). Because the N and/or water stress treatments were imposed 5 days after 

silking, it is reasonable to believe that in the Nveg treatment, the reserve of stalk N was 

remobilized to the grain, preventing abortion of pollinated kernels after silking and improving 

kernel utilization of photoassimilates. In NWrep, when post-silking N uptake was high, final 

kernel number was similar in N veg and nveg, indicating that this reserve was not required when 

post-silking N supply was adequate. A more rigorous challenge to this theory using time-course 

experiments is needed.  

Importantly, the much larger amount of pre-silking N remobilized in the Nveg treatment did 

not impinge on physiological processes related to yield.  Green leaf area in Nveg from early to 

mid grain-fill was equal to or higher compared to nveg, which led to greater biomass 

accumulation in the Nveg treatments under post-silking N stress. Both leaf CER and post-silking 

N uptake were similar across Nveg and nveg treatments, indicating that much greater rates of N 

remobilization were maintained in Nveg without the typically observed reduction in leaf function 

or post-silking N uptake that typically occurs when N remobilization is enhanced by N stress. 

Mean kernel weight was reduced under combined water/N stress (nwrep) relative to NWrep (231 
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mg kernel-1 vs. 182 mg kernel-1; Table 4-2). Because kernel weight reductions occur when post-

silking source-sink ratio declines (Borrás and Gambin 2010; Hisse et al. 2019), it appears that 

Nveg was unable to completely prevent deterioration in the source-sink ratio during grain-fill 

under combined post-silking N and water stress. 

  Although in this experiment luxury N uptake was found to buffer yield under prolonged 

N and/or water stress experienced 5 days after silking, the luxury N reserve may not be as 

effective in terms of buffering yield if water stress disrupts kernel set. For example, Schussler 

and Westgate (1994) found that plants with greater N reserves had similar levels of kernel 

abortion during a 2-day water stress imposed at pollination. In a companion experiment 

(unpublished), it was observed that when kernel set was reduced due to vegetative water stress, 

luxury N uptake did not protect against yield loss. 

Several authors have noted the antagonistic relationship between the remobilization of N 

accumulated during vegetative growth and post-silking N uptake (Gallais et al. 2007; Ciampitti 

and Vyn 2013). Mechanistically, this trade-off is thought to be a function of competition for N 

and assimilates between the grain and the roots (Triboi and Triboi-Blondel 2002). Root system 

function declines after silking as deposition of N and carbohydrates in kernels reduces assimilate 

supply to the roots, and enhances N remobilization from the roots (Liedgens et al. 2000; Osaki 

1995; Yu et al. 2014). This intra-plant competition for assimilates is enhanced by N 

remobilization from leaves, which reduces both overall assimilate production overall and 

assimilate allocation to roots (Pan et al. 1995; Rajcan and Tollenaar 1999). In this experiment 

while N remobilization was twice as high in Nveg compared to nveg, there was no difference in 

post-silking N uptake. This may be because, in Nveg, green leaf area was preserved despite much 
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greater N remobilization. In a recent meta-analysis conducted by Mueller and Vyn (2016), there 

was surprisingly no evidence of a trade-off between remobilized and post-silking N. The authors 

speculated that this finding was due to the prevalence of studies in their dataset which used stay-

green hybrids, known to maintain green leaf area by reducing leaf N remobilization in the face of 

strong grain N demand (Antonietta et al. 2014). Our findings provide support for the assertion 

that if a sufficiently sized reserve of pre-silking N is available, N remobilization that would 

otherwise reduce source strength is avoided. Kosgey et al. (2013) also speculated that utilization 

of stalk N in maize can delay leaf senescence during reproductive growth.  

Luxury N reserves accumulated pre-silking appear to resolve the ‘yield dilemma’ in 

maize by allowing N remobilization to proceed without undue reductions in source strength, 

uncoupling N remobilization from reductions in post-silking N uptake. It was also observed that 

under post-silking N stress, Nveg plants partitioned a greater fraction of N uptake to vegetative 

organs, which may have helped preserve organ function despite large amounts of N 

remobilization.  Leaf senescence was always enhanced by post-silking water stress, irrespective 

of N supply, similar to the findings of Wolfe et al. (1988). But in conditions where water stress 

occurs concomitantly with N stress, it appears that accumulating a reserve of vegetative N can 

reduce the magnitude of the negative effect of water stress on leaf senescence.  

 Both newly acquired N and previously acquired N are constantly cycling within the 

maize plant as proteins turn over (Gallais et al. 2006). Yet in this experiment, partitioning of 

post-silking N was measured only at maturity, reflecting the final destination of N at the end of 

the plant life cycle. This experiment found that at maturity the leaves were very weak sinks for 

post-silking N, while stalks and roots were strong post-silking N sinks. However 15N partitioning 
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measured at maturity does not necessarily reflect the organs into which post-silking N was 

previously incorporated. de Oliveira Silva (2017) measured post-silking N uptake at discreet 

time periods from silking to maturity. They identified much greater allocation of post-silking N 

to leaves (25-42%) during early and mid grain-fill, and that post-silking N allocation to leaves 

declined under N stress. In another 15N time-course study, Ta and Weiland (1992) found that 

while stalk N decreases from V14 to ~30 days after silking as it is remobilized to the ear, during 

the latter half of grain-fill stalk N content increases. The finding reported here, highlighting the 

role which stalk and roots serve as a major sink of post-silking N, is likely an artifact of the 

single sampling time at maturity and does not reflect N allocation in-season. Time-course 

measurements of post-silking N uptake are required to assess which organs post-silking N is 

assimilated into during grain-fill.  It is, however, striking that vegetative organs such as the stalk 

and roots can be major sinks of post-silking N at maturity, and that under certain conditions, only 

a relatively small fraction of post-silking N uptake is partitioned to the grain. 

The high N, low N, well-watered and water stress treatments were based on pre-

experiments done in preparation for the present study. The Nveg-NWrep treatment was considered 

non-limiting, in the sense that N and water supply was not expected to limit yield.  The nveg 

treatment (5 mM) was selected because it could achieve similar biomass and leaf area at silking 

compared to 20 mM, but 20 mM generated much greater N uptake. This indicates that the N 

limitation at 5 mM was relatively mild, but sufficient to reduce grain yield (Table 4-2). While 

several researchers have imposed N stress by withholding fertilizer N completely (e.g. Subedi 

and Ma 2005), the growing medium those experiments contained a proportion of field soil that 

could provide N for plant uptake via mineralization. Turface does not provide any N for plant 
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uptake (Goron et al. 2015). The level of water stress was chosen to be severe enough to reduce 

yield relative to well-watered plants without provoking terminal drought. Relative to Nveg-NWrep 

the data indicates that the water stress in Nwrep and nwrep (plant available water between 57-68%) 

was sufficient to reduce yield (Table 4-2). 

Surprisingly, spikelet count at silking was affected by the vegetative N treatments (Table 

4-1). Most research suggests that only severe N stress can reduce spikelet establishment at 

silking (Lemcoff and Loomis 1986, 1994; DeBruin et al. 2018). A potential explanation for these 

results is that in the nveg treatment spikelets were either smaller, or kernel rows were less uniform 

towards the tip of the ear. Small spikelets, and uneven spikelet rows would have reduced the 

number of spikelets counted at silking. However, most studies conclude that spikelet number is 

not generally a major determinant of final kernel number given that more ovules are produced 

than survive to maturity even in non-stress conditions (Tollenaar 1977; Vega et al. 2001; Yan et 

al. 2018; DeBruin et al. 2018). In this experiment, final kernel number was always much less 

than spikelet number at silking. In the NWrep treatment, final kernel number was 71% of 

spikelets in Nveg and 81% of spikelets in nveg. The magnitude of kernel number reductions under 

adequate N and water supply (NWrep) suggests that spikelet number at silking was not a major 

determinant of final kernel number, since yield was the same in the NWrep treatment.  

 Field studies find that in the absence of severe stress, N remobilization comprises 

between 35-65% of grain N (Ta and Weiland 1992; Gallais et al. 2007; Ciampitti and Vyn 2012; 

de Oliveira Silva 2017). Under severe stress, however, this proportion shifts considerably. In 

NWrep, N remobilization comprised 53% of grain N, a value in line with other studies. But under 

any post-silking N and/or water stress, N remobilization comprised a much greater proportion of 
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grain N (75%), particularly in Nveg plants with a reserve of luxury N accumulated prior to 

silking. This latter finding is in line with those of other studies which imposed severe post-

silking N stress. In a greenhouse study, when N was completely withheld after silking, 100% of 

grain N was derived from remobilized N (Friedrich and Schrader 1979). In the field under less 

contrived conditions, Ta and Weiland (1992) also found that N stress increases the proportion of 

grain N derived from N remobilization; in one hybrid remobilized N comprised 70% of grain N. 

N remobilization is strongly related to the strength of the grain sink (Ciampitti and Vyn 2013). 

While N remobilization is enhanced under N stress, N stress that decreases sink strength would 

presumably counteract this effect; this may occur in studies which impose N stress throughout 

the plant lifecycle. In the present study, N stress was imposed 5 days after silking, and the high 

sink strength in Nveg may have stimulated greater N remobilization. Another explanation for the 

greater N remobilization observed in this study is amount of pre-silking N uptake in the Nveg 

treatment. In the greenhouse, maize can take up substantial amounts of N if large quantities are 

provided (e.g. Subedi and Ma 2005); pre-silking N uptake in Nveg may be greater than what is 

typically achieved in field conditions.  

 This study overcame a major complication associated with using 15N isotope tracers to 

quantify N remobilization. By growing plants in calcined clay, it was possible to leach 15N-

KNO3
- using irrigation, allowing for 15N applied during vegetative growth to be removed quickly 

and prior to reproductive growth. Our findings show that this method eliminates 15N-KNO3
- in 

the pots and hence the chance that 15N will be taken up outside of the intended labelling period. 

This method can be useful in other 15N approaches and pulse-chase experiments, particularly in 
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those circumstances when hydroponic experiments are not suitable, such as when imposing 

drought stress or otherwise trying to better replicate field conditions.  

While extending results from a greenhouse study in contrived conditions to the field can 

only be done with great caution, the results of this experiment have, at least in theory, 

implications for N fertilizer use in maize. Contemporary approaches to N fertilizer management 

are based on increasing the synchrony between crop N demand and N supply (Cassman et al. 

2002; Chen et al. 2011). Maize N demand is typically conceptualized as a function of biomass 

accumulation rates, and so once crop growth rates are known, one can apply precisely the 

amount of N required to maintain that crop growth (Cassman et al. 2002; Sadras and Lemaire 

2014). The results of this study point to limitations in N fertilizer management strategies that 

either conceptualize maize N demand as a function of crop growth rates or take point estimates 

of crop N sufficiency/deficiency at vegetative stages of development (e.g. remotely sensed 

canopy reflectance; Pfeffer et al. 2010), since the potential importance of excessive or luxury N 

uptake in the face of future N stress cannot be accounted for. Measures of crop N uptake at 

silking based on a sufficiency index or canopy LAI and leaf N content (Sadras and Lemaire 

2014), may be helpful in assessing luxury N uptake in maize. Validation of these conclusions 

requires further exploration under field conditions, since it is unclear how results from this 

greenhouse experiment translate to production settings where maize is grown. However, at least 

at the level of the individual maize plant, this study demonstrates that luxury N accumulated 

prior to silking buffers yield under post-silking N and/or water stress.  
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5 Which plant traits are most strongly related to post-silking 
nitrogen uptake in maize under water and/or nitrogen 
stress? 
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5.1 Abstract 

The impact of grain yield on post-silking N uptake (PostN) in maize has been a major 

focus of previous studies, although results are mixed as to the direction and magnitude of the 

relationship between these two variables. The objective of this study was to understand how 

grain yield and other plant traits interact with exogenous N and water availability to regulate 

post-silking nitrogen uptake (PostN) in maize. In a greenhouse experiment, maize was subjected 

to high or low levels of N and water supply pre-silking during vegetative growth, which created 

large variations in source and sink components such as ear size and leaf area, without artificial 

manipulation. These plants were then subject to high and low levels of N and water supply post-

silking, and the relationship between plant traits and PostN was characterized. Final grain yield 

was irrevocably reduced in the treatments where pre-silking water stress occurred compared to 

the well-watered pre-silking treatments (30 g plant-1 vs. 106 g plant-1). Because of the reduced 

ear sink strength in the treatments experiencing pre-silking water stress, post-silking biomass 

(PostBM) and PostN accumulated in vegetative organs. This resulted in greater PostN at maturity 

in the lower yielding treatments when post-silking water and/or N stress occurred (1.1 vs. 0.6 g 

N plant-1). Due to the shift in assimilate and N partitioning towards vegetative organs, leaf CER 

and root dry weight during grain-fill were better maintained in the lower yielding treatments. We 

conclude that while biomass accumulation (PostBM) regulates PostN, under post-silking N or 

water stress, shifting sink organs from the grain to vegetative structures increases PostN by 

improving vegetative organ function and enhances source-sink ratios.  
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5.2 Introduction 

Soil nitrogen (N) acquisition is energetically costly (Miller and Cramer 2004). As such, N 

uptake is regulated by the needs of the plant: current N and C status can up or downregulate N 

via crosstalk with phytohormones (Dechorgnat et al. 2011; Xu et al. 2012). In maize (Zea mays 

L.), during vegetative growth, N uptake is regulated by the growth of sink tissue, that is, the 

biomass (BM) accumulation rate of the crop (i.e. maize N demand) (Devienne-Barret et al. 2000; 

Gastal and Lemaire 2002; Peng et al. 2010) and is modified by soil N supply. Faster growing 

crops take up more N and when N supply exceeds growth requirements, maize exhibits luxury N 

uptake, accumulating N primarily in the stalk to maintain source-sink balance (Plénet and 

Lemaire 1999; Gastal and Lemaire 2002). Under N-limited conditions N uptake declines, as can 

BM accumulation rates if the N stress is severe enough (Hou et al. 2012; Ciampitti and Vyn 

2012).  

After silking during reproductive growth, a period also called grain-fill, N uptake is also 

regulated by biomass accumulation rates (Ciampitti and Vyn 2012; Mueller and Vyn 2016; 

Mueller et al. 2017). Indeed, since in typical growing conditions post-silking biomass 

accumulation (PostBM) occurs primarily due to kernel growth, many field studies find a positive 

relationship between post-silking N uptake (PostN) and grain yield (Akintoye et al. 1999; Worku 

et al., 2007; Liu et al., 2014). Other studies find that, when the ear is removed or pollination 

prevented, PostN decreased relative to controls (Christiensen et al. 1981; Crafts-Brandner 1984). 

However, the relationship between BM accumulation and N uptake is less stable during 

reproductive growth, because kernel growth has a profound impact on source-sink relations, as it 

creates an alternate sink for assimilates and N with which vegetative organs must compete. 
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During grain-fill, assimilate supply to the root declines in the face of intra-plant 

competition with the developing grain (Gallais and Coque 2005; Echarte et al. 2008). As the 

stronger grain sink outcompetes roots for assimilate, root function declines, root mortality 

accelerates (Yu et al. 2014) and consequently PostN decreases (Pan et al. 1995; Rajcan and 

Tollenaar 1999a). As PostN declines, vegetative N is remobilized to meet grain N demand, 

which can enhance leaf senescence (Tollenaar and Wu 1999; Rajcan and Tollenaar 1999a). As 

leaf senescence decreases assimilate supply to the roots, PostN declines, which leads in turn to 

greater N remobilization and leaf senescence (Triboi and Triboi-Blondell 2002). Reductions in 

root function due to intra-plant competition for nutrients and assimilates can explain why, 

although maize biomass normally more than doubles during grain-fill, reproductive N uptake is 

often much lower than vegetative N uptake (Bender et al. 2013; Chen et al. 2015). This decline 

in PostN appears unrelated to soil N supply: large N fertilizer additions at silking do relatively 

little in terms of increasing subsequent N uptake (Ning et al. 2017). Several studies have found 

that sink strength is inversely related to PostN (Pan et al. 1995; Rajcan and Tollenaar 1999a). In 

other experiments, ear removal had no effect on PostN (Ning et al. 2012; Yang et al. 2016). 

Mueller and Vyn (2016) observed that in older maize hybrids, PostBM accumulation in 

vegetative organs, a proxy for low ear strength was positively related to PostN, although this 

effect was not observed in modern hybrids. The observations of researchers cited earlier, that 

higher grain yields can stimulate PostN, has not been reconciled with research suggesting that 

sink strength is detrimental to PostN due to reductions in assimilate supply to roots.  

Studies which investigate the effect of plant traits on PostN typically do so by artificially 

modifying source and sink components: removing leaves, removing ears or preventing 



 

 

101 

 

pollination (e.g. Rajcan and Tollenaar 1992; Yang et al. 2016). However in farmer fields, the size 

and strength of source and sink components are a function of growing conditions which 

simultaneously impact exogenous N availability. Water and N supply play a major role in 

regulating maize growth as well the availability of exogenous N for crop uptake (Cakir 2004; 

Setter et al. 2001; Andrade et al. 2002; Gonzalez-Dugo et al. 2010). N arrives to the root surface 

primarily via mass flow or diffusion, and under even mild water deficits, N is not readily taken 

up even if large amounts of N are present in the bulk soil (Lemaire et al. 1996; Reidenbach and 

Horst 1997; Buljovcic and Engels 2001). At the same time, water deficits reduce maize growth 

(Cakir 2004), which can reduce BM accumulation and hence maize N demand (Gonzalez-Dugo 

et al. 2010). As a result soil N and water status affect PostN directly, via reductions in exogenous 

N availability, and indirectly via changes in growth and plant traits which regulate PostN.  

There is a need to better understand the drivers of PostN under different stress conditions, 

both to improve breeding efforts and guide N fertilizer management practices. The objectives of 

this study were to determine: i) which plant traits are most strongly related to PostN when maize 

experiences N and/or water stress either before or after silking, ii) the role of ear strength (i.e. 

grain yield) specifically as a regulator of PostN. It was hypothesized that the mixed results found 

in the literature relating grain yield to PostN was due to the effect of the shift in sink strength 

from the ear to vegetative organs. While sink strength (i.e. PostBM) drives PostN, when sinks 

shift towards vegetative structures, and away from the grain, vegetative organ function will be 

better preserved, leading to an increase in PostN, particularly under post-silking N and/or water 

stress.  
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This study utilizes a dataset derived from the exact same greenhouse study presented in 

Chapter 4. As such the materials and methods sections contain a large amount of overlap.   

However, the present study utilizes twice as many treatments (16 versus eight) because it 

incorporates treatments of pre-silking water stress, and thus the dataset is twice as large. The 

research questions motivating each chapter are also noticeably different. The motivating question 

for Chapter 4 focused on the potential benefits of luxury vegetative N uptake under post-silking 

N and/or water stress. In the present chapter, the motivating research question focuses on how 

plant traits regulate PostN, particularly in the context of N and/or water stress.  

5.3 Materials and Methods 

The experiment was performed in the Crop Science Greenhouse at the University of 

Guelph, Ontario, Canada in 2016. Seeds of the maize hybrid DKC39-97 (Dekalb (Monsanto); 

Winnipeg, MB) were sown individually in 19-L plastic pots, filled with Turface MVP® (Profile 

Products LLC; Buffalo Grove, IL), an inert calcined clay widely used as growing medium for 

maize (Goron et al., 2015). All pots were free-draining due to holes on the bottom, with a mesh 

screen ensuring roots did not exit the pots. A constant temperature regime of 27oC day/ 21oC 

night was used throughout the experiment, while high pressure sodium and metal halide lamps 

provided supplemental lighting on a 16-hour photoperiod starting at dawn. Details of the 

experiment are found in a companion paper (Chapter 4; Nasielski et al. 2019).  

A 4 x4 factorial treatment design was used in the experiment. Two N supply treatments 

(high and low N) and two water supply treatments (well-watered and water stress) were applied 

in combination pre-silking during vegetative growth. Five days after silking (R1; Abendroth et 

al. 2011) plants were placed into one of four treatments, consisting of two N supply levels (high 
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and low N) and two levels of water supply (well-watered and water stress) applied in 

combination. The experiment was set up as a completely randomized block design, with six 

blocks (i.e. replicates) each containing all 16 treatments. Treatments were applied to individual 

plants, and plant pots were rotated with the blocks every 7 to 10 days to avoid border effects. 15N 

isotope tracers were delivered to plants in four of the six blocks, with plants labelled once during 

either vegetative or reproductive growth. The other two blocks were treated identically except no 

15N tracers were added. Blocks with 15N contained 48 plants while blocks not receiving 15N 

contained 32 plants. Total time from emergence to maturity was 90 days. The experiment was 

conducted in two separate greenhouses, each greenhouse containing three blocks, two blocks 

with 15N labelling and one block without 15N labelling. The experiment is summarized in Figure 

5-1. 
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Figure 5-1 Visual representation of treatments and experimental design of a single replicate (48 plants). 
In the two replicates without 15N added, only one plant per treatment was harvested at maturity (adapted 
from Chapter 4). 
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5.3.1.1 Nitrogen and water supply treatments 

Final concentration of N was 20 mM in the high N solution and 5 mM in the low N 

solution. These N concentrations were chosen based on a preliminary experiment using 

Turface® as a growing medium (data not shown) with 20 mM considered non-N limiting and 5 

mM imposing a moderate N stress sufficient to reduce grain yield without affecting vegetative 

growth. 

Each fertilizer treatment was delivered on a separate, parallel, solenoid system with 

automatic fertilizer injectors (Superdos; Dosmatic U.S.A Inc.) and fertilizer solution was 

delivered to the pot surface with a spray stick (Acu-Spray Stick; Jain Irrigation). The nutrient 

mixture, based on the recipe of Echarte et al. (2008), was made by dissolving into 80 L of 

distilled water: 0.329 L H3PO4 (750 g kg-1), 0.600 kg KHCO3, 0.320 kg Ca(NO3)2, 0.64 kg 

MgSO4 and 0.048 kg of chelated micronutrient mix (Plant Products Co, Brampton, ON). In the 

high N nutrient solution 1.125 kg NH4-NO3 was added, and in the low N nutrient solution, 0.165 

kg NH4-NO3. The mixture was diluted (20 times) during irrigation with distilled water. In 

addition to the nutrient mixture, distilled water irrigation was provided individually to each pot 

using an irrigation system that was parallel to the fertigation system described above. 

As in Chapter 4,volumetric water content was monitored via 30 soil moisture sensors 

(EC-5; Decagon Devices, Pullman, WA), with a minimum of 1 sensor in each treatment per 

replicate. All sensors were fitted with a custom calibration to measure volumetric moisture 

content in Turface® and outputs were coupled with a moisture characteristic curve for Turface® 

calculated with the pressure plate technique (Premalal 1997). Well-watered plants were irrigated 

to keep volumetric soil moisture between 35-40% (targeting -35 millibar), corresponding to a 
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plant available water content between 80%-90% of maximum and pots in the water stress 

treatment were irrigated to keep volumetric soil moisture between 25-30% (targeting -500 

millibar), equivalent to 57-68% of maximum plant available water content. These levels of water 

supply were selected based on a preliminary experiment, with the well-watered treatment 

considered non-limiting and the water stress treatment reducing biomass accumulation and grain 

yield. Throughout the experiment, fertigation and irrigation water combined never exceeded the 

water holding capacity of the pots except at silking when pots were being transitioned from 

vegetative to reproductive treatments. 

5.3.2 Treatment imposition and 15N labelling during vegetative and reproductive 
treatments 

Treatment imposition and the 15N protocol followed the same procedure as outlined in 

Nasielski et al. (2019). In the four blocks receiving 15N, half of the plants harvested at maturity 

were labelled during vegetative growth and the other half labelled during reproductive growth. 

During vegetative growth, a total of 40 mg of 15N was applied to label plants in the four 

vegetative treatments. Four times over a labelling period of 15 days, 10 mg of 15N was delivered 

in a syringe by dissolving 680 mg of K15NO3 at 10% 15N abundance (purchased as 10% K15NO3 

from Sigma-Aldrich; St. Louis, MO) in 100 mL of water. The daily irrigation regime ensured 

that the applied N infiltrated into the root zone. At each 15N application date, all plants not 

receiving 15N during vegetative growth were given the same amount of unlabeled KNO3 in 100 

mL of water to ensure equivalent amounts of water and KNO3 were provided to all plants. Plants 

labelled during reproductive growth received 90 mg of 15N.  Nine times over a period of 24 days, 

beginning 8 days after silking, 10 mg of 15N was delivered to the base of each plant in the same 

process used during vegetative labelling. Plants that were not being labelled during reproductive 
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growth were provided with equivalent amounts of water and KNO3 at each 15N application date 

to avoid confounding effects. In each of the 16 treatments, one plant was labelled during 

vegetative growth and one plant was labelled during reproductive growth per block.  

To improve estimates of pre-silking N remobilization to the grain, 15N was removed from 

each pot at silking by irrigating pots for 30 minutes at a flow rate of 18 L min-1 and allowing 

excess water to continually drain from the bottom holes of the pot. Two studies were conducted 

to test the efficacy of this procedure in leaching residual 15N and preventing post-silking 15N 

uptake in plants labelled during vegetative growth. The results of these experiments are found in 

in Chapter 4 of this thesis and in Nasielski et al. (2019). Briefly, the irrigation procedure 

removed 99% of added N from the Turface growing medium, and maize grown in these pots did 

not take up 15N in excess of natural abundance despite 2.25 g of K15NO3 at 10% 15N being added 

prior to irrigation.  

5.3.3 Measurements 

At silking four plants in each of the NWveg, nWveg, Nwveg, and nwveg treatments were 

harvested in each of the six block. Roots were rinsed in distilled water. All plant parts were dried 

at 80oC in an oven for 48 hours and weighed. On half of the harvested plants, the organs (leaves, 

stalk, roots, reproductive organs) were ground into a homogenous powder, and a 10-g subsample 

was used to determine total N content using dry combustion (Dumas method).  Leaf area was 

measured for each harvested plant by passing leaves through a leaf area meter (LI-3100c, LI-

COR, Lincoln, NE). Leaf carbon exchange rate (CER) was measured with a LI-6400XT (LI-

COR, Lincoln, NE) at 2000 µmol m-2 s-1 photosynthetic photon flux density at the leaf surface, 

maintaining a CO2 concentration of 350 ppm and a leaf temperature of 30oC within the sample 
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chamber. Measurements were taken on three leaves per plant: i) the second leaf below the ear 

leaf, ii) the ear leaf and iii) the second leaf above the ear leaf. Leaf CER was measured at mid-

day, in a 6 cm2 area near the middle of the leaf that did not include the midrib. Measurements 

were made 3 times during the experiment: i) at the beginning of silking, before the imposition of 

the reproductive treatments, ii) 21 days after silking, iii) 34 days after silking. 

At physiological maturity 160 plants were harvested, 32 from each of the four blocks 

receiving 15N and 16 from the two blocks not receiving 15N. Roots were washed in distilled 

water, and all plant organs were placed into 5 categories: green leaves (or parts of green leaves), 

senesced leaves (or parts of senesced leaves), stalk, roots, grain, and non-grain reproductive 

organs (cob, husk and tassel). Plant parts were then dried at 80oC in an oven for 48 hours and 

weighed. Kernel number (KN) was determined in a computerized seed counter (ESC-1; 

Agriculex, Guelph, ON) which allowed for average kernel weight (KW) to be calculated. Plant 

samples were analyzed for N concentration and 15N/14N ratio by dry combustion in an elemental 

analyzer (CHNS-O 1108; Carlo Erba, Italy) coupled to a continuous-flow stable isotope ratio 

mass spectrometer (DeltaplusXL; Thermo Finnigan, Germany) at the University of Waterloo 

Environmental Isotopes Laboratory in Waterloo, Canada. 

PostBM was estimated as the difference between final plant BM measured at maturity 

and the average silking BM for the pre-silking treatment that plant was subject to (NWveg,nWveg, 

Nwveg, and nwveg). Source-sink ratio was defined following Borrás and Otegui (2001) as the ratio 

of PostBM to KN.  Another measurement of source-sink ratio used by Pan et al. (1995), Rajcan 

and Tollenaar (1999b) and Mueller and Vyn (2016), is the amount of PostBM accumulated in 

vegetative organs (as opposed to the grain).  
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5.3.4 15N Calculations 

Calculations of N uptake, remobilization and partitioning were based on Papanov and 

Engels (2005), Gallais et al. (2006, 2007) and Ning et al. (2017). They were made assuming: 1) 

no isotopic discrimination between 14N and 15N within the maize plant, 2) no isotopic 

discrimination in reactions involved in N metabolism, 3) no N losses from the plant, and 4) that 

15N was uniformly distributed in the growing medium surrounding the roots (Gallais et al. 2006; 

2007). All details on the 15N calculations used here are found in Chapter 4 (section: 4.3.6). 

5.3.5 Statistical Analyses 

All statistical analyses were performed in R v.3.5.0 (R Core Development Team; Vienna, 

Austria) using a mixed effect model (lme function; nlme R package) with vegetative and 

reproductive treatments as fixed factors; random factors were replicate and greenhouse. 

Proportional data was analyzed using a beta regression (glmmTMB function; R package 

glmmTMB) and count data using a poisson regression (glmer function; R package lme4). 

Multiple means comparisons were performed with a Tukey’s test. For all tests conducted, the 

type I error rate was set at 0.05. After fitting, all models were assessed for normally distributed 

residuals and homogenous error variance across factor levels; when residual non-normality or 

heterogeneity among fixed factor levels was apparent the model covariance structure was 

adjusted to a heterogenous error model.  

A principal component analysis (PCA) was performed to assess the relationships between 

plant traits and PostN on a per-plant basis (R package FactoMineR; Husson et al. 2018). All 

plant trait variables were scaled to unit variance prior to analysis. PCA was conducted on the 

entire dataset and also separately for each reproductive treatment. Only the first two principal 
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components were retained, as they had eigenvalues greater than one and consistently explained 

more than 60% of the variance in the data.  The dimdesc function was used to calculate the 

correlation coefficient between variables and the principal component axes, and also to assess the 

significance of the correlation. Variable factor maps were created using the first two PCs.  

A random forest (RF) regression (R package randomForest; Liaw and Wiener 2002), was 

used to rank predictor variables in terms of their importance for predicting PostN using the 

pooled dataset of all 16 treatments, similar to Smidt et al. (2016). Initially, 36 plant variables 

were included in the RF regression (Appendix Table 1). To determine a cut-off point in the 

rankings, above which only the most important set of variables would be used to predict PostN, 

nested cross-validation analyses were performed (rfcv function) for predictor selection. The 

variables ranked above the cut-off point were then used to create a RF regression to predict 

PostN and variable importance was compared using the percent increase in mean square error 

(%IncMSE).  

5.4 Results 

5.4.1 Pre-silking N and water supply generated differences in biomass 
accumulation, leaf area, spikelet number and N uptake at silking 

At silking, the four vegetative treatments generated differences across a number of plant 

traits (Table 5-1). Plants in the well-watered treatments (NWveg and nWveg) were much larger, 

with great biomass, leaf area, ear weight and spikelet number compared to plants in the water 

stress treatments (Nwveg and nwveg) (Table 5-1). The high N treatments increased N uptake but 

not biomass accumulation, indicating that luxury N uptake occurred in the high N treatments 

(Table 5-1). At silking, root dry weight (BM) was similar across all vegetative treatments while 
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root-shoot ratio was greater in Nwveg and nwveg compared to NWveg and nWveg (0.38 vs. 0.22; 

data not shown). Days from emergence to tasseling was 38 days in the NWveg and nWveg, and 44 

days in the Nwveg and nwveg. Anthesis-silking interval was on average 2 days in the NWveg and 

nWveg treatments and 5 days in the Nwveg and nwveg treatments (data not shown).  

 

 

 

 

 

 

 

 



 

 

112 

 

Table 5-1 Plant parameters (mean ± S.E.) at silking across the four vegetative treatments. Means for each parameter followed by different letters 
(a–c) are significantly different at p <0.05 (n = 6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Vegetative 

Treatment 
Plant BM (g plant-1) 

Leaf area                     

(cm2 plant-1) 
Spikelet count 

(spikelet plant-1) 
Ear BM                

(g plant-1) 
Root BM 

(g plant-1) 

N uptake           

(g N plant-1) 

NW
veg

 176.8 ± 12.1 b 3538 ± 157 b 805 ± 25 c 35.5 ± 4.6 c 29.8 ± 0.9 a 2.76 ± 0.30 c 

nW
veg

 156.4 ± 8.4 b 3231 ± 112 b 656 ± 21 b 26.7 ± 2.6 b 29.1 ± 2.1 a 1.61 ± 0.19 b 

Nw
veg

 100 ± 8.6 a 2485 ± 134 a 518 ± 21 a 12.9 ± 1.1 a 25.6 ± 2.2 a 1.92 ± 0.24 bc 

nw
veg

 91 ± 3.9 a 2275 ± 110 a 510 ± 38 a 9.5 ± 0.6 a 26.8 ± 1.3 a 1.19 ± 0.07 a 
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5.4.2 Relationship between PostN and biomass accumulation in the grain versus 
vegetative organs 

PostN was highest in NWrep (1.7 g N plant-1) and on average lower whenever water 

and/or N stress was imposed post-silking (mean of nWrep, Nwrep and nwrep = 0.87 g N plant-1) 

(Table 5-2). However, when subjected to the exact same reproductive treatments, large 

differences in PostN were observed between vegetative treatments, indicating that pre-silking 

growing conditions played a role in determining PostN (Table 5-2).  

Grain yield was not correlated to PostN uptake in any of the reproductive treatments 

(Figure 5-2A). Consistently across reproductive treatments, yield was greatest in NWveg, 

followed by nWveg, and then by Nwveg and nwveg (Table 5-2), indicating pre-silking water stress 

led to a significant reduction in grain yield.  However, this trend in grain yield did not result in 

any consistent trend in PostN. In NWrep, all four vegetative treatments took up similar amounts 

of PostN despite large differences in grain yield (Table 5-2). Under post-silking N and/or water 

stress, PostN was somewhat greater in the treatments where yield was reduced by pre-silking 

water stress (Nwveg and nwveg), although this difference was not always significant (Table 5-2). 

Yield differences across vegetative treatments were driven entirely by changes in KN (Appendix 

Table 2). 

PostBM accumulation was strongly affected by both vegetative and reproductive 

treatments (Table 5-2). Under well-watered reproductive conditions (NWrep and nWrep), PostBM 

was greater in NWveg and nWveg compared to Nwveg and nwveg, a difference driven by greater 

grain yield (Table 5-2). When all data were pooled, grain yield and PostBM were correlated (r = 

0.67; p < 0.001). Overall, and within each reproductive treatment, there was a strong and positive 
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correlation between PostN and PostBM (Figure 5-2B). However, the positive effect of PostBM 

on PostN did not appear consistently under post-silking water stress (Nwrep and nwrep). In these 

treatments, PostBM was similar across the four vegetative treatments, but PostN was generally 

greater in the lower yielding Nwveg and nwveg. 

Accumulation of PostBM in vegetative organs (all plant organs except the grain), a proxy 

for the source-sink ratio (Pan et al. 1995; Rajcan and Tollenaar 1999b; Mueller and Vyn 2016), 

varied significantly across vegetative treatments (Table 5-2). In the Nwveg and nwveg treatments, 

where grain yield was reduced relative to both NWveg and nWveg, vegetative organs typically 

accumulated BM during reproductive growth (Table 5-2). The reverse occurred in the vegetative 

treatments with relatively greater yields (NWveg and nWveg). There was a strong positive 

correlation between post-silking vegetative biomass accumulation and PostN (Figure 5-2C). 
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Table 5-2 Post-silking N uptake and biomass accumulation variables across the reproductive and vegetative treatments (mean ± S.E). Vegetative 
treatments are nested within the reproductive treatments. Means within a column for each parameter followed by different letters (a–c) are 
significantly different at p <0.05 within each reproductive treatment (n=6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reproductive 

Treatments 

Vegetative 

Treatments 

Post-silking N uptake                       

(g N plant-1) Grain yield                          

(g plant-1) 

Change in 

vegetative 

biomass                                 

(g plant-1) 
Treatment mean 

Reproductive 

treatment 

mean 

High N + Well-

watered 

(NWrep) 

NW
veg

 1.3 ± 0.2 a 

1.7 ± 0.3 b 

133 ± 9 b -32 ± 9 a 

nW
veg

 1.7 ± 0.3 a 130 ± 13 b 9 ± 9 b 

Nw
veg

 1.6 ± 0.2 a 38 ± 7 a 18 ± 11 b 

nw
veg

 2.0 ± 0.2 a 25 ± 9 a 31 ± 6 b 

      

Low N +  Well-

watered 

(nWrep) 

NW
veg

 0.6 ± 0.1 a 

0.8 ± 0.1 a 

139 ± 5 c -33 ± 8 a 

nW
veg

 0.5 ± 0.1 a 107 ± 9 b -25 ± 11 a 

Nw
veg

 1.1 ± 0.3 b 36 ± 10 a 25 ± 10 b 

nw
veg

 0.8 ± 0.2 ab 16 ± 6 a 34 ± 6 b 

      

High N + Water 

Stress 

(Nwrep) 

NW
veg

 0.6 ± 0.3 a 

1.0 ± 0.2 a 

107 ± 6 c -48 ± 9 a 

nW
veg

 0.7 ± 0.1 a 78 ± 9 b -24 ± 8 a 

Nw
veg

 1.1 ± 0.3 b 21 ± 6 a 21 ± 11 b 

nw
veg

 1.7 ± 0.1 b 37 ± 8 a 19 ± 6 b 

      

Low N + Water 

Stress 

(nwrep) 

NW
veg

 0.7 ± 0.1 ab 

0.8 ± 0.1 a 

91 ± 6 c -41 ± 6 a 

nW
veg

 0.6 ± 0.1 a 67 ± 5 b -33 ± 8 a 

Nw
veg

 1.0 ± 0.3 b 40 ± 9 a -5 ± 10 b 

nw
veg

 0.8 ± 0.2 ab 34 ± 6 a 9 ± 7 b 
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Figure 5-2 Linear correlations between PostN and post-silking biomass accumulation (3A; overall r = 0.55***), grain yield (3B; overall r = -0.01) 
and change in vegetative biomass from silking to harvest (3C; overall r = 0.65***) (n=32). Values with one, two or three asterisk (*) beside the 
correlation coefficients are significance at p < 0.05, 0.01 or 0.001 respectively. Correlations are disaggregated across reproductive treatments 
(n=32).
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5.4.3 Grain yield was positively correlated with pre-silking N remobilization and 
the allocation of PostN to the grain 

The amount of pre-silking N remobilized to the grain varied across vegetative treatments, 

and mirroring grain yield, was greatest in NWveg, followed by nWveg and then by treatments 

subject to pre-silking water stress (Nwveg followed by nWveg) (Table 5-3). The reproductive 

treatments had no effect on the amount of pre-silking N remobilized to the grain (Table 5-3). The 

allocation of PostN to the grain was similarly greater in NWveg and nWveg compared to Nwveg and 

nwveg (50% vs. 23%) (Table 5-3). When data were pooled, a strong positive correlation between 

grain yield and grams of vegetative N remobilized (r = 0.83; p <0.001) and between yield and the 

proportion of PostN allocated to the grain (r = 0.59; p <0.001), was found.  
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Table 5-3 N N remobilization and partitioning of PostN to the across the vegetative and reproductive 
treatments (mean ± S.E). Reproductive treatments are nested within the vegetative treatments. Means 
within a column for each parameter followed by different letters (a–c) are significantly different at p <0.05 
within each vegetative treatment (n=4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Vegetative 

Treatments 

Reproductive 

Treatments 

Grams of vegetative N 

remobilized to the grain               

(g N plant-1) 

Proportion of post-silking 

N allocated to grain (%) 

Treatment 

mean 

Vegetative 

treatment 

mean 

Treatment 

mean 

Vegetative 

treatment 

mean 

High N + Well-

watered 

(NWveg) 

NWrep 1.6 ± 0.2 a 

1.5 ± 0.6 c 

65 ± 6 b 

44 ± 6 b 
nWrep 1.7 ± 0.1 a 69 ± 4 b 

Nwrep 1.6 ± 0.1 a 26 ± 4 a 

nwrep 1.4 ± 0.1 a 17 ± 4 a 

      

Low N + Well-

watered 

(nWveg) 

NWrep 0.9 ± 0.1 a 

0.8 ± 0.1 b 

33 ± 9 a 

55 ± 7 b 
nWrep 0.8 ± 0.1 a 86 ± 3 b 

Nwrep 0.8 ± 0.1 a 30 ± 3 a 

nwrep 0.6 ± 0.1 a 72 ± 14 b 

      

High N + 

Water Stress 

(Nwveg) 

NWrep 0.5 ± 0.1 a 

0.4 ± 0.1 a 

27 ± 8 a 

20 ± 4 a 
nWrep 0.5 ± 0.1 a 27 ± 7 a 

Nwrep 0.4 ± 0.1 a 9 ± 6 a 

nwrep 0.4 ± 0.2 a 17 ± 10 a 

      

Low N + Water 

Stress 

(nwveg) 

NWrep 0.3 ± 0.1 a 

0.3 ± 0.1 a 

14 ± 7 a 

25 ± 5 a 
nWrep 0.2 ± 0.1 a 25 ± 8 a 

Nwrep 0.4 ± 0.1 a 22 ± 10 a 

nwrep 0.4 ± 0.1 a 40 ± 14 a 
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5.4.4 Vegetative treatments influenced post-silking maintenance of leaf CER and 
root dry weight 

At silking, leaf CER was greatest in the NWveg and nWveg treatments (Table 5-4). But 

over the course of grain-fill, this situation reversed itself. At mid grain-fill, 21 days after silking, 

leaf CER was statistically similar across all four vegetative treatments. By late grain-fill, 34 days 

after silking, leaf CER was significantly higher in the Nwveg and nwveg treatments, compared to 

the NWveg and nWveg treatments (Table 5-4). Leaf CER 21 and 34 days after silking are 

disaggregated across leaf position in Appendix Figure 1 and 2.  

 From silking to maturity, root DW decreased in all the vegetative treatments, however the 

magnitude of the decrease in root DW was greatest in the high-yielding NWveg treatment, and 

lowest in the low-yielding nwveg  treatments, with nWveg and Nwveg falling in between (Table 5-

5). Root-shoot ratio also declined from silking to maturity but remained significantly greater in 

Nwveg and nwveg across all reproductive treatments (Table 5-5). Because the reproductive 

treatments had no significant effect on root BM or root-shoot ratio, all data are presented as pre-

silking treatment averages.  
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Table 5-4 Leaf carbon exchange rate (CER) across the four vegetative treatments on three dates (silking, 
21 days after silking, 34 days after silking). Leaf CER was measured on three leaves (ear leaf, 2nd leaf 
above ear leaf, 2nd leaf below ear leaf) and the data presented is the average of leaf CER at each leaf 
position (mean ± S.E). Reproductive treatments are nested within the vegetative treatments. Means within 
a column for each parameter followed by different letters (a–c) are significantly different at p <0.05 (n=6). 

 

 

 

 

 

Vegetative 

Treatments 

Reprodu

ctive 

Treatme

nts 

Leaf CER at 

silking                       

(µmol m2 s-1) 

Leaf CER 21 days after silking  

(µmol m2 s-1) 

Leaf CER 34 days after 

silking                    

    (µmol m2 s-1) 

Vegetative treatment 

mean 
Treatment mean 

Vegetative 

treatment 
mean 

Treatment mean 

Vegetative 

treatment 
mean 

 High N +  

well-

watered 

(NWveg) 

NW
rep

 

25.0 ± 0.9 a 

15.6 ± 2.4 a  

10.2 ± 1.7 a 

5.5 ± 1.5 a  

3.1 ± 0.7 a 
nW

rep
 15.1 ± 4.2 ab 3.5 ± 1.7 a 

Nw
rep

 6.3 ± 2.3 b 1.9 ± 1.3 a 

nw
rep

 3.9 ± 1.3 c 1.3 ± 0.9 a 

       

Low N +  

well-

watered 

(nWveg) 

NW
rep

 

23.4 ± 2.1 a 

18.8 ± 1.6 a 

11.4 ± 1.4 a 

4.6 ± 2.3 a 

2.7 ± 1.5 a 
nW

rep
 10.6 ± 3.4 b 2.8 ± 1.3 a 

Nw
rep

 9.8 ± 1.7 b 3.1 ± 1.4 a 

nw
rep

 6.3 ± 1.8 b 0.4 ± 0.4 a 

       

High N + 

Water 

Stress 

(Nwveg) 

NW
rep

 

15.2 ± 2.2 b 

16.8 ± 1.2 a 

13.1 ± 1.1 a 

7.7 ± 1.3 a 

5.8 ± 1.3 b 
nW

rep
 15.1 ± 2.4 ab 6.6 ± 1.6 a 

Nw
rep

 9.0 ± 1.9 b 5.1 ± 1.1 a 

nw
rep

 11.3 ± 1.9 ab 3.7 ± 0.9 a 

       

Low N + 

Water 

Stress 

(nwveg) 

NW
rep

 

5.2 ± 1.3 c 

18.5 ± 2.5 a 

13.8 ± 1.3 a 

6.2 ± 1.9 a 

5.9 ± 1.6 b 
nW

rep
 14.6 ± 1.9 ab 6.4 ± 1.3 a 

Nw
rep

 13.1 ± 2.5 ab 6.3 ± 1.9 a 

nw
rep

 9.2 ± 2.2 b 4.6 ± 1.4 a 
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Table 5-5 Change in root parameters from silking to maturity across the 16 treatments (mean ± S.E). 
Means within a column for each parameter followed by different letters (a–c) are significantly different at p 
<0.05. (n=6). The reproductive treatment had no significant effect on root parameters so data are 
presented as vegetative treatment means only 

Vegetative 

Treatments 

Change in root dry 

weight from silking 

to maturity                           

(g plant-1)  

Root-shoot ratio at maturity 

High N + well-

watered 

(NWveg) 

- 8.6 a 0.09 ± 0.01 a 

   

Low N + well-

watered 

(nWveg) 

-6.3 ab 0.12 ± 0.01 a 

   

High N + Water 

Stress 

(Nwveg) 

-1.4 c 0.20 ± 0.01 b 

   

Low N + Water 

Stress 

(nwveg) 

-3.8 b 0.20 ± 0.01 b 
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5.4.5 Using PCA and RF regression to assess relationship between measured 
plant traits and PostN 

 

Twelve variables were selected for inclusion in the PCA, reflecting different plant traits 

associated with vegetative organ functioning, yield and N metabolism. The first two principle 

components (Dim1 and Dim2) explained between 67.4% and 76.8% of the total variability in the 

data, depending on the post-silking treatment. The relationships between PostN and the other 

variables was generally consistent across the post-silking treatments. Dim1 was strongly related 

to the source and sink components of the plant, with measurements related to plant sink strength 

(yield, PostBM accumulation, KN, harvest index, nitrogen harvest index, the amount of 

vegetative N remobilized) positively correlated to Dim1, and measurements related to plant 

source strength (post-silking BM accumulation in vegetative organs, root-shoot ratio, and the 

ratio of PostBM to KN) negatively correlated to Dim1 (Figure 5-3). PostN was negatively 

correlated to Dim1, indicating that PostN has a greater affinity for plant traits linked to source 

component strength and greater source-sink ratio (Figure 5-3). On Dim2, conversely, PostN was 

positively correlated with grain yield, as well as KW, PostBM and green leaf area at maturity 

(Figure 5-3). A PCA analysis on the pooled dataset is found in Appendix Table 3.   

After cross-validation with 36 predictor variables (Appendix Table 1), six predictor 

variables were used to construct the RF regression with PostN as the response variable: post-

silking vegetative BM accumulation, yield, mean KW, green leaf area at maturity, ratio of 

PostBM to KN and total plant BM (Table 5-7). The RF regression based on these six plant traits 

explained 60% of the total variance in PostN, with a root meant square error (RMSE) of 1.63 g N 

plant-1 and a correlation coefficient of 0.58 between predicted and observed values of PostN 



 

 

123 

 

(Appendix Figure 3). Table 5-7 summarizes variable importance in terms of %IncMSE, 

identifying variables that proxy for plant source-sink ratio (post-silking vegetative BM 

accumulation and ratio of PostBM to final KN) as the most important predictors of PostN.  
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Figure 5-3 Variable factor map of the first two principal components for the 12 plant traits included in the 
PCA for all four reproductive treatments (NWrep, nWrep, Nwrep, nwrep. The 12 plant traits are: PostN, post-
silking n uptake ; gla_maturity, green leaf area at maturity; PostBM, postsilking biomass accumulation; 
yield, grain yield at maturity; kn, kernel number; kw, kernel weight; HI, harvest index; 
gram_N_remobilized, grams of vegetative N remobilized to the grain; NHI,  nitrogen havest index; 
root_shoot, root-shoot ratio; ratio_PostBM_kn, ratio of PostBM to KN; post_veg_BM, vegetative BM 
accumulated after silking. (n=32). 
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Table 5-6 Variable importance for the RF regression of post-silking N uptake as measured by the percent 
increase in mean square error (%IncMSE). %IncMSE represents the reduction in the capacity of the RF 
regression to predict post-silking N uptake if that variable is removed and replaced by random noise. The 
larger the %IncMSE the more important that variable is for the predictive capacity of the RF regression. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Variable 
Percent increase in mean square error 

(%IncMSE) 

Post-silking vegetative BM accumulation (g plant-1) 16.3 

Source-sink ratio (PostBM kernel-1) 12.7 

Green leaf area at maturity (cm2 plant-1) 12.5 

Total plant biomass (g plant-1) 10.4 

Mean kernel weight (mg kernel-1) 8.7 

Grain yield (g plant-1) 6.3 
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5.5 Discussion 

This study identifies the plant traits which are most strongly related to PostN in maize and 

reveals why inconsistencies in the literature exist as to the relationship between PostN and yield. 

We find that plant growth rate, that is PostBM, determines PostN, regardless of which organs 

(grain or vegetative) act as sinks for PostN. Because under typical conditions, the grain is a much 

stronger sink than vegetative organs, it is unsurprising why grain yield is most strongly related to 

PostN in many studies. However, when the size of the grain sink is reduced due to pre-silking 

water stress, as occurred in this experiment, vegetative organs compensate, and act as sinks for 

PostN and PostBM. Particularly under post-silking water and/or N stress, the redirection of 

PostN and PostBM to vegetative organs appears to prolong maintenance of leaf CER and root 

BM post-silking, which result in greater PostN overall despite a reduction in grain yield and  

PostBM.  

5.5.1 Explaining the inconsistent effect of grain yield on PostN 

Several authors have previously established that the post-silking growth of N sink tissue 

(i.e. PostBM) is a major driver of PostN (Ciampitti and Vyn 2011; Mueller and Vyn 2017), and 

when this dataset is considered overall, PostBM and PostN are strongly related (Figure 5-2B). 

Generally, large values of PostBM only occur when grain yield is also high (Borrás and Otegui 

2001; Ning et al. 2014). In the present study a significant correlation (r=0.67) between grain 

yield and PostBM was observed. Here, grain yield was reduced via pre-silking water stress, 

rather than ear removal or pollination prevention. Similar to other studies (Bennet et al. 1989; 

Sinclair et al. 1989), we found that PostBM was permanently reduced under pre-silking water 

stress, even when the water limitation was subsequently removed post-silking. 
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When post-silking conditions were well-watered (NWrep and nWrep), PostBM and yield 

was reduced in Nwveg and nwveg relative to the higher yielding NWveg and nWveg treatments. Yet 

PostN was similar across all four vegetative treatments, or greater in the treatments subjected to 

pre-silking water stress with relatively lower yields (Table 5-2).  Under post-silking water stress 

(Nwrep and nwrep), PostN was generally greater in the lower yielding treatments subjected to pre-

silking water stress, though this effect was inconsistent (Table 5-2). From these data is appears 

that PostN was uncoupled from grain yield in the environmental conditions imposed in the 

present study. The reason for this uncoupling appears to be because vegetative organs acted as an 

alternative sink for PostN and PostBM, and simultaneously with this change, N remobilization 

from vegetative organs was reduced (Table 5-2 and 5-3). These changes resulted in the 

preservation of leaf CER during grain-fill, particularly ear leaf CER (Appendix Figure 3) and 

attenuated the magnitude of decline in post-silking root BM and root-shoot ratio. Other authors 

have similarly found that reductions in ear sink strength may preserve source component 

function during grain-fill, delaying plant senescence (Tollenaar and Daynard 1982) and lead to 

greater PostN (Niu et al. 2010). Acclimatory changes in root-shoot ratios due to water stress is a 

well-known plant response (Chaves et al. 2002) and may have also buffered PostN under water 

and/or N stress. Despite lower total PostBM and grain yield under well-watered post-silking 

conditions, the reduction in N remobilization, and the increased allocation of PostN and PostBM 

to vegetative organs, appears to have assisted with preserving leaf and root function in Nwveg and 

nwveg, enhancing PostN. 

In soil environments characterized by low N or water availability, maize root metabolism 

and assimilate supply to roots may become increasingly important as a factor regulating N 
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uptake (Garnett et al. 2009). PostN in maize is dependent on the ability of roots to continue 

growing during early grain-fill (Worku et al. 2007) and on the maintenance of root hairs, 

structures important for soil N capture (Miller and Cramer 2004). In this study, root weight at 

silking was not affected by the vegetative treatments but similar to other studies (Liedgens et al. 

2000; Peng et al. 2012), a decline in root weight from silking to maturity was observed (Table 5-

5). However, this decline was attenuated in the Nwveg and nwveg treatments, when grain sink size 

was low. In maize, root N uptake is strongly associated with root water-soluble carbohydrate 

content (Reidenbach and Horst 1997), implying that a reduction in assimilate supply to roots will 

inhibit root N uptake. Preserving source component strength and increasing the source-sink ratio 

may enhance assimilate supply to roots, allowing for greater PostN under post-silking N and/or 

water stress. Root function and assimilate partitioning were not measured directly in this study, 

but these results indicate that future research should focus on root function under different 

environmental conditions and source-sink ratios.  

While improved leaf CER and root BM maintenance was observed when maize redirects 

PostN and PostBM to vegetative organs in response to low grain yield, lopsided source-sink 

ratios, such as when the ear is removed or pollination prevented, can reduce PostN if post-silking 

growth is severely limited and restricted entirely to vegetative organs (Peng et al. 2010; Yan et 

al. 2011; Ning et al. 2012; Yang et al. 2016). In this experiment, grain yield was manipulated via 

differences in water and N supply during vegetative and reproductive growth, although grain 

yield was never reduced to zero. When the ear is removed or pollination prevented, PostN may 

become sink-limited; the compensatory growth of vegetative organs, acting as N sinks, may be 

insufficient to maintain PostBM and hence PostN.  
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PostBM was more strongly related to PostN than grain yield. This may be because: i) 

PostBM accounts for BM accumulation in both the grain and in vegetative organs, and, ii) grain 

yield is derived in part from assimilates remobilized from vegetative organs, as opposed to 

concurrent assimilate production. The use of assimilate reserves during grain-fill is well 

documented in maize. He et al. (2005) found that pre-silking BM remobilization to the grain 

contributes 5-34% of grain BM, depending on maize genotype. Similarly, Chen et al. (2015) 

observed that pre-silking BM remobilization accounted for 13-28% of grain BM. As the 

proportion of grain BM derived from pre-silking BM remobilization increases, grain yield 

becomes less effective at stimulating PostBM and the positive relationship between yield and 

PostN would be expected to weaken. The fact that PostBM can be redirected towards vegetative 

sinks, combined with the fact that grain yield can be derived from BM remobilization, may 

explain why various studies conducted on inbred and hybrid maize in different areas of the world 

find that a large grain sink (i.e. ear number, grain yield, kernel set) either stimulates (e.g. Worku 

et al. 2007; Mueller et al. 2017), has no effect on (e.g. Rajcan and Tollenaar 1999a; Yang et al. 

2016), or depresses (e.g. Pan et al. 1984; Anderson et al. 1985) PostN. Particularly under post-

silking N and/or water stress, PostBM accumulation in vegetative organs appears beneficial for 

maintaining PostN.  

5.5.2 Which plant traits are most strongly associated with PostN? 

Results from the PCA and RF regression show that PostN was strongly related to plant 

traits reflecting sink size, namely PostBM and its constituents, grain yield and PostBM 

accumulation in vegetative organs. KW was the yield component most strongly and positively 

associated with PostN (Table 5-6 and 5-7). Unlike KN, KW is largely governed by source-sink 
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relations and concurrent assimilate produced during grain-fill (Borrás et al. 2004; Gambín et al. 

2008). Borrás and Otegui (2001) found that KW is maximized only when PostBM accumulates 

in non-grain organs, indicating a positive relationship between KW and source component 

strength during grain-fill. In a separate field study, Mueller et al. (2017) found no relationship 

between KW and PostN. As expected, remobilized pre-silking N was negatively correlated with 

PostN, supporting a well-documented trade-off between these two grain N sources (Gallais and 

Coque 2005; Ciampitti and Vyn 2013). However, other plant traits appeared to play a 

complementary role in regulating PostN. Plant traits associated with source component strength, 

such as green leaf area at maturity, appeared to be strongly related to PostN, as were proxy 

measurements for plant source-sink ratio: the ratio of PostBM to KN and PostBM accumulation 

in vegetative organs. This was the case when the dataset was considered as a whole (Table 5-6) 

as well as when disaggregated across the post-silking treatments (Figure 5-3). While grain yield 

is strongly related to PostN, it is not necessarily the most powerful explanatory variable, 

particularly under post-silking N and/or water stress.  

5.5.3 Study Limitations 

The present study estimated PostBM based on the difference between plant BM at 

harvest and at silking. While BM at harvest was measured destructively for each individual plant, 

BM at silking was based on the mean BM for each vegetative treatment. Typically PostBM is 

measured non-destructively via allometric equations based on measurements such as stem 

diameter (e.g. Borrás and Otegui 2001; Borrás et al. 2009). It is expected that estimates of 

PostBM used here are less accurate than those based on allometric equations. This study was not 

independently replicated over time but was conducted in two separate greenhouses using 



 

 

131 

 

separate climate and fertigation controls. Additional research in field conditions is warranted to 

determine how well results of this study translate to farm fields where maize is grown. Finally, in 

the greenhouse, maize can take up substantial amounts of N if large quantities are provided (e.g. 

Subedi and Ma, 2005). N uptake in greenhouse conditions may be greater than what is typically 

achieved in field conditions, and further studies on the determinants of PostN in more realistic 

settings are warranted. 
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6 Effect of nitrogen source, placement and timing on the 
environmental performance of economically optimum 
nitrogen rates in maize 
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6.1 Abstract 

The goal of most fertilizer decision support tools is to help maize farmers estimate the most 

profitable N rate for a given fertilizer/grain price ratio, known as the economically optimum 

(EONR). While maximizing profitability, to our knowledge the environmental performance of 

the EONR has not been fully assessed using a process-based model that can jointly predict yield, 

N uptake and multiple N loss pathways (leaching, trace gas emissions, volatilization). The 

objective of this study was to construct a full N budget when the EONR is applied, and to 

measure how N management influences both grain yield and the environmental performance of 

the EONR. The DeNitrification and Decomposition model (DNDC) was calibrated and validated 

using measurements from a long-term N rate trial from Elora, ON (2009-2016). DNDC was then 

used to simulate N applications at the EONR when two different N sources (urea and urea 

ammonium-nitrate), two N placements (broadcast or incorporated) and four N timings (100% at 

planting, 100% at V6, 50% at planting and 50% at V13, and 50% at V6 and 50% at V13) were 

used. Depending on N management, mean EONR (2009-2016) was highly variable, ranging 

from 158 to 185 kg N ha-1. The use of urea over urea ammonium-nitrate, and the decision to 

broadcast versus incorporate, increased the EONR, yield-scaled N losses at the EONR, and N 

surplus. In-season N applications reduced leaching N losses at the EONR modestly but did not 

impact the amount of N applied at the EONR or yield-scaled N losses. In all 16 management 

combinations, simulated mean (2008-2016) N surplus never exceeded 50 kg N ha-1, and yield-

scaled N losses never exceeded 8 kg N Mg-1 grain. In conclusion the EONR delivers strong 

environmental performance in general, but N management decisions will still affect in-season N 

losses and consequently also the amount of N applied at the EONR. 
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6.2 Introduction 

There is a clear need, for both environmental and economic reasons, to improve nitrogen 

(N) fertilizer management in maize. Conceptually, the optimum N rate is roughly equal to the 

amount of maize N uptake that is not satisfied by the mineralization of soil organic matter and 

atmospheric N deposition (Cassman et al. 2002; Morris et al. 2018). Both soil N supply and crop 

N demand fluctuate tremendously, spatially across a field and temporally from season-to-season, 

making them difficult to predict (Lory and Scharf 2003; Mamo et al. 2003). Given this 

uncertainty, farmers in North America typically overapply fertilizer N as insurance against yield 

loss, because the price of fertilizer N is low relative to potential cost of yield reductions (Rajsic 

et al. 2009; Sadeghpour et al. 2017). Farmer N rates are typically greater than optimal, leading to 

greater risks of N losses that impact the environment and reducing profitability relative to an 

optimal N rate (Scharf et al. 2005). Considerable research effort has been devoted to the 

development of recommendation systems that predict the gap between maize N demand and 

indigenous soil N supply, estimating the economically optimal nitrogen rate (EONR) (Puntel et 

al. 2018; Morris et al. 2018). The EONR is technically defined as the N rate at which the last 

increment of applied N produces a yield response of equal monetary value. But mechanistically, 

the response curve that defines the relationship between applied N and yield is regulated by the 

gap between soil N supply and crop N demand.  

Measurements of N losses at the EONR are difficult to study directly since the EONR is 

highly variable from year-to-year and can only be measured at the end of the growing season. N 

losses would need to be measured at multiple N rates, across various N loss pathways, and at the 

end of the season hopefully one of the applied N rates is the actual EONR. Only a limited 
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number of empirical studies have measured N losses at the EONR in maize. In a multiple N rate 

study, Hong et al. (2007) estimated the amount of residual soil N after harvest at the EONR and 

found them to be significantly lower than residual soil N at producer selected N rates. The 

reduction in post-harvest residual N suggests that N losses during the overwinter period would be 

lower. Similarly, Ziadi et al. (2013) found that estimated residual soil N was minimized at the 

EONR in maize. Andraski et al. (2000) found that N leaching (April-November) increased 

dramatically once the N application rate exceeds the EONR by 50 kg N ha-1 or more. These 

studies did not apply the EONR directly, but interpolated soil N parameters based on field 

measurements at different N rates. Meta-analyses of the relationships between N rate and N2O 

emissions (Van Groenigen et al. 2010) and N leaching (Zhou and Butterbach-Bahl 2014; Zhao et 

al. 2016) find that even very high N rates that do not exceed crop N uptake have been found to 

perform well when N losses are measured on a yield-scaled basis, suggesting that the EONR 

would perform well environmentally. However, constructing a full, field-scale N budget at the 

EONR has not been done.      

In maize the EONR is strongly influenced by soil texture (Alotaibi et al. 2018), rates of 

residue removal (Coulter and Nafziger 2008), inclusion of cover crops (Pantoja et al. 2015), 

planting date (Kablan et al. 2017), tillage system (Sinderlar et al. 2013), crop rotation (Ding et al. 

1998; Andraski et al. 2000) and weather (Tremblay et al. 2012). In terms of N management, the 

EONR is also sensitive to the combination of N source (Gagnon and Ziadi 2010) and timing of 

application (Gehl et al. 2005; Abebe and Feyisa 2017). For example, on a silt-loam soil in 

Minnesota, Venterea et al. (2015) found that when split-applying N (pre-plant, V6 and V13), the 

total amount of N applied could be reduced by 15% relative to pre-plant without affecting yield. 
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While the combination of N source, timing and placement influences in-season N losses (Fox et 

al. 1986), there is need to better understand how the interaction of these three variables help to 

govern both the EONR and it’s environmental performance.  

N rates that absolutely minimize N losses are generally too low for adequate agronomic 

performance and profitability (Zebarth et al. 2009), so measures such as yield-scaled N losses or 

N surplus can assess environmental N losses at high levels of crop productivity. While the 

EONR does not minimize loss of N to air and water, it is commonly understood that the trade-off 

between environmental and economic performance of N fertilizer use is optimized at the EONR 

(Mamo et al. 2003; Houles et al. 2004; Morris et al. 2018).  

Process-based models which are capable of simulating crop growth and field-scale N 

balances can be used fruitfully to assess the environmental and agronomic performance of N 

fertilizer management strategies (Schaffer et al. 2002). In Canada, for example, both the Daycent 

and DeNitrification and DeComposition (DNDC) models has been used extensively to evaluate 

the impact of N fertilizer management on crop performance and N fluxes (e.g. Chamberlain et al. 

2011; Grant et al. 2016) for the purposes of informing agricultural policy and providing 

recommendations for best management practices. DNDC has also been used to assess N balances 

and fertilizer effects on N losses under variable N rates and management (Deng et al. 2011; 

Dutta et al. 2017; Smith et al. 2019) 

The objectives of this study were to i) evaluate how the EONR and yield at the EONR 

varies across a combination of different N application timing, placement and source options, and, 

ii) estimate in-season N losses, yield-scaled N losses and N surplus at the EONR in these 
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different N management systems using a process-based biogeochemical computer model. A 

model simulation assessed the EONR and environmental performance across 16 treatment 

combinations of N source, placement and timing options, in a continuous corn system, over 8 

simulated years. 

6.3 Materials and Methods 

6.3.1 Experiment site and measurements 

Measurements taken from a field trial at Elora, Ontario (43°38’31.1’’ N 80°24’14.8’’ W), 

over an eight-year period (2009-2016) were used to calibrate the DeNitrification and 

DeComposition (DNDC) model. This multi-year N fertilization experiment was established in 

2008 as a continuous corn system on a tile-drained site. The soil at the experimental site is 

characterized as a silt loam, or Albic Luvisol (WRB 2006), with pH 7.7, silt 48%, clay 20% and 

soil organic matter 4.5%. The following management was held constant throughout the 

experiment: Maize was planted at a target population of 79,000 plants ha-1 on 0.76 m row 

spacings continuously throughout the experiment. The trial was managed with fall moldboard 

plow and spring secondary tillage prior to planting. N fertilizer was applied as UAN injected 

mid-row at 7 cm depth, in addition at planting 30 kg N ha-1 was applied as starter fertilizer 

banded 5 cm beside and 5 cm below the seed. The starter fertilizer was applied as 20-20-20-2Zn 

at a rate of 200 kg ha-1.  Both potassium and phosphorus were applied in the fall prior to 

plowing, with rates based on provincial soil test recommendations. The study used a stay-green 

grain corn hybrid DKC 39-97 (Dekalb (Monsanto); Winnipeg, MB, Canada). The experiment 

consists of a split-plot randomized complete block design, with four replications (blocks). Each 

block was comprised of two main plots differing in N timing, with N applied either i) at planting 
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in spring, or, ii) sidedressed at the V6 stage of growth. Main plots are split into individual 

treatment plots (82 m2) and receive one of five UAN rates: 0, 28, 57, 115 and 188 kg N ha-1, with 

an additional 30 kg N ha-1 applied as starter fertilizer at planting giving a total of 30, 58, 87, 145 

and 218 kg N ha-1. An additional treatment factor was whether N rates were imposed ‘long-term’ 

or ‘short-term’. For the ‘long-term’ plots, the same total N rate was applied year after year. In the 

‘short-term’ plots, the five N rates were constantly randomized from year-to year, and to avoid 

legacy N effects, every 2nd year was a ‘reset year’ when treatment plots receive a uniform N 

application of 145 kg N ha-1 (Appendix Figure 1). There were 40 treatment plots in each block, 

20 for each N timing (around planting or V6 side-dress). Within each N timing, 10 were ‘long-

term’ plots with the same N rate applied every year, and 10 were ‘short-term’ plots, with half the 

treatments receiving the uniform N application for the ’reset year’ and the other half receiving 

one of the five N rates. . From this trial a continuous record (8 growing seasons) of corn grain 

yield, aboveground N uptake at maturity and spring soil (0-30 cm) mineral N, sampled prior to 

fertilizer N application, were collected. A weather station located on the research farm 

(maintained by Environment Canada) collected daily weather data throughout the experiment. 

Only data from the ‘short-term’ plots were used in the subsequent calibration and validation 

exercise. N losses were not regularly measured in the multi-year N fertilization trial. However 

Roy et al. (2014a) and Roy (2014b) reported weekly N2O measurements during the 2011 and 

2012 growing seasons at three N rates (30, 145, 218 kg N ha-1) at both N timings. These data 

were used in model validation.  NO3
- leaching losses were measured in another study at the Elora 

Research farm (2000-2004) by Jayasundara et al. (2007) using the same N management strategy 
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(50-60 kg N ha-1 as UAN injected at V6), and these data were also used as an estimate of N 

leaching in the 58 kg N ha-1 N rate treatment for model validation.  

6.3.2 DNDC model description 

A modified version of the core DNDC model (version 9.5), developed for Canada 

(DNDC v. CAN; Smith et al. 2013) was used in this study. DNDC is a process-based 

biogeochemical model that consists of integrated sub-models (soil-climate, crop 

growth/development, organic matter decomposition, nitrification/denitrification) based on 

functional equations derived from basic biogeochemical theories or from empirical observations 

(Zhao et al. 2016). Both soil and crop C and N dynamics are reported on a daily timestep. Maize 

growth is determined by an empirical growth function which estimated the ideal daily N and 

water demand , scaled to the maximum growth potential specified by the user (Zhang and Niu 

2016). At a daily time-step, incurred crop N and/or water stress reduced crop growth based on 

mechanistically determined soil N and water availability. N leaching was based on N losses 

beyond 1 m depth, and is driven by downward water flux, crop N uptake, 

ammonification/nitrification rates and ammonium fixation on clay. Gaseous emissions (N2, N2O 

and NOx) are based on microbial population dynamics, a soil/atmosphere diffusion algorithm, 

soil N concentration, temperature, pH, redox potential and moisture (Li et al. 2000).  Ammonia 

(NH3) volatilization was calculated based on equilibrium equations linking NH4
+, aqueous and 

gaseous NH3, as influenced by soil pH, temperature, moisture content, soil depth, porosity and 

wind speed (Dutta et al. 2016; Uzoma et al. 2015). Over the past 20 years, the DNDC model has 

been validated against numerous observed datasets drawn from the Elora Research Station 
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(Abalos et al. 2016a; Congreves et al. 2016; Jarecki et al. 2018) and on various crops from 

around the world (e.g. Pathak et al. 2005; Lugato et al. 2010; Zhao et al. 2016). 

 Users can specify the date(s) of N fertilizer application, formulation, placement 

(broadcast or injected), and if injected, soil depth. Other management practice inputs for DNDC 

include planting, tillage and harvest dates. Tillage can be specified in terms of depth of soil 

disturbance and implement type (e.g. moldboard or chisel). A detailed description of the model 

subcomponents and design is found in Li et al. (2012) and Grant et al. (2016). 

6.3.3 Model initialization, development, calibration and performance evaluation 

Field data was used to specify soil clay fraction and pH, while default DNDC values were 

used for remaining soil parameters (e.g. soil organic carbon and organic carbon fractions). Daily 

weather data (maximum and minimum temperature, solar radiation, precipitation, wind speed, 

humidity) used by DNDC were taken from a weather station located on the research farm. To 

initialize the model, a 10-year spinup corn-soy-barley rotation was run prior to the analyzed 

simulations using actual weather data (1999-2008) collected on-station, to stabilize C:N 

dynamics of the cropping system. The last crop simulated in the spin up prior to the start of the 

corn crop used in the calibration and validation procedure was also corn. The simulation process 

was continuous, with the eight years simulated sequentially without annual reset. The actual 

dates of planting, harvest, tillage and fertilization from the field experiment were used in the 

model for every year, and the ‘reset year’ was simulated but not included in the analysis. Overall, 

80 simulations were performed (5 N rates at 2 application timings over 8 years). 16 simulations 

were selected randomly and used for model development and calibration, and model 

performance was evaluated on the remaining 64 simulations. The 16 simulations used for the 
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calibration procedure were divided equally across N application timings (eight per application 

timing) and across years (two simulations per year). During calibration, the objective was to 

optimize model fit of yield, N uptake and spring soil mineral N by making realistic adjustments 

to crop parameters. Calibrated crop parameters are found in Appendix Table 1.  

The DNDC model has been previously calibrated and validated at Elora for scenario 

analysis (Abalos et al. 2016a; Congreves et al. 2016; Jarecki et al. 2018),  and most baseline 

values were considered suitable for the investigation,, but in this study we developed a simple N 

stress algorithm during the calibration process. First, C:N ratios for crop biomass fractions 

(grain, leaf, stem, roots) are normally held constant at a proportion specified by the user. Because 

of the large variation in N rates used in the field study, and the resulting variation in observed 

C:N ratios, a simple crop dynamic C:N algorithm based on N-demand to N-availabilty present in 

the model was used that conceptualized literature (Kemanian et al. 2007; Abendroth et al. 2011; 

Ciampitti et al. 2013; DeBruin et al. 2013) and observed ranges for maize C:N; C:N ratios were 

parameterized based on field data from the highest N rate (218 kg N ha-1), and the model 

internally could widen the C:N ratio at lower N rates.  Second, the effect of water stress on yield 

potential was increased for the flowering growth stage to be more consistent with both the 

literature on water stress sensitivity in maize (Andrade et al. 2002; Cakir 2004) and with 

observed water stress impacts (e.g. Deen et al. 2015) observed using the calibration data. Initial 

crop parameters (Appendix Table 1) were taken from field data with some slight adjustments to 

achieve the best statistical goodness-of-fit (RMSE, d-index) for calibrated estimates of yield, N 

uptake and spring soil mineral N.  
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Model performance, the agreement between simulated and measured values for corn 

yield, N uptake at maturity and spring soil mineral N, were assessed using the root mean square 

error (Equation 1; RMSE) and the index of agreement (Equation 2; d-index) (Willmott 1982; 

Willmott et al. 1985; Moriasi et al. 2007). The d-index is a standardized measure of the degree of 

model prediction error, varying from 0 to 1 with higher values indicating greater agreement, and 

has been used with the DNDC model (e.g. He et al. 2018). 

𝑅𝑀𝑆𝐸 =  √
∑ ( 𝑆𝑖−𝑂𝑖)2𝑛

𝑖=1

𝑛
   [Equation 1] 

d = 1 −  
∑ (𝑆𝑖−𝑂𝑖)2𝑛

𝑖=1

∑ (|𝑆𝑖−𝑂|+|𝑂𝑖−𝑂| )2𝑛
𝑖=1

    [Equation 2] 

where n is the total number of observations, S is the simulated value, O is the observed 

(measured) value, and Ō is the average of the measured values. Based on Liu et al. (2013), a d-

index value less than 0.7 is considered ‘poor’ agreement, 0.7 to less than 0.8 indicates ‘fair’ 

agreement, 0.8 to less than 0.9 indicates ‘good’ agreement and a value equal to 0.9 or above is 

considered ‘excellent’ agreement between simulated and measured values. To account for 

variability in spring soil N across the replicated measurements, a correction factor (Harmel and 

Smith 2007; Harmel et al. 2010) was incorporated into calculations of RMSE and the d-index. 

Following Guest et al. (2017), the probable error range was quantified by adding or subtracting 

1.96 times the standard error to the mean value of each spring soil N measurement, and this 

revised mean was used to revise the RMSE and d-index statistics (Equation 3 and 4).   For the 

spring soil N RMSE and d-index calculation, observed values were adjusted based on the 

standard error of the measurements (Se) as follows: 
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𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑𝑛𝑒𝑤 = 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑𝑜𝑙𝑑 + (𝑆𝑒  × 1.96)     [Equation 3] 

If observedold was less than predicted.  

 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑𝑛𝑒𝑤 = 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑𝑜𝑙𝑑 − (𝑆𝑒  × 1.96)     [Equation 4] 

If observedold was greater than predicted.  

6.3.4 Model application 

The validated model was used to assess the impact of a factorial combination of 2 N 

sources (urea and UAN), 2 N placements (surface broadcast versus injection 7 cm below soil 

surface)  and four N timings (100% spring pre-plant, 100% at the V6, 50% at planting and 50% 

mid-season, 50% at V6 and 50% mid-season) on the EONR , yield at the EONR (maximum 

economic yield) and in-season N loss pathways in eight simulated years (2009-2016). The 

planting, harvest and N application dates were based on the field experiment, except the mid-

season N application which was applied 10 days before the simulated silking date predicted by 

DNDC, estimated as the V13 stage of growth (13 fully collared leaves). This was the same N 

application timing as used in the field study found in Chapter 3 of this thesis.  This resulted in a 

total of 16 different treatments. N sources and placement options were selected because they are 

currently the most common N management practices in Ontario (Hein 2014). Both spring pre-

plant and V6 side-dress are typical N application timings in Ontario, and elsewhere in the 

northern Corn Belt (Vetsch and Randall 2004). Delayed N applications, where a proportion of N 

is applied later in the season prior to silking (V10-R1) has not been a common N management 

strategy in the past. However, field studies have shown that late N applications made at V10 or 

later can improve the efficiency of fertilizer N use in maize (Walsh et al. 2012; Mueller et al. 
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2017). When urea or UAN was surface applied at planting, it was incorporated (10 cm depth) 

one day after application to simulate conventional farmer practice. The late timing date used in 

the study, 10 days before silking, was selected because a previous study on late N applications at 

the Elora Research Station found no yield penalty when N was applied at this time (Chapter 3).  

Average application date for the mid-season timing was July 14.  

For all 16 treatments, the EONR in each year (2009-2016) was determined using the 

same procedure as the field experiment: Treatment plots were simulated continuously from 2009 

to 2016, and in each year one of five different N rates (30, 58, 87, 145, 218 kg N ha-1) was 

applied, with source, placement and timing of N determined by the treatment. Overall, 640 

simulations (8 years x 5 N rate x  2 N sources x 2 N placements x 4 N timings)  were performed. 

N response data was imported into R v.3.5.0 (R Core development Team; Vienna, Austria) and 

EONR was estimated by fitting a quadratic plateau model to the regression of grain yield by N 

rate at a fertilizer/corn price ratio of 6.2 using the nlsplot function (R package easynls). This first 

simulation process allowed for the calculation of the EONR for each year, in each of the 16 

management combinations. A second separate simulation process then occurred once the EONR 

was known. In this second step, the estimated EONR was applied in DNDC for each year (2009-

2016) in each management combination. In total, 128 simulations at the EONR were completed 

(16 treatments x eight years). 

The EONR, maximum economic yield (yield at the EONR), crop N uptake, and in-season 

N losses at the EONR were evaluated for each of the 16 treatments. N losses and N loss 

pathways ( N2O gas emissions, NO3
- leaching and NH3 volatilization) were calculated every day; 

for presentation and discussion purposes daily N loss was summed over ten-day intervals 
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(beginning at planting). N leaching was defined as the amount of N leached below 1 m. Fertilizer 

N surplus was estimated as N fertilizer input minus above ground N uptake at maturity, 

following Van Groenigen et al. (2010), Pittelkow et al. (2014), Zhao et al. (2016), Omonode et 

al. (2017) and Zhang et al. (2018). Other studies use N balance, the difference between N inputs 

(including fertilizers or manure) minus the amount of N removed from the field in harvested 

plant tissue (e.g. McLellan et al. 2018; Tenorio et al. 2018); in maize this definition would 

typically exclude stover N, unless stover was harvested as well. Several meta-analyses have used 

N balance to evaluate the effect of N rate on environmental N losses. Sela et al. (2019), for 

example, identifies a target N balance of 78 kg N ha-1 or less as optimal to minimize N losses 

without impinging on crop production, a value based on Zhang et al. (2015). Omonode et al. 

(2017) found that N2O emissions would remain relatively low as long as N balance was kept 

below 50-60 kg N ha-1. Rather than N balance, which is from a practical standpoint is easier to 

measure in field settings, N surplus was chosen for this model exercise. N surplus is relevant 

from a crop production perspective because even if returned to the field via residue, N taken up 

by the crop is likely to have contributed to physiologically grain yield formation, via for example 

enhancing photosynthesis. Additionally, several authors have found that yield-scaled N losses 

(Sela et al. 2018) overall, or specifically from trace gas emissions (Van Groenigen et al. 2010) or 

leaching (Zhou and Butterbach-Bahl 2014; Zhao et al. 2016) begin to increase dramatically once 

N surplus exceeds ~50 kg N ha-1. Simulated N surplus values were compared to this 50 kg N ha-1 

threshold.  

Yield-scaled N losses were measured by dividing total in-season N losses from planting 

to harvest by grain yield (at 15.5% moisture content)  Yield-scaled N losses at the EONR, which 
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are allowed to vary from year-to-year, was compared to a static ‘long term’ EONR applied each 

year consistently. The long term EONR was assumed to be equal to the average EONR over 

2009-2016, and is used as a proxy for a typical N rate applied by a farmer. A polynomial 

function was fitted to the relationship between yield-scaled N losses and static N rate (30, 58, 87, 

145, 218 in kg N ha-1) and yield-scaled N losses at the EONR were compared to the predicted 

yield-scaled N losses if a static ‘long-term’ EONR was applied (i.e. the same N rate every year).  

6.3.5 Statistical Analysis 

Statistical analyses were used to compare treatment effects using modelled results,  with 

year as replication (2009-2016; n = 8). All analyses were performed in R v.3.5.0 (R Core 

Development Team; Vienna, Austria) using a mixed effects model (lme function; nlme R 

package) after the homogeneity of error variances were verified. N source, placement and timing 

were treated as fixed effects and year as a random effect. Comparing treatment effects using 

simulated model data, rather than across measurement variability, is not uncommon in modelling 

studies. For example, Liang et al. (2018) used a Tukey’s test to determine significant differences 

in modelled crop yield and nutrient use efficiency across different fertilization strategies. 

Robertson et al. (2017) used a statistical analysis to test whether cropping systems had 

significant effects on modelled soil organic carbon levels over a 30-year period. Multiple means 

comparisons were performed with a Tukey’s test. A multivariate analysis of variance was 

performed to measure treatment differences in the proportion of N lost via different pathways. 

Dependent variables were the combination of, trace gas emissions (N2O, volatilization and 

leaching while N timing, source and placement were fixed effects (year was a random effect). 

For all statistical tests conducted, the type I error rate was set at 0.05. 
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6.4 Results 

6.4.1 Comparison between observed and DNDC-predicted yield, N uptake and 
spring soil N 

Maize grain yield was well simulated by DNDC. Compared to the validation data in the 

Elora field trial, RMSE was 881 kg ha-1, R2 was 0.83 and the D-index was 0.95, indicating 

excellent agreement and fit (Figure 6-1). RMSE for aboveground N uptake was 12.6 kg N ha-1, 

R2 was 0.89 and the D-index was 0.96, indicating excellent fit and agreement as well (Figure 6-

1). The fit achieved between modelled and measured yields was much better than reported in 

previous studies using DNDC at the Elora research site (Abalos et al. 2016a; Jarecki et al. 2018). 

Simulated and observed yields and N uptake are found in Appendix Table 2. Although yield and 

N uptake were well predicted, EONR derived from predicted yield values were notably lower 

than EONR calculated from observed values (164 kg N ha vs. 202 kg N ha-1); Appendix Figure 

2).  DNDC overpredicted yield at the middle N rate of 87 kg N ha-1 by 4%, while at the highest N 

rate of 218 kg N ha-1 yield was underpredicted by 2% (Appendix Table 2). These small 

differences forced the plateau of the quadratic-plateau model to be reached at lower N rate 

values, decreasing predicted EONR relative to observed. However, the mean difference between 

observed and modelled EONR was less than 50 kg N ha-1.  

Simulated pre-plant soil mineral N prior to fertilizer N application agreed with measured 

values, with RMSE of 7.9 kg N ha-1, R2 of 0.33 and a D-index of 0.73, indicating fair agreement 

(Figure 6-1). N2O losses as measured by Roy (2014) and N leaching as measured by Jayasundara 

et al. (2007) were used during validation only. Predicted N2O losses during the 2012 and 2013 

growing season agreed well with measured values (Roy 2014) during the 2011 and 2012 growing 

season (RMSE = 0.7 kg N ha-1, d-index = 0.83, R2 = 0.70; Appendix Table 3). Generally, DNDC 
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underpredicted the increases in N2O emissions resulting from increased N fertilizer rates, and 

underestimated the difference in N2O emissions between the two years (Appendix Table 3). 

Applying 50 or 60 kg N ha-1 as UAN injected at V6, Jayasundara et al. (2007) observed in-

season leaching losses (4.0 kg N ha-1), comparable to what was simulated by DNDC (6.3 kg N 

ha-1) when 58 kg N ha-1 was injected as UAN at V6.  
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Table 6-1 Statistical validation of simulated and measured grain yield, aboveground N uptake, spring soil mineral N (0-30 cm) prior to N 
fertilization at both N timing (at planting and at V6). Simulated values were drawn from DNDC model and compared against observations from a 
field trial at Elora (2009-2016). (n = 28 for soil N, n = 29 for crop N uptake, n = 32 for yield). All observed values were compared as the mean of 
four replicates from the field trial. 

 N timing Mean Observed Mean Simulated RMSE d-index 
Coefficient of 

determination (R2) 

Grain yield 

(kg ha-1) 

Spring pre-

plant 
8062 8170 754 0.964 0.874 

In-season 

at V6 
8182 8223 869 0.947 0.828 

Crop N uptake   

(kg N ha-1) 

Spring pre-

plant 
103 100 12.5 0.966 0.895 

In-season 

at V6 
106 99 13.3 0.961 0.898 
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Figure 6-1 Fit of predicted and observed spring mineral soil N (top 30 cm) (A), aboveground N uptake (B) 
and grain yield (C) at Elora, ON, Canada over time (2009-2016 for yield; 2010-2016 for N uptake and 
spring mineral soil N content). Observed values (bars) are the average for either sidedress (SD; black 
bars) or pre-plant (PP; grey bars) timings. Predicted values (grey line) are derived from DNDC.  
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6.4.2 Simulating the impacts of different N management strategies 

6.4.2.1 Economically Optimum N rate and Maximum Economic Yield 

Average simulated EONR over the eight years varied from 153 kg N ha-1, when UAN 

was split-injected at V6 and V13, to 202 kg N ha-1 when urea was split-broadcast at pre-plant and 

V13 (Figure 6-2). N placement had the greatest effect on EONR, being significantly greater 

when broadcast (182 kg N ha-1) versus injected at 7 cm depth (159 kg N ha-1) (Figure 6-2). 

Within N placement treatments, the N source and N timing did not affect EONR significantly. 

Yield at the EONR (maximum economic yield) was stable across all treatments, with numeric 

differences ranging only from 10,251 kg ha-1 to 10,841 kg ha-1 (Figure 6-3). Notably, there was 

no yield loss associated with splitting the EONR when 50% was applied at planting or V6, and 

the remainder applied 10 days before silking (Figure 6-3).  
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Figure 6-2 Simulated effects of the N management treatments on mean EONR (kg N ha-1) over the eight 
simulated years (2009-2016). X-axis labels refer to the N source and N placement. Upper case letters (A-
B) denote differences across the four combinations of N placement x N source. All other management 
factors other than N management were kept constant throughout the simulation.  Lower case letters (a-b) 
represent significant differences across the N timing treatments within each N placement x N source 
combination. All comparisons are made at p <0.05 and n=8. Error bars show standard error of the mean 
over the eight simulated years.  
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Figure 6-3 Simulated effects of the N management treatments on mean grain yield (kg ha-1) over the 
eight simulated years (2009-2016) at the EONR. X-axis labels refer to the N source and N placement. 
Upper case letters (A-B) denote differences across the four combinations of N placement x N source. 
Lower case letters (a-b) represent significant differences across the N timing treatments within each N 
placement x N source combination. All comparisons are made at p <0.05 and n=8. Error bars show 
standard error of the mean over the eight simulated years. 
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6.4.2.2 In-season N loss and N surplus 

 N placement had the greatest effect on in-season N losses relative to N timing and source, 

and was much greater when broadcast (59 kg N ha-1) than when injected (25 kg N ha-1) (Figure 

6-4). N source had a significant effect on total N losses when broadcast and was greater using 

urea compared to UAN (67 kg N ha-1 vs. 51 kg N ha-1). When UAN was broadcast, N losses 

were greatest when N was applied at V6 (Figure 6-4). When injected, N source and N timing had 

no effect on N losses (Figure 6-4). 

 When N was injected, N surplus tended to be slightly negative (-2 kg N ha-1) with higher 

N uptake than amount of fertilizer applied, and when N was broadcast, N surplus was slightly 

positive (25 kg N ha-1) (Figure 6-5). When N was broadcast, N surplus was lower when all N 

was applied pre-plant and incorporated after one day, relative to other N application timing 

where incorporation did not occur (Figure 6-5).  

  In the simulated years, N surplus never exceeded 50 kg N ha-1 when N was injected, 

regardless of timing or N source. When urea was broadcast, N surplus exceeded 50 kg N ha-1 in 

four of eight years when urea was split-applied at V6 and V14, and in two of eight years when 

urea was applied pre-plant or split-applied pre-plant and at V13. When UAN was broadcast, N 

surplus exceeded N 50 kg N ha-1 in four of eight years when N was split-applied at V6 and V13, 

and in four of eight years when UAN was applied at V6.  

In the other management combinations, N surplus was always under 50 kg N ha-1. 
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Figure 6-4 Simulated effects of the N management treatments on mean in-season N losses (kg N ha-1) 
over the eight simulated years (2009-2016) at the EONR. X-axis labels refer to the N source and N 
placement. Upper case letters (A-B) denote differences across the four combinations of N placement x N 
source. Lower case letters (a-b) represent significant differences across the N timing treatments within 
each N placement x N source combination. All comparisons are made at p <0.05 and n=8. Error bars 
show standard error of the mean over the eight simulated years. 
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Figure 6-5 Simulated effects of the N management treatments on mean N surplus (kg N ha-1) over the 
eight simulated years (2009-2016) at the EONR. X-axis labels refer to the N source and N placement. 
Upper case letters (A-B) denote differences across the four combinations of N placement x N source. 
Lower case letters (a-b) represent significant differences across the N timing treatments within each N 
placement x N source combination. All comparisons are made at p <0.05 and n=8. Error bars show 
standard error of the mean over the eight simulated years. 
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6.4.2.3 Pathways and timing of in-season N losses 

Volatilization was the major pathway of N losses for urea or UAN when broadcast, 

accounting for 76% of total N losses or 57 kg N ha-1 (Table 6-2). When N was injected, leaching 

was the main pathway of N loss (63%), although a similar magnitude of N was lost to leaching in 

the broadcast treatments (Table 6-2). Delaying all or part of the N application to in-season (either 

at V6 or 10 days before R1) significantly reduced N leaching losses compared to 100% of the N 

applied at planting. N source influenced volatilization losses when broadcast, being larger as 

urea compared to UAN. While the amount of N lost via gas emissions ( N2O, NOx) remained 

stable across the treatments (1.6 kg N ha-1), proportionally more N was lost via this pathway 

when N was injected (6%) compared to when N was broadcast (3%) (Table 6-2).  

 The majority of N losses occurred within 20 days of N application (Figure 6-6 and 6-7). 

When 100% of the N was broadcast at planting or V6, 36-67% of total in-season N losses 

occurred within 20 days of application. When broadcast N was split-applied, 30-40% of N losses 

occurred within 20 days each application date (Figure 6-6 and 6-7). Injecting N also provoked a 

marked increase in N losses in the 20 days after application, representing 13-38% of total N 

losses depending on N source and timing, but the magnitude of this spike in N losses was much 

lower relative to broadcast N (Figure 6-6 and 6-7). In all 16 treatments, N losses were 

concentrated in the first half of the growing season, when N was being applied. 
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Table 6-2 Simulated in-season N losses at the EONR via volatilization, leaching and trace gas emissions across 16 N management strategies 
over 9 years (2009-2016). E). Values presented are the mean annual in-season N losses (2009-2016).  N timing comparisons are nested within N 
sources and N placement.  Means within a column for each parameter followed by different letters (a–c) are significantly different at p <0.05 within 
each vegetative treatment (n=8). 

 

N source 

and 

placement  

N timing 

Volatilization losses  

(kg N ha-1) 

N leaching Losses 

(kg N ha-1) 

Trace gas emissions 

(kg N ha-1) 

Treatmen

t mean 

Overall mean  

(N source x 

placement) 

Treatment 

mean 

Overall mean  

(N source x 

placement) 
Treatmen

t mean 

Overall mean  

(N source x 

placement) 

UAN 

Broadcast 

At planting 11.9 a 

32.9 b 

21.9 c 

16.7 a 

1.5 a 

1.6 a 
At planting + V13 24.1 ab 18.2 bc 1.8 a 

V6 60.2 c 15.3 ab 1.6 a 

V6 + V13 35.5 b 11.3 a 1.4 a 

UAN 

Injected 

At planting 3.4 a 

5.6 a 

21.0 b 

16.1 a 

1.5 a 

1.6 a 
At planting + V13 4.9 a 15.2 a 1.5 a 

V6 8.1 a 15.7 a 1.7 a 

V6 + V13 6.0 a 12.4 a 1.5 a 

Urea 

Broadcast 

At planting 20.0 a 

50.6c 

20.3 b 

15.1 a 

1.8 a 

1.6 a 
At planting + V13 40.0 b 15.8 a 1.7 a 

V6 62.2 c 11.0 a 1.4 a 

V6 + V13 79.8 d 13.5 a 1.5 a 

Urea 

Injected 

At planting 1.4 a 

9.1 a 

20.4 b 

15.6 a 

1.6 a 

1.6 a 
At planting + V13 10.5 b 15.5 a 1.5 a 

V6 14.8 b 13.4 a 1.6 a 

V6 + V13 9.9 b 13.1 a 1.52 a 
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Figure 6-6 Mean simulated N losses at the EONR from planting to harvest averaged over the 8 simulated 
years (2009-2016) when N was applied at V6 (A) and at planting (B). N losses are reported on 10-day 
time step. The first 10-day time step starts at planting. Red arrow on panel (A) indicates timing of V6 

application. Error bars represent standard errors of the eight simulated years (n=8).  
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Figure 6-7 Mean simulated N losses at the EONR from planting to harvest averaged over the 8 simulated 
years (2009-2016) when N was split-applied 50% at V6 and 50% at V13 (A) and 50% at planting and 50% 

at V13 (B). N losses are reported on 10-day time step. The first 10-day time step starts at planting. Red 
arrow(s) on panel (A) indicates timing of V13 application and on panel (B) timing of V6 and V13 

application. Error bars represent standard errors of the eight simulated years (n=8). 
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6.4.2.4 Yield-scaled N losses at the EONR compared to other N rates 

 

Yield-scaled N losses were greatest when urea was broadcast (7.3 kg N Mg grain-1), 

followed by broadcast UAN (6.0 kg N Mg grain-1) and then the injected treatments (2.2 kg N Mg 

grain-1) (Figure 6-8). When N was injected N timing and source had no effect on yield-scaled N 

losses and was overall very low. When UAN was broadcast, yield-scaled N losses were 

significantly lower in the split-application treatments, relative to 100% of the N rate applied at 

planting or V6 (Figure 6-8). Conversely when urea was broadcast, yield-scaled N loss was 

greatest when N was split-applied at V6 and V13.  

The relationship between yield-scaled N loss and N rate depended on the N application 

method. When broadcast, in-season N losses increased linearly with increasing N rate (Figure 6-

9). As such, yield-scaled N losses were not minimized at the EONR. However, yield-scaled N 

loss at the EONR were lower than what was predicted by the linear function (Figure 6-9). This 

indicates that because the EONR varied from year-to-year, yield-scaled N losses were lower 

relative to applying the same N rate (i.e. the mean EONR) every year.  When N was injected, a 

cubic function (3rd degree polynomial) fit the relationship between yield-scaled N losses and N 

rate (Figure 6-10). Yield-scaled N losses were minimized at N rates far below average EONRs 

(36 to 83 kg N ha-1; Figure 6-10). In the injected treatments, yield-scaled N losses at the EONR 

were slightly greater than what was predicted by the cubic function.  
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Figure 6-8 Simulated effects of the N management treatments on mean yield-scaled N losses (kg N ha-1) 
at the EONR over the eight simulated years (2009-2016). X-axis labels refer to the N source and N 
placement. Upper case letters (A-C) denote differences across the four combinations of N placement x N 
source. Lower case letters (a-b) represent significant differences across the N timing treatments within 
each N placement x N source combination. All comparisons are made at p <0.05 and n=8. Error bars 
show standard error of the mean over the eight simulated years.
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Figure 6-9 Relationship between applied N rates and yield-scaled N loss across the N management treatments broadcast with different N sources 

and timings. The line of best fit between applied N and mean simulated yield-scaled N losses (2009-2016) for each treatment are shown in red. 
The orange dot indicates mean yield-scaled N loss (2009-2016) when the EONR was allowed to vary from year-to-year. Dots below the red line 

indicate that yield-scaled N losses are lower than what is predicted by the best-fit linear relationship (i.e. applying a long-term EONR). 
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Figure 6-10 Relationship between applied N rates and yield-scaled N loss when N was injected. The line of best fit between applied N and mean 
simulated yield-scaled N losses (2009-2016) for each treatment are shown in red. The orange dot indicates mean yield-scaled N loss (2009-2016) 

when the EONR was allowed to vary from year-to-year. Red arrow indicates the N rate where yield-scaled N losses are minimized.  Dots below 
the red line indicate that yield-scaled N losses are lower than what is predicted by the best-fit linear relationship (i.e. applying a long-term EONR). 
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6.5 Discussion 

Farmers have a strong incentive to apply the EONR, as opposed to lower N rates (Zhao et 

al. 2017), and tremendous research effort has been aimed at developing decision support tools 

that can help farmers predict what the EONR will be (Morris et al. 2018). This study simulates 

the impacts of N management decisions on the environmental and agronomic performance of the 

crop fertilized at the EONR. N management influences N losses directly via changes in the 

susceptibility of N fertilizer to loss, which affected the EONR.   

6.5.1 Impact of N management on in-season N losses and N loss pathways at the 
EONR 

The model predicted very high N losses via volatilization when N was broadcast rather 

than injected, and these losses occurred soon after N was broadcast. In-season volatilization 

represented an average of 23% of applied N when broadcast, representing the greatest pathway 

of N loss (Table 6-2). The amount of N applied at the EONR was also significantly greater when 

broadcast compared to injected (182 kg N ha-1 vs. 158 kg N ha-1), in large part because N losses 

were much greater when N was broadcast. Yield-scaled N losses were much greater when N was 

broadcast, particularly urea (Figure 6-8).  

 The perils of broadcasting urea-containing fertilizers are well known (Terman 1980; 

Sommer et al. 2004). N loss via volatilization amounts to an average of 18% of applied when 

broadcast N (Pan et al. 2016) and can reach 60% when N is broadcast as urea (Sommer et al. 

2004), depending on weather, crop and soil parameters such as temperature, rainfall, and wind 

speed at the soil surface (Havlin et al. 2016). One reason for the high volatilization losses 

observed in this experiment was the high soil pH (7.7) used in the simulations, which was taken 
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directly from field measurements.  Soils with pH greater than 7.4 are highly susceptible to 

volatilization losses when urea-containing fertilizers are applied (Whitehead and Raistrick 1990; 

Dutta et al. 2016; Sigurdarson et al. 2018). Soil pH in Ontario farm fields are generally greater 

than 7.0; Lauzon et al. (2005) measured soil pH in 23 farm fields across southern Ontario and 

found that only 9 were below 7.0. Conversely, in a North American review of farm field soil pH 

levels, less than 20% of samples were above 7.0 (Fixen 2015). In fields where soil pH is acidic 

and less than 7.0, urea will be less susceptible to volatilization, and thus expected volatilization 

losses would be lower than reported in this simulation experiment. Simulated volatilization 

losses from broadcast urea was greater than volatilization losses from UAN (51 kg N ha-1 vs. 33 

kg N ha-1), likely because ~25% of N in UAN is in NO3
- form, which is not subject to being lost 

via NH3 volatilization and only 50% is in the form of urea, which is more susceptible than NH4
+ 

to induce NH3 volatilization, owing to the localized temporary pH increase associated with urea 

hydrolysis. DNDC is incapable of simulating the application of N in a concentrated band 

(‘banding’), and instead distributes the fertilizer N uniformly over the field surface. Banding has 

been shown to reduce NH3 emissions and is recommended, especially when incorporated below 

the surface (e.g. Malhi et al. 2001). However, when applied on the surface and not incorporated, 

banding may result in greater volatilization, depending on soil pH, and buffer capacity (Sommer 

et al. 2004; Rochette et al. 2009). Banding by design concentrates urea, and if urea hydrolysis 

results in greater pH within the band than outside of the band in the bulk soil, owing to acidic 

soil pH and low buffer capacity, banding can increase the risk of volatilization losses. Several 

researchers have observed high volatilization losses when urea was banded in acidic soils with 

low base saturation (Ferguson et al. 1984; Buresh 1987; Rochette et al. 2009).  Given the 
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relatively high bulk soil pH and buffer capacity of the field used in this simulation experiment, it 

is unlikely that surface banding urea or UAN would have had a major impact on simulated 

volatilization losses compared to a uniform application, but we cannot rule out that possibility 

based on this data.  

A reliable and common practice for reducing volatilization is incorporation of the 

fertilizer into the soil profile: deeper placement results in a longer path length to the soil surface, 

increased adsorption of NH4
+ to cation exchange sites on clay and organic matter particles, and 

greater resistance to gaseous NH3 release into the atmosphere (Pan et al. 2016). Rochette et al. 

(2013) estimates that each additional cm of incorporation depth reduces volatilization losses by 

12.5%, and that incorporation at depths greater than 7.5 cm results in negligible volatilization 

losses. In this experiment, simulated volatilization losses were 6 times greater when broadcast 

compared to injected at 7 cm depth (Table 6-2).  EONR for broadcast N was 15% greater 

compared to injected, due to much greater volatilization losses. These results support the 

agronomic and environmental rationale of injecting urea-based fertilizers rather than applying at 

the surface.  

In this simulation, volatilization losses from broadcast N was always reduced when N 

was applied pre-plant, likely due to the fact that N was incorporated one day after application, an 

option which most farmers lack when N is applied in-season. However split-N applications 

would reduce NH4
+ concentration in the soil solution at any application time and would be 

expected to reduce total in-season volatilization losses (Pelster et al. 2018). When UAN was 

broadcast in-season, a split-application at V6 and V13 reduced volatilization losses, while 

conversely when urea was broadcast, the V6 and V13 split application increased volatilization 
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losses (Table 6-2). The inconsistent effect of splitting N on volatilization losses was also 

observed in a meta-analysis (Pan et al. 2016) which found that splitting N does not affect 

volatilization consistently. While rapid crop N uptake can reduce volatilization when applied in-

season, the higher soil temperatures experienced in the middle of the growing season can 

increase volatilization by driving ammoniacal N towards free NH3 (e.g. Salazar et al. 2014).  

Volatilization occurs within minutes of surface application of urea-based fertilizers. 

Applying 130 kg N ha-1 as UAN on the surface, Woodley et al. (2018) recorded volatilization 

losses of 11 kg N ha-1 within the first 3 hours of application, compared to 2.5 kg N ha-1 when 

UAN was injected. At the timescale of hours or days post-application, N volatilization losses can 

be high even if the N rate applied does not exceed crop N demand and N surplus is low (Keller 

and Mengel 1986; Figure 6-3). In a modelling study, Sanz-Cobena et al. (2014) found that when 

N application rates were tailored to crop N uptake, yield-scaled volatilization losses were not 

minimized relative to lower N rates. These results together indicate that N management decisions 

have a large impact on volatilization losses, even when the N rate applied does not exceed crop 

N demand.  

The total amount of in-season N lost via leaching was low in the experiment (16 kg N ha-

1) (Table 6-2).   Loam soils are more resistant to the effects of rainfall events on N leaching 

(Nieder et al. 1995; Hall et al. 2001) particularly if they contain large proportions of silt which 

increases soil water holding capacity (Zhao et al. 2016). Another reason for low N leaching 

losses observed in the simulation is because the EONR was applied, which kept the N surplus 

negative or slightly positive, reducing the probability of large leaching losses (Zhao et al. 2016). 

Applying an N rate guided by a pre side-dress nitrate test, Sogbedji et al. (2000) observed in-
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season NO3
- leaching losses of 13.8 kg N ha-1. In a simulation experiment, using N management 

based on European Good Agricultural Practices, Beaudoin et al. (2005) reported annual N losses 

of 16 kg N ha-1 on a deep loam. However relative to the full N application at planting, when N 

was applied in-season, a small but consistent reduction in leaching losses occurred irrespective of 

N placement or N source, from 21 kg N ha-1 to 14 kg N ha-1 (Table 6-2). In-season N applications 

have been found to increase fertilizer N recovery (Mueller et al. 2017; Chapter 3) because the 

crop is actively taking up large amount of N, reducing the risk of N loss via some N loss 

pathways (Binder et al. 2000). Other studies have similarly noted that in-season N applications 

can reduce leaching losses when N is applied to maize (Guillard et al. 1999: Bakhsh et al. 2002). 

However, as previously noted, simulated gaseous N losses did not appear to be strongly impacted 

by crop N uptake rates because these losses occur so rapidly after N application. Regardless, the 

reductions in leaching losses observed when N was applied in-season, at V6 or as a split 

application, did not translate into significant reductions in the EONR or yield-scaled N losses.  

As expected, N2O emissions represented a very small proportion of in-season N losses 

across all N management strategies and did not vary strongly from year-to-year (Table 6-2). 

Mean simulated emissions agreed well with other published report of seasonal N2O emissions. In 

a meta-analyses of North American studies, Omonode et al. (2017) reports seasonal N2O losses 

of 1.67 kg N ha-1 for rainfed maize. In a separate field study at Elora, Wagner-Riddle et al. 

(2007) found in-season N2O emissions in maize under conventional tillage varied from 1.2-1.8 

kg N ha-1 over 2 years. There was surprisingly little impact of N management on N2O emissions, 

despite field studies reporting that N management decisions do have a large impact on N2O 

losses. Comparing N placement effect on N2O emissions, Halvorson and Del Grosso (2013) 



 

 

170 

 

found that surface-banded N resulted in greater N2O volatilization than surface broadcast N in an 

irrigated maize system, while Halvorson et al. (2010) found that, when banded on the surface, 

urea resulted in greater yield-scaled N2O emissions than UAN. In a meta-analysis of no-till in 

multiple crops, van Kessel et al. (2013) found that deep placement (>5cm) of fertilizers resulted 

in significant reductions in N2O emissions relative to shallower (<5 cm) placement. However, 

the effect of N placement (shallow versus deep) on N2O emissions is not stable and depends on 

the differences in soil moisture content along the soil profile (Drury et al. 2006).  Several authors 

have found that N2O emissions are impacted by the timing of N application, although results are 

mixed as to the direction of this effect. In a field study Drury et al. (2011) found that applying N 

at V6 increased N2O emissions relative to pre-plant in one year, and decreased N2O emissions in 

another. Ma et al. (2009) found that on average in-season N applications increased N2O 

emissions relative to a pre-plant timing, likely because of the greater soil temperature when N 

was applied in-season.  

 The lack of significant variation in N2O losses over years or N management treatments 

can be attributed to several factors. N2O losses generally increase linearly as N rate increases but 

remain relatively low and stable as long as N surplus or N balance remains negative, or does not 

exceed 50-70 kg N ha-1 (Van Groenigen et al. 2010; Omonode et al. 2017), which was the case in 

this simulation study. N2O emissions from maize fields are strongly controlled by soil C, soil 

C:N ratio, and organic matter inputs (Li et al. 2005; Eagle et al. 2017), values which were 

relatively stable over the short time-frame in this study (8 years) in a continuous maize rotation. 

While annual variability in denitrification  is substantial and strongly driven by rainfall, 

denitrification is relatively low on well-drained soils (Hofstra and Bouwman 2005; Li et al. 



 

 

171 

 

2005). In a review, Abalos et al. (2016b) found that on medium-textured soils, N management 

decisions have a much smaller impact on N2O emissions relative to coarse of fine-textured soils. 

The choice of tillage in the field and simulation experiment, fall moldboard plough, may have 

stabilized variability in seasonal N2O loss potential by reducing water-filled pore space relative 

to low-till or no-till management (Linn and Doran 1984; Gregorich et al. 2007). In a review of 

Canadian field studies Gregorich et al. (2005) found that N2O emissions were lower in no-till 

versus conventional tillage in about half of the reviewed studies, but the variability in mean N2O 

losses in no-till was much greater compared to conventional tillage. Enhanced efficiency 

fertilizers containing urease or nitrification inhibitors reduce N2O losses relative to conventional 

N sources (Thapa et al. 2016), however the model version of DNDC used in this study was not 

yet calibrated for fertilizers containing inhibitors. 

While the impact of climate variability was not the focus of this experiment, N losses 

varied considerably from year to year. Averaged across N management treatments, in-season N 

losses varied from 13 kg N ha-1 (in 2012) to 59 kg N ha-1 (in 2016). However, there was never a 

year when the general trends observed in this modelling study were reversed. Results of the 

simulation experiment broadly support the axiom that applying the EONR produces strong 

agronomic and economic performance for the farmer. N surpluses were generally below the 50 

kg N ha-1 threshold identified by Van Groenigen et al. (2010), Zhou and Butterbach-Bahl (2014) 

and Zhao et al. (2016) as the point where yield-scaled N losses begin to rise dramatically, and 

below the 48 kg N ha-1 threshold identified by Sela et al. (2018) as the point where yield-scaled 

N losses begin to increase linearly  In this study, relatively low leaching, and N2Olosses at the 

EONR, were in concordance with the results of meta-analyses which have found low N losses 
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when fertilizer N supply does not greatly exceed crop N uptake (Van Groenigen et al. 2010; 

Zhou and Butterbach-Bahl 2014; Zhao et al. 2016; Omonode et al. 2017; Zhao et al. 2017).  

 While the EONR may represent an improvement over typical N application rates, which 

generally exceed the EONR, in terms of agronomic and environmental performance, simulated 

yield-scaled N losses were never minimized at the EONR. When surface-applied, yield-scaled N 

losses increased with increasing N rate and when injected, yield-scaled N losses were minimized 

at N rates far below the EONR (Figure 6-9 and 6-10). Volatilization was the major loss pathway 

when N was broadcast, and given how rapidly volatilization occurred in broadcast scenarios, it 

would have little interaction with crop N As such, yield-scaled N losses (dominated by 

volatilization losses) would be linearly related to N rate. However, when injected, N loss 

pathway was dominated by leaching losses, and would thus be more strongly related to crop N 

uptake and transpiration. This may explain the non-linear relationship between applied N and 

yield-scaled N losses when N was injected. Because the EONR varies from year-to-year, 

simulated yield-scaled N losses at the EONR were compared to yield-scaled N losses when the 

average EONR was applied consistently. When N was broadcast, allowing the EONR to vary 

reduced yield-scaled N losses relative to applying the long term average EONR (Figure 6-10). 

Conversely, when injecting the EONR yield-scaled N losses were slightly greater than predicted. 

(Figure 6-9),   

 This study was conducted at a fertilizer N/corn price ratio of 6.2. Decreases in this ratio 

would necessarily increase the amount of N applied at the EONR. However, the quadratic-

plateau model is relatively insensitive to changes in the fertilizer/corn price ratio. Halving the 

fertilizer N/corn price ratio (to 3.1) would have increased the average EONR by less than 10 kg 
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N ha-1. Yield response to N fertilizer has a much larger impact on the EONR than the fertilizer 

N/corn price ratio (Dhital and Raun 2016).  

6.5.2 Conclusion 

Results of this study reinforce the importance of developing N decision support systems 

that better predict EONRs. Farmers face very strong incentives to apply the EONR, and while 

lower N rates would reduce environmental N losses, farmers are likely unwilling to voluntarily 

reduce profits without additional policy or compensation mechanisms in place (Zhao et al. 2017). 

Results suggest that the EONR provides strong agronomic and environmental performance 

because it matches crop N demand with fertilizer N supply. Yield-scaled N losses were not 

minimized at the EONR but were on average below 5 kg N Mg-1 grain when injected, and under 

6 kg N Mg-1 grain when broadcast, values comparable to other measures of yield-scaled N losses 

when N fertilizer best management practices are applied (e.g. 4.6 kg N Mg-1; Cui et al. 2018). It 

was observed in this study that at the EONR, N surplus values rarely exceeded 50 kg N ha-1, 

especially when N was injected, minimizing the risk of large yield-scaled N losses.  

We also found that N management decisions strongly impacted the environmental 

performance of the EONR. While grain yield was stable across the 16 fertilizer treatments, 

broadcasting N significantly increased the EONR, in-season N losses at the EONR, yield-scaled 

N losses, and N surplus. N management strategies which are susceptible to high in-season N 

losses will require more N to reach the EONR, because a larger proportion of applied N is lost to 

the environment and not taken up by the crop. This may provide an additional incentive for 

farmers to adopt N management strategies which reduce in-season N losses, such as injecting N 

rather than broadcasting, because these strategies lower the EONR.  
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7 Discussion 

7.1.1 Hypotheses of the thesis 

Chapter 3:  

o Hypothesis 1: Yield forming processes that occur prior to silking are maximized at 

relatively low N application rates.  

The processes that govern yield formation in maize (i.e. kernel number and weight) are 

maximized at very low N application rates. In this experiment, 80 kg N ha-1 was sufficient to 

maximize pKN and pKW at R2, although insufficient to bring maize to maturity without 

significant yield loss.  

o Hypothesis 2: Low N application rates becomes suboptimal in terms of yield soon after 

R1 due to reductions in pollinated kernel number and weight. 

The yield loss experienced after silking at low N rates occurred within days or weeks of R1, due 

to reduced pKN, and in some cases, reduced pKW. 

o Hypothesis 3: A large N application just prior to silking (9-11 days before) will maintain 

yield potential and result in no yield drag relative to the same amount of N applied 

around planting 

When low initial N rates are applied, late N applications made at V13 (9-11 days before silking) 

maintain yield potential to maturity, avoiding N stress during grain-fill that would otherwise 

occur and reduce yield. The study provides evidence that late N applications are feasible as late 

as V13 in conditions where indigenous soil N supply can provide modest amounts of N via 

mineralization, since potential yield established after silking is maximized at relatively low pre-

plant N fertilizer rate. 
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Chapter 4: 

o Hypothesis #1: Luxury pre-silking N uptake is beneficial under post-silking N and/or 

water stress  

Luxury N uptake prior to silking can indeed buffer grain yield against post-silking N stress. 

Luxury pre-silking N uptake allows high rates of N to be remobilized, likely originating from the 

stalk, meeting grain N demand without impinging on leaf area maintenance or post-silking N 

uptake. To the extent late N applications reduce luxury pre-silking N uptake, they decrease the 

resiliency of the maize crop to N stress experienced post-silking, at least in theory.  

Chapter 5: 

o Hypothesis #1: Post-silking N uptake is a function of post-silking biomass accumulation 

rates. 

It was observed that grain yield is uncorrelated with post-silking N uptake, although principle 

component analyses and random forest regression find that yield is, more accurately, both 

positively and negatively correlated with post-silking N uptake. Post-silking biomass 

accumulation was more strongly related to post-silking N uptake, whether this biomass 

accumulated in the grain (as yield) or in vegetative organs.  

o Hypothesis #2: Greater grain yields can reduce vegetative organ function during grain-

fill, particularly leaf function. This can reduce assimilate supply to roots and thus reduce 

post-silking N uptake under post-silking N and/or water stress 

Maize plants with greater yields tended to have: i) increased N remobilization from vegetative 

organs to the grain, ii) reduced partitioning of post-silking N to vegetative organs and iii) 

reduced post-silking biomass accumulation in vegetative organs. These changes coincided with a 

reduction in leaf CER and a larger percent decline in post-silking root biomass in maize with 

larger yields. These results suggest that increased yields decrease vegetative organ function by 
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shifting nutrient and assimilate partitioning toward the grain at the expense of vegetative organs. 

Through this mechanism increased yields can reduce post-silking N uptake. Together, these 

findings help settle some outstanding debates in the literature on the regulation of post-silking N 

uptake in maize. 

Chapter 6: 

• Hypothesis #1: Yield-scaled N losses at the EONR are strongly dependent on N 

management factors. The incorporation of more stable sources of N, applied in-season, 

will reduce the amount of N applied at the EONR and also N losses at the EONR. 

Yield-scaled N losses and N surplus at the EONR increased when N was applied as urea, as 

opposed to urea ammonium-nitrate, and also increased when N was surface-applied rather than 

incorporated. N application timing did not have a consistent effect on N losses at the EONR. 

• Hypothesis #2: N management decisions (N source, timing, placement) affect not only 

the amount of N loss at the EONR but the N loss pathway by which N is lost (e.g. 

leaching).  

When N was surface applied, or applied as urea, volatilization N losses dominated. When N was 

applied as urea ammonium-nitrate, and was incorporated, there was a relative shift in N loss 

pathway from volatilization towards leaching. Late N applications reduced leaching N losses at 

the EONR modestly.  

• Hypothesis #3: At the EONR, fertilizer N supply does not exceed crop N demand (i.e. N 

surplus is low or negative).  

Irrespective of the N source, placement or timing, environmental performance of the EONR was 

favorable. In all 16 management combinations, simulated mean (2008-2016) N surplus never 

exceeded 50 kg N ha-1, and yield-scaled N losses never exceeded 8 kg N Mg-1 grain. This 
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suggests that at the EONR, the risk of high N losses is minimized. However, even at the EONR, 

the choice of N source and N placement will affect in-season N losses and N surplus.   

• Hypothesis #4: A static EONR applied constantly in every year will have greater in-

season N losses than a variable EONR that is adjusted every year based on growing 

conditions.  

When the EONR was applied at the surface, yield-scaled N losses at the static EONR was 

slightly lower than the variable EONR. Conversely, when the EONR was incorporated below the 

surface, yield-scaled N losses were slightly lower at the variable EONR than the static EONR. 

The reason for this difference is that when surface applied, N losses were driven primarily by 

volatilization, and total yield-scaled N losses increased linearly with N rate. When applied below 

the surface, yield-scaled N losses were not driven by volatilization losses, and so were influenced 

by crop N uptake to a much larger extent. In this latter case, yield-scaled N losses will not 

increase linearly with N rate.  

7.2 Conclusion and future research directions 

Chapter 3 presents compelling evidence that applying the majority of N as late as V13 is 

feasible. This finding should stimulate further research on the use of precision agriculture tools 

and technologies in maize (e.g. drones, remote sensing, computer models) to predict optimum N 

rates. By waiting until close to V13, farmers have a much larger window within which to collect 

in-season data for use with precision agriculture technologies. The ability to collect a larger in-

season dataset may enhance the accuracy and/or precision of these tools for predicting year-to-

year variation in optimum N rates. The experiment in Chapter 3 was conducted on a productive 

and fertile silt-loam soil. Additional experimental site-years from across the province, in 
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different soil textural classes, are warranted to test how generalizable the research findings from 

Chapter 3 are to areas with different indigenous soil N supply.  

The experiments from Chapter 4 and 5 took place in the greenhouse. Experiments which 

extend and validate the research findings in field conditions are warranted before any strong 

research directions can be inferred from these studies. With that caveat, it appears that these two 

studies have implications for maize breeding research. The relationship between plant source-

sink ratios and post-silking N uptake deserve further attention; our results indicate that the 

narrative of ‘post-silking N uptake is a function of N demand (i.e. grain yield)’ is too simplistic. 

Results also suggest breeders should focus on enabling or enhancing accumulation of luxury pre-

silking N, given their apparent yield-buffering benefits under post-silking N stress. From the 

perspective of informing research directions for N management, these results have implications 

for late N management strategies, which may i) reduce pre-silking N uptake, and as a corollary, 

ii) induce greater reliance on post-silking N uptake. Chapter 4 suggests the former effect may be 

detrimental to yields, and additional research is required to verify this potential negative effect of 

late N strategies on the resilience of crops to post-silking N stress. Chapter 5 identified the plant 

traits most strongly related to post-silking N uptake. It is known that exogenous N supply 

interacts with maize N demand to determine post-silking N uptake, particularly under post-

silking N stress. As such, Chapter 5 identifies the plant traits that future experiments on late N 

management should focus on when studying post-silking N uptake in maize.  

The experiment from Chapter 6 would be very difficult to replicate in the real world, 

making it unwise to suggest that this experiment should be conducted again in field conditions. 

Results indicate that the tremendous amount of ongoing research in the public and private 
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sphere, aimed at developing decision-support tools to help farmers apply the EONR, should 

continue to be encouraged on environmental grounds. While N losses would decrease at lower N 

rates, because N surplus is relatively low at the EONR, it can be expected that the environmental 

performance of N use in maize will improve if tools which accurately estimate the EONR are 

widely adopted, relative to current farmer practices where N surplus can be quite high. 

Combining research results together, several conclusions can be drawn about the likely 

response of maize plants to late N applications, at least in modern ‘stay-green’ grain corn (dent) 

hybrids. In the field study (Chapter 3), pre-silking N uptake was lower in the late N treatments 

relative to the full N rate applied pre-plant by ~10 kg N ha-1. Results from the greenhouse 

experiment (Chapter 4) suggest that this depression in pre-silking N uptake will make the crop 

less resilient to post-silking N and/or water stress. It was also observed in the field study when 

comparing all treatments which received 260 kg N ha-1 (either pre-plant or split), while both 

yield and total N uptake were similar in both years (2017 and 2018), post-R2 N uptake was 31% 

greater in 2018 compared to 2017 (91 kg N ha-1 vs. 69 kg N ha-1). This large difference in post-

R2 N uptake was likely not driven by differences in N supply, given that a very high N rate was 

applied (260 kg N ha-1). Differences in post-R2 N uptake, most likely, were driven primarily by 

differences in crop N demand. Chapter 5 explores the various plant traits associated with post-

silking N uptake. Based on the results of Chapter 5, the source-sink ratio of the 2018 maize crop 

may have been more favorable and allowed for greater post-R2 N uptake in 2018. Based on the 

Chapter 6 modelling study, optimal N management decisions for late N application strategies 

include: i) using N sources that lack urea, and ii) incorporating N below the surface, to avoid 
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volatilization losses that can increase the EONR substantially, and thus increase the amount of N 

required at the late N application date. 

Another comparison that can be made based on the results in this thesis is the difference in 

yield, yield components, biomass and harvest indices between the DKC39-97 hybrid when 

grown in the greenhouse and in the field. Comparing only treatments where water and/or N stress 

were not intentionally imposed3, morphological differences were observed by mid-season 

between field and greenhouse grown maize, although sampling time was slightly different (R1 in 

the greenhouse and R2 in the field). In the NWveg greenhouse treatment, per-plant aboveground 

biomass was slightly greater in the greenhouse (159 g plant-1) compared to the field experiment 

(136 g plant-1), however per-plant leaf area was much greater in the field (4637 cm2 plant-1) 

compared to the greenhouse (3358 cm2 plant-1). By R1-R2 the ratio of leaf area to biomass was 

50% greater in the field than in greenhouse conditions (34 cm2 g-1 vs. 21 cm2 g-1), while the ratio 

of leaf biomass to total biomass was 0.21 compared to 0.17.  

By maturity, per-plant biomass was greater in the greenhouse (277 g plant-1) compared to 

field conditions (266 g plant-1), while yield was greater in the field (155 g plant-1) relative to the 

greenhouse (133 g plant-1). This led to a much larger harvest index in the field (0.58) relative to 

the greenhouse (0.48). The difference in yield between greenhouse and field conditions appears 

driven by differences in kernel weight (267 mg kernel-1 vs. 231 mg kernel-1) because kernel 

number was similar (575 kernel plant-1 vs. 574 kernel plant-1). 

                                            

3 Including only NWveg-NWveg in the greenhouse (Chapter 4 and Chapter 6) and excluding the 0_0 and 80_0 

treatments from the field experiment (Chapter 3).  
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Given this simple comparison it appears that in field conditions, maize allocates a larger 

proportion of aboveground biomass to leaves, and invests in a larger leaf area, relative to maize 

grown in greenhouse conditions. This shift in morphology, in favor of leaf area, appears to 

enable field-grown maize to maintain a greater source-sink ratio during grain-fill, and result in 

larger kernel weights by maturity, relative to greenhouse-grown maize, and despite the more 

stable and favorable growing conditions in the greenhouse. While total sink strength appears 

relatively stable (biomass mid-season and at maturity; kernel number at maturity), the greater 

source strength (leaf area mid-season) appeared to increase yield in field-grown maize relative to 

the greenhouse.  

7.3 Limitations of the thesis 

 

All the experiments conducted in this thesis were limited to a single dent hybrid variety 

(DKC39-97) grown at roughly the same plant density (8.7-9.0 plants m-2). This limits the ability 

to account for or even identify genotypic variation in the response of Ontario-adapted maize 

varieties to late N applications. While genotypic variation in response to late N applications 

appears to be low (Mueller and Vyn 2018), internal plant N efficiencies have changed over time, 

with greater stalk N accumulation and remobilization in modern hybrids coinciding with reduced 

leaf N remobilization (Chen et al. 2015; Chen and Vyn 2017; Mueller 2018), and reduced grain 

N concentrations (Ciampitti and Vyn 2013). DKC39-97 was selected because it is a common, 

commercially available grain corn hybrid in Ontario, but across other Ontario-adapted varieties, 

genotypic differences in post-silking N uptake and N remobilization efficiencies would likely 

affect variety responsiveness to late N applications. Additionally, the response of maize to N 
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fertilizer rate is known to be affected by plant density (Ciampitti and Vyn 2011). The density 

used in this study was chosen because it is a common planting density for southern Ontario, but 

the conclusions of this thesis may not generalize to different plant densities common in other 

maize-growing regions of the globe. Plant density affects biomass accumulation per unit area, as 

well the ratio of stalk to leaf biomass, and hence stalk to leaf N content (Ciampitti and Vyn 

2011). N uptake pre or post-silking is heavily influenced by these variables, indicating that plant 

density will impact crop response to late N applications. The lack of additional plant density or 

hybrid treatments in this thesis was limited by space, time and financial constraints. Additional 

research is required to validate if the extension of the research conclusions reached in this thesis 

are generalizable to different hybrid varieties and plant densities. 

Finally, the field experiment was conducted under irrigated conditions, with 20-30 mm of 

irrigation provided between V13 and R1, and on a relatively fertile soil with relatively high 

indigenous soil N supply (Chapter 3). In Ontario, it is very unusual for farmers to irrigate maize 

crops, and to-date a major farmer concern limiting the adoption of late N management strategies 

is the risk of insufficient rainfall post-application. Additionally, the N source used, ammonium-

nitrate, is much less vulnerable to volatilization losses than the urea-based N fertilizers 

commonly used by Ontario farmers. Additional research on late N application in non-irrigated 

conditions are therefore warranted.  
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8 Appendices 

8.1 Appendix for Chapter 3 
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Appendix Figure 1 Effect of pre-plant N rates on NDVI values taken by a handheld GreenseekerTM at the 
V10 stage of growth in 2017 (upper pane) and 2018 (lower pane). Bars assigned different uppercase 
letters are significantly different from each other at p <0.05 based on a Tukey’s multiple means 
comparison test. (n=4). No significant differences were found across treatment means compared via a 
Tukey’s test at p <0.05. (n=4). 
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Initial pre-plant N fertilizer application rate (kg N ha-1)
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Appendix Figure 2 Effect of pre-plant N rates on Nitrogen Nutrition Index (NNI) at V13 in 2017 and 2018. 
Bars assigned different uppercase letters are significantly different from each other at p <0.05 based on a 
Tukey’s multiple means comparison test (n=4).  
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Appendix Figure 3 Effect of pre-plant N rates on Nitrogen Nutrition Index (NNI) at R2 in 2017 and 2018. 
X-axis labels refer to the initial pre-plant N rate applied. Dark green bars refer to late N treatments 
receiving a total of 260 kg N ha-1. From left to right, bars refer to: 0_0, 0_260, 80_0, 80_180, 140_0, 
140_120, 200_0, 200_60, 260_0 (control). Lower case letters (a-b) represent significant differences 
across the split-plot treatments within each pre-plant N rate. Letters with (*) are significantly different from 
the 260_0 control treatment. All comparisons are made at p <0.05 (n=4). 
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Appendix Figure 4 Relationship between crop growth rate during the critical period around R1 and final 
kernel number in 2017 (upper pane) and in 2018 (lower pane). The relationship was modeled using a 
quadratic equation. 
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Appendix Figure 5 Linear plateau equation fit to yield response data in 2017 (upper pane) and 2018 
(lower pane). EONR is equal to 152 kg N ha-1 in 2017 and 234 kg N ha-1 in 2018. (n=4). 
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Appendix Table 1 Effect of N treatments on spikelet rows per ear and number of spikelets per row in 
2017 and 2018. V13 N rate split-plot treatments are always compared within main-plot treatments, and 
treatment means for each parameter followed by different letters (a–b) are significantly different at p 
<0.05. Additionally,split-plot treatments are compared via linear contrasts to the control treatment 
receiving 260 kg N ha-1 pre-plant via a Dunnett’s test (Y-Z). (n=4). 

 

 

 

 

 

 

 

 

Pre-

plant 

N rate 

V13 N 

rate 

Rows per ear  
Spikelets per row 

 

2017 2018 2017 2018 

0 
0 17 a Z 18 a Z 24 a Y 30 a Z 

260 18 a Z 18 a Z 34 b Z 29 a Z 

80 
0 17 a Z 18 a Z 31 a Z 31 a Z 

180 17 a Z 18 a Z 33 a Z 31 a Z 

140 
0 18 a Z 17 a Z 32 a Z 31 a Z 

120 18 a Z 18 a Z 33 a Z 30 a Z 

200 
0 18 a Z 18 a Z 33 a Z 31 a Z 

60 17 a Z 19 a Z 33 a  Z 30 a Z 

260 0 18 Z 18 Z 34 Z 31 Z 
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Appendix Table 2 Effect of the N treatments on kernel number and kernel weight in 2017 and 2018. V13 
N rate split-plot treatments are always compared within main-plot treatments, and treatment means for 
each parameter followed by different letters (a–b) are significantly different at p <0.05. Additionally, split-
plot treatments are compared via linear contrasts to the control treatment receiving 260 kg N ha-1 pre-
plant via a Dunnett’s test (Y-Z). (n=4). 

 

 

 

 

 

 

 

 

 

Pre-

plant N 

rate 

V13 N 

rate 

Mean kernel weight 

(mg kernel-1) 

kernel number 

(kernels m2) 

2017 2018 2017 2018 

0 
0 208 a Y 223 a Y 3287 a Y 4386 a Y 

260 272 b Z 263 b Z 4823 b Z 5299 b Z 

80 
0 251 a Y 254 a Y 4318 a Y 5026 a Y 

180 282 b Z 259 a Z 4680 b Z 5569 b Z 

140 
0 270 a Z 268 a Z 4491 a Z 5099 a Z 

120 280 a Z 260 a Z 4770 b Z 5537 b Z 

200 
0 273 a Z 260 a Z 4722 a Z 5438 a Z 

60 292 a Z 266 a Z 4583 a Z 5251 a Z 

260 0 272 Z 247 Z 4683 Z 5497  Z 
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Appendix Table 3 Effect of the split-plot treatments on N recovery efficiency (%). Treatment means are 
compared via a Tukey’s test within years. (n=4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pre-plant N 

rate 

(kg N ha-1) 

V13 N rate 

(kg N ha-1) 
2017 NRE (%)  2018 NRE (%) 

 

0 260 44 a Z 41 a Z 

80 180 48 a Z 48 a Z 

140 120 53 a Z 36 a Z 

200 60 45 a Z 34 a Z 

260 0 42 a Z 38 a Z 
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8.2 Appendix for Chapter 4 

Appendix Information. Regression leaf area from a leaf are meter on: a) ruler 

measurements of leaf length and width, b) leaf dry weight 

At silking, on a subset of 350 leaves, leaf length and width at the widest point was 

measured with a ruler before being detached from the plant and having their leaf area measured 

using a leaf area meter. This allowed for a regression of leaf area as measured by the leaf area 

meter against leaf length and width as measured by a ruler. Leaves in this subset were dried in an 

oven at 80oC for 48 hours and weighed individually to parameterize another regression equation 

expressing leaf area (as measured by the leaf area meter) as a function of dried leaf weight. This 

regression was used to calculate senesced leaf area (described later) during reproductive growth. 

The R2 of the regression of leaf area (ruler) to leaf area (leaf area meter) (n=350) was equal to 

0.96: 

Leaf area (cm2) = -57.03 + 6.05*leaf_width + 1.63*leaf_length +0 .61*(leaf_length*leaf_width) 

For the regression of leaf area (leaf area meter) to leaf weight, the two vegetative treatments 

required separate regression equations: 

Nveg senesced leaf area (cm) = 38.62 + 144.00*senesced_leaf_weight (R2 = 0.91) 

Nveg senesced leaf area (cm) = 40.14 + 148.49*senesced_leaf_weight (R2 = 0.92) 

 

 

 

 

 

 

 



 

 

217 

 

Appendix Table 1. Total N content (nitrate-N + ammonium-N) in Turface® remaining after irrigating 
buckets for 30 minutes (18 L min-1). 2.25 g N was added to pots initially.  

 

Pot Number 

Proportion of N 

remaining after irrigation                  

(%) 

1 1.2 

2 0.9 

3 1.1 

4 0.2 
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Appendix Table 2 δ15N (‰) of maize plant tissue in pots where 40 mg 15N (as KNO3
- at 10% atom 

excess) was previously added and then leached away before seeding by irrigating for 30 minutes at a 
flow rate of 18L min-1. The negative δ15N (‰) illustrates that the irrigation procedure prevented 
subsequently grown plants from being labelled with 15N above natural abundance4.  

 

Pot Number 

δ15N value of sampled plant tissue reported 

against the primary reference scale of 

atmospheric air (‰) 

1 -1.59 

2 -2.29 

3 -2.03 

4 -3.88 

 

 

 

 

 

 

 

 

 

 

 

 

                                            

4 The δ15N (‰) of the sample was calculated following Mariotti et al. (1981): δ15N (‰) = 

((Rsample / Rair -1) × 1000 
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Appendix Figure 1 Leaf CER (µmol m2 s-1) of the vegetative treatments (Nveg and nveg) at silking on 
leaves at 3 different nodal positions (mean ± S.E). Vegetative treatments are compared within leaf nodal 
position. Different letters indicate significant differences in leaf CER across Nveg and nveg treatments at p < 
0.05 (n=6).  
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Reproductive treatments
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Appendix Figure 2 Proportion of vegetative N remobilized to the grain at maturity across all eight 
treatments (mean ± S.E). Vegetative treatments are nested within the reproductive treatments. Different 
letters indicate significant differences in % vegetative N remobilization across Nveg and nveg treatments at 
p < 0.05 (n=4).  
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8.3 Appendix for Chapter 5  

 

Appendix Table 1 List of 36 variables originally included in the RF regression before cross-validation 

 

 

 

Variable  
Unit of 

measurement 
Variable  

Unit of 

measurement 

Harvest index ratio 
N remobilization to the 

grain 
g N plant-1 

Nitrogen harvest index ratio Leaf area at silking cm2 

Root-shoot ratio ratio Specific leaf N g N m2 

Green leaf N content at 

maturity 
g N plant-1 Green leaf area at maturity cm2 

Senesced leaf N content at 

maturity 
g N plant-1 

Ratio of green leaf area at 

mid-grain-fill to kernel 

number at maturity 

ratio 

Root weight g plant-1 Kernel number number plant-1 

Cob and husk weight g plant-1 Kernel weight mg kernel-1 

Weight of senesced leaves g plant-1 
Post-silking biomass 

accumulation  
g plant-1 

Weight of green leaves g plant-1 

Post-silking biomass 

accumulation in vegetative 

organs (i.e. excepting 

kernels) 

g plant-1 

Stalk weight g plant-1 Total biomass at maturity g plant-1 

Grain yield g plant-1 

Ratio of post-silking 

biomass accumulation to 

kernel number 

ratio 

Root N content g N plant-1 Kernel N concentration % 

Cob and husk N content g N plant-1 Cob N concentration % 

N content of senesced 

leaves 
g N plant-1 Root N concentration % 

N content of green leaves g N plant-1 Green leaf N concentration % 

Stalk N content g N plant-1 
Senesced leaf N 

concentration 
% 

Grain N content g N plant-1 Stalk N concentration % 

Total N content g N plant-1   

N remobilization to the 

grain 
g N plant-1 
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Appendix Table 2 Average kernel number per plant and mean kernel weight. Reproductive treatments 
are nested within the vegetative treatments. Means within a column for each parameter followed by 
different letters (a–b) are significantly different at p <0.05 (n=6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Vegetative 

Treatments 

Reproductive 

Treatments 

Kernel number (# plant-1) Kernel weight (mg kernel-1) 

Treatment mean 

Vegetative 

treatment 

mean 

Treatment mean 

Vegetative 

treatment 

mean 

 High N + 

Water 

Replete 

(NWveg) 

NW 575 a 

561 a 

231 a 

211 a 
nW 615 a 226 a 

Nw 548 a 194 a 

nw 500 a 193 a 

      

Low N + 

Water 

Replete 

(nWveg) 

NW 532 a 

450 b 

247 a 

210 a 
nW 512 a 214 ab 

Nw 401 ab 203 ab 

nw 371 b 183 b 

      

High N + 

Water Stress 

(Nwveg) 

NW 158 a 

147 c 

252 a 

241 b 
nW 178 a 221 a 

Nw 97 a 244 a 

nw 155 a 245 a 

      

Low N + 

Water Stress 

(nwveg) 

NW 93 a 

113 c 

263 a 

241 b 
nW 63 a 234 a 

Nw 135 a 254 a 

nw 151 a 222 a 
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Appendix Figure 1 Leaf CER (µmol m-2 s-1) on the 2nd leaf below the ear leaf (A), the ear leaf (B), and 2nd 
leaf above the ear (C) across the 16 treatments 21 days after silking. The four vegetative treatments are 
found on the x-axis. Different colour bars represent the four reproductive treatments (nested within 
vegetative treatment). Capital letters denote significant differences across vegetative treatments and 
lowercase letters represent significant differences across reproductive treatments within vegetative 
treatments at a p < 0.05 (n=6). 
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Vegetative Treatments
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Appendix Figure 2 Leaf CER (µmol m-2 s-1) on the 2nd leaf below the ear leaf (A), the ear leaf (B), and 2nd 
leaf above the ear (C) across the 16 treatments 34 days after silking. The four vegetative treatments are 
found on the x-axis. Different colour bars represent the four reproductive treatments (nested within 
vegetative treatment). Capital letters denote significant differences across vegetative treatments and 
lowercase letters represent significant differences across reproductive treatments within vegetative 
treatments at a p < 0.05 (n=6). 
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Appendix Table 3 Correlations between plant trait variables and the first two principal components on 
the pooled PCA analysis (all four reproductive treatments). Only variables that are significantly correlated 
with the principal component are shown (p < 0.05). (n = 128). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Variables Correlation coefficient 

Principal Component 1 (PC1) 

Harvest Index 0.96 

Nitrogen harvest Index 0.94 

Kernel number 0.94 

Yield 0.93 

Gram vegetative N remobilized to the 

grain 
0.89 

Post-silking BM accumulation 

(PostBM) 
0.40 

Post-silking N uptake -0.24 

Source-sink ratio (ratio of PostBM to 

KN) 
-0.43 

Post-silking vegetative BM 

accumulation 
-0.68 

Root-shoot ratio -0.88 

Principal Component 2 (PC2) 

Post-silking BM accumulation 0.84 

Post-silking N uptake 0.82 

Post-silking vegetative BM 

accumulation 
0.65 

Green leaf area at maturity 0.60 

Kernel weight 0.50 

Yield 0.27 
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Appendix Figure 3 Correlation plot between observed values of post-silking N uptake and predicted 
values of post-silking N uptake from the RF regression. 1:1 line is shown. (r2 = 0.60).  
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8.4 Appendix for Chapter 6  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 1 Example of a sequence of N rate applications in the longterm N rate trial for a 
hypothetical experimental unit. Note that 2010, 2012, 2014 and 2016 are rest years and receive a uniform 

application of 145 kg N ha-1. 2009, 2011, 2013 and 2015 are treatment years. 
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Appendix Table 1 Parameter setting for maize crop production after calibrating DNDC model to field 
observations 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Crop Parameter 

setting 

Max grainbiomass 

production  

(kg C ha-1 yr-1) 

6000 

Grain biomass 

fraction (%) 
47 

Grain C:N ratio 35 

Leaf and stem 

C:N ratio 
65 

Root C:N ratio 60 

Thermal degree 

days for maturity 
2550 

Water demand  

(g water g DM-1) 
170 

Optimum 

temperature (oC) 
30 
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Appendix Table 2 Average observed and simulated grain yields, N uptake and in-season N losses (2009-2016) at five N rates delivered at two N 
timings (n = 8). Simulated values represent DNDC model predictions after calibration.  

N rate                

(kg N ha-1) 
N timing 

Grain yield 

(kg ha-1) 
Crop N uptake (kg N ha-1) 

Spring soil mineral N 

prior to N application 

(kg N ha-1) 

Observed Simulated Observed Simulated Observed Simulated 

30 

Spring pre-

plant 

5,728 

 
5,403 68 58 34 39 

In-season at 

V6 
5,921 5,364 70 58 43 43 

58 

Spring pre-

plant 

7,027 

 
7,274 84 81 36 40 

In-season at 

V6 
7,251 7,228 85 80 43 43 

87 

Spring pre-

plant 

8,379 

 
8,666 104 105 36 35 

In-season at 

V6 
8,500 8,958 108 105 44 33 

145 

Spring pre-

plant 
9,898 10,287 132 143 34 34 

In-season at 

V6 
10,058 10,163 143 133 42 34 

218 

Spring pre-

plant 
10,945 10,800 159 160 33 40 

In-season at 

V6 
11,002 10,734 168 154 44 40 
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Appendix Table 3 Comparison of simulated and observed in-season N2O emissions at three N 
application rates and two N timings. Observed data are taken from Roy (2014) (n=4). RMSE = 0.7 kg N 
ha-1, D-index = 0.83.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Year 
N rate                

(kg N ha-1) 
N timing 

N2O emissions 

(kg N ha-1) 

Observed Simulated 

2011 

30 
Spring pre-plant 0.34 0.72 

In-season at V6 0.29 0.72 

145 
Spring pre-plant 2.22 1.26 

In-season at V6 0.96 1.21 

218 
Spring pre-plant 3.8 2.45 

In-season at V6 1.40 2.34 

2012 

30 
Spring pre-plant 0.02 0.41 

In-season at V6 0.05 0.41 

145 
Spring pre-plant 0.19 0.77 

In-season at V6 0.20 0.84 

218 
Spring pre-plant 0.28 0.87 

In-season at V6 0.30 0.98 
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Appendix Figure 2 Comparison of simulated and observed EONR when N was applied at planting (A) and when N was applied at V6 
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