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Abstract 

In maize (Zea mays L.), the largest staple crop in the world, nitrogen (N) represents a 

major limiting factor for productivity. However, improving N use efficiency (NUE) is still one of 

the most critical research issues to achieve food security in a context affected by climate change. 

This dissertation is structured in six chapters (Chapter 1, Introduction, and Chapter 6, 

Conclusions) outlining the agronomic and physiological traits associated with a better N 

utilization in US maize hybrids across Genotype × Environment × Management (G × E × M) 

conditions, with emphasis on the implications of long-term genetic selection. Chapter 2 presents 

a comprehensive meta-analysis on a diverse dataset assembled from field studies from 1983 until 

2018 to compare early- versus late-season N (applied after tenth-leaf) fertilization effects on 

yield and N recovery efficiency. Results provided evidence for the lack of a main effect of late N 

application on yields but suggest the existence of crop growth conditions prone to a greater 

reproductive N uptake where this practice might be suitable. Throughout multiple field trials, 

Chapter 3-5 advanced in our understanding of how long-term genetic improvement has modified 

N dynamics across G × M scenarios. Chapter 3 proposes a novel N by carbon (C) framework to 

analyze and define key morpho-physiological traits of breeding interest that allow modern maize 

plants to achieve higher productivity and NUE. Results show both an earlier stem N 

remobilization and a decline in grain N concentration are key drivers of N utilization efficiency 

in modern hybrids. Chapter 4 documents the underlying fluxes of post-flowering N allocation 

and translocation dynamics behind genetic improvement over time in field-grown corn. This 

research suggests that direct selection for yield has indirectly favored N allocation to leaves in 

modern genotypes resulting in an improved post-flowering C accumulation. Finally, Chapter 5 

explores historical changes in the contribution of grain weight and its physiological 



  

characteristics to maize genetic progress. This research evidences a significant contribution of 

increments in grain weight in US maize but concludes the trade-off between grain number and 

weight poses a challenge for future yield progress. 
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1 

Chapter 1 - Introduction 

Improvement of major staples crop yields is desirable to sustain food security for future 

decades. Agriculture faces today the unprecedented challenge of providing enough safe and 

nutritious food to nourish an ever-increasing human population in a world threatened by climate 

change risks (Nelson et al., 2010; Vermeulen et al., 2012; Jägermeyr et al., 2021). In the last few 

years, however, the rate of improvement in crop performance has been slowing in a number of 

important crops (Fischer and Edmeades, 2010; Brisson et al., 2010; Grassini et al., 2013) and 

currently lags behind the increasing food demand of the growing population (Hall and Richards, 

2013; Ray et al., 2013). In such a complex scenario, the optimization of the nutrient resources in 

crop plants emerges as a prerequisite for obtaining high crop productivity while minimizing the 

environmental footprint of agriculture (Stewart and Roberts, 2012).  

Nitrogen (N) is the major driver of yield improvement in many field crops. In maize (Zea 

mays L.), the largest staple crop in the world (FAO, 1997), production is largely dependent on N 

fertilization due to its key role in both plant growth and development. In the US, more than 6 Mt 

of N fertilizer is used annually in maize production and this number is expected to increase even 

more with the growing demand for food production (USDA, 2020; Li et al., 2017). However, 

current estimations show that only about half (in the best case scenarios) of N applied is typically 

taken up by the crop (Fageria and Baligar, 2005; Ladha et al., 2005; Fixen et al., 2015), causing a 

massive N loss and environmental pollution. This underscores not only the urgent need but also 

the high potential for improvements in N use efficiency (NUE) of maize production (Lynch, 

2019). Genetic and agronomic improvements are both paramount components in this process by 

identifying genotypes and management practices adapted to the right environments and the 

projected (changing) climate regimes. 
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Historically, the complex system of variables surrounding crop N utilization has been 

studied using the concept of Genetic × Environment × Management (G × E × M) interactions. 

This separation allows determining the effects of the surrounding environment, management 

factors that a farmer can modify through practices, and the genetic component of the species. 

Using this concept, this research advances in the understanding of genotypic adaptations of 

hybrids to specific environments and N management factors affecting US maize production. 

Over the past century, US maize productivity has seen remarkable progress owing to the 

combination of breeding and agronomic management improvements (Duvick et al., 2004). While 

all of these advances are reflected through significant NUE increases (Ciampitti and Vyn, 2012), 

they also underpin significant improvements in several other physiological traits. To rationalize 

progress in such an extremely complex trait, it is useful to separate NUE into two physiological 

phases: the uptake and utilization efficiencies of N (Moll et al., 1982). A comprehensive 

understanding of the mechanisms underlying both N uptake and utilization in crops (including N 

uptake, allocation, and translocation processes) is critical to design and breed future crop 

genotypes. Moreover, the description of these processes from a supply-demand perspective will 

enable us to identify candidate traits for future improvement. In this sense, this dissertation has 

been structured to dissect N use in US maize hybrids as affected by both G × M interactions, 

with a historical perspective on (i) synchronizing N fertilization supply and demand, (ii) 

integrating N dynamics with carbon resource capture and utilization, (iii) describing N uptake, 

allocation, and translocation among plant tissues, and (iv) analyzing the sink demand by 

genotypic modifications in grain development. 

In the context of climate change, a key scientific pursuit has been the identification of 

morphological and physiological traits associated with a better N utilization in crops. 
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Investigations, such as the one presented in this dissertation, parameterizing G × E × M pathways 

to enhance NUE in field-grown maize, help point the way forward to more concrete strategies for 

identifying future targets of breeding and sustainable management in agricultural production.   
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 Abstract 

Late-season fertilizer N applications in maize (Zea mays L.) is a tactical agronomic 

practice that seeks to improve the synchrony between plant N demand and soil N supply. While 

this management practice can increase yield and limit unintended environmental impacts, a 

quantitative synthesis of the effects of late N applications on grain yield and resource use 

efficiency is lacking. A meta-analysis was conducted to identify patterns of yield response to 

late-N fertilization (post tenth-leaf, V10) across site-years studies. The goals of this study were 

to: 1) quantify the effect of late-season N fertilization on maize yield; and 2) identify an indicator 

for decision support of late-N fertilization. Published and unpublished sources from 1983 until 

2018 were included in the meta-analysis (14 studies; n = 625 treatment means). Early-season 

(EN, ≈ 100% of fertilizer applied prior to the sixth-leaf, V6) and late-season (LN, < 50% N 

applied before V10) N fertilization were compared to determine the effect of application timing 

on yield, N uptake, and N recovery efficiency (REN, N uptake increase per unit of N applied). 

Across studies, the timing of application of N was not associated with a quantifiable change in 

maize yield.  Due to significant heterogeneity across experiments (I2 = 48%), there is an 

opportunity to explore plausible effects of the practice when N is limiting (LN improved yield) on 

yield and effective use of N. Increased post-silking N uptake (>28% of N uptake at maturity 

occurring after silking) was positively related with yield increases for LN (+577 kg ha-1), and the 
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contrast in REN between LN and EN was 0.04 kg kg-1.  Environments prone to a greater N uptake 

during reproductive stages are proposed to be more suitable for late N applications. Prediction 

algorithms to inform tactical N management that can both increase productivity and 

sustainability could be developed provided adequate links between late-season N uptake and 

growing-season indicators could be established. 

 

 Introduction 

Nitrogen fertilization strategies vary among maize production systems but greater than 

50% is applied before planting (Cao et al., 2018), which is implicated in the low N fertilizer 

recovery efficiency (REN). Nitrogen losses from denitrification, leaching, volatilization, and 

surface run-off increase with increasing N availability at planting or pre-planting. A greater 

synchrony between plant N demand and fertilizer N supply (Cassman et al., 2002; Chen et al., 

2006; Raun and Johnson, 1999; Tilman et al., 2002; Ciampitti and Vyn, 2012) can reduce N 

losses and improve both N recovery (e.g., N uptake to N fertilizer) and N internal efficiencies 

(e.g., yield to N uptake) at a crop level. Whereas, late-N applications could be a potential 

alternative practice to current N fertilization programs, its adoption will depend on the 

agronomic practice effect on yield, economic factors and logistics. 

Grain yield response to delayed N applications in maize is variable. Adriaanse and 

Human (1993) reported that under dry conditions splitting and delaying N in two or three 

applications resulted in lower yields compared to a single application. Other studies document no 

yield reductions when N applications were delayed until V10 (Walsh et al., 2012) or V11 (Scharf 

et al., 2002), but moderate yield losses were reported when N was applied as late as VT (Walsh 

et al., 2012) or silking (Scharf et al., 2002; Silva et al., 2005). In contrast, Lü et al. (2012) 
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documented yield increases in a two-year field trial when late-N was applied at V6, V10 and 10 

days after anthesis. Recent studies evaluating older and modern hybrids reflected inconsistent 

responses on the effect of late-season N application on maize grain yields across a three-year 

experiment (Mueller et al., 2017). Considering experimental evidence in its current form, it is not 

possible to generalize and model late-N fertilization impacts on yield and N use efficiency within 

genotype × environment × management systems.  

Crop N accumulation could be thought as the outcome of a dynamic function of crop 

growth, root uptake capacity and soil N availability (Soufizadeh et al., 2018). Such a framework 

can help interpret the effects of late N fertilization on maize yield. For example,  when growth is 

not restricted by water and nutrients, N uptake rate is typically less than 3 mg plant-1 GDD-1 for 

early vegetative stages until V6 (Russelle et al., 1983). After that, root absorption rate increases 

rapidly concomitant with root biomass, placing its peak at around silking (Gao et al., 2017; 

Russelle et al., 1983). Under field conditions, maize root growth and activity are well 

documented as affected by N supply, among other agronomic practices. Although a general trend 

cannot be established due to the interaction effect with soil factors and fertility conditions (Feng 

et al., 2016), a number of studies have shown that moderate N supply stimulates root growth and 

function yet excessive N rates restrict them (Chen et al., 2015; Liu et al., 2017; Oikeh et al., 

1999). Splitting early N rates and delaying N fertilization could therefore signify a strategy to 

maximize root development during vegetative stages. Consistent with this, compelling results on 

root system effects have been reported with the use of late N. For instance, root dry biomass at 

maturity was improved when N was top-dressed with irrigation at a pot experiment (Liang et al., 

2013). Wang et al. (2003) reported that delaying N supply increased reproductive root activity at 

the surface and subsurface soil layers when N was applied at silking. However, disruptions on 
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root N uptake in field studies are expected due to the complex interactions involving 

environmental and management factors (Pan et al., 1985; Ren et al., 2017; Russelle et al., 1983; 

Veen et al., 1992). Based on this understanding, it is important to evaluate late N strategies under 

a wide spectrum of conditions, aiming to associate plant N uptake dynamics affecting maize 

grain yields with growing-season indicators. 

Meta-analyses methods can help identify patterns only when the experimental data are 

combined and analyzed within an environmental and agronomic context (Philibert et al., 2012). 

A comprehensive meta-analysis was conducted using a dataset comprised of published and 

unpublished studies executed between 1983 and 2018. The data include a broad set of agronomic 

conditions and maize farming systems. This study is an integrative and quantitative synthesis 

emerging from the analyses of results on diverse and independent studies on yield responses to 

late-N fertilization. The goals of this study were: 1) to quantify the effect of late-N fertilization 

on maize grain yield, and 2) to identify an indicator of late-N fertilization responses that can 

potentially be used to recognize productive opportunities of this practice.  

 

 Materials and methods 

 Data 

Research data was only included in the main database if specific criteria were fulfilled: 1) 

completeness of the information, 2) field studies with in-season N applications before and after 

(V10) tenth-leaf (early- and late-N), and 3) control (zero-N), N rates and fertilizer sources 

documented. Experiments with highly dissimilar fertilization rates (more than 40% difference 

between N treatments in a given experiment) were excluded to reduce noise of unfair 

comparisons due to distinct N rates. Within each selected study, agronomic management 
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practices were identical across N levels. When other agronomic factors were part of the 

treatment structure, data points were only included if factorial combinations were equally 

assigned and reported across N treatments. Grain yields from all studies were adjusted to a 

standard moisture basis of 155 g-1 kg-1.  

A total of 14 research studies were selected that satisfied all requirements for data 

inclusion (Table 1). The final database includes data from published and unpublished sources: 

Nine studies were located in US, three in China, one in Germany, and one in Kenia. The 

database includes 625 data points along with metadata describing N management. Nitrogen rate 

vary between 0 and 315 kg N ha-1, fertilizer applications range between 0 for controls and 3 

applications for treatments, while sources of fertilizer include anhydrous ammonia (AA), 

ammonium nitrate (AN), ammonium sulfate (AS), calcium ammonium nitrate (CAN), urea 

ammonium nitrate (UAN), and urea. 

Based on timing of application, treatments were classified as Zero-N (ZN) for controls 

with no N application (n = 81), Early-N (EN) when N fertilizer was applied prior to vegetative 

stage V10 (n = 295), and Late-N (LN) for N applications after this development stage (n = 249). 

  

 Calculations and parameters evaluated 

Nitrogen efficiency parameters were calculated within each N-timing group, based on the 

correspondent ZN data points. Agronomic efficiency of N (AEN) represented by the ratio 

between ∆Yield of fertilized plots (Yield fertilized – Yield unfertilized) to the fertilizer N rate applied 

(Ladha et al., 2005) was calculated as, 

AEN= 
Yield fertilized - Yield unfertilized

fertilizer N rate
 Equation 2.1 
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Fertilizer N recovery efficiency (REN), described as the proportion of fertilizer N applied 

that was recovered by the plant at physiological maturity (Ciampitti and Vyn, 2012), was 

calculated as follows, 

REN= 
N uptake fertilized - N uptake unfertilized

fertilizer N rate
 Equation 2.2 

The ratio between yield and fertilizer N rate applied, referred as partial factor 

productivity of N (PFPN), was determined by, 

PFPN= 
Yield

fertilizer N rate
 Equation 2.3 

 

 Data analysis 

Descriptive statistics were calculated for each group (Table 2) and complemented with 

plots to visualize the distributions of fertilizer N applications conditional to factors (source, 

method, rate, and timing; Figures 1A-D). A random effects meta-analysis was conducted 

following the methodology of Hedges et al. (1999) and performed using the metafor package 

(Viechtbauer, 2010) included in RStudio (RStudio Team, 2016). To estimate the response to a 

treatment in meta-analysis, outcomes of each study are typically summarized as an index that 

allow us to compare results across experiments (i.e. effect sizes, quantitative measure of the 

magnitude of the response) (Osenberg et al., 1999). The effect sizes (yi) used to compare the 

response of late- (LN) relative to early- (EN) N fertilization was derived using the natural 

logarithm of the ratio between the mean yield for LN and EN,  

y
i
 = ln

Yield LN

Yield EN

 Equation 2.4 

Effects sizes within the meta-analysis were weighted (w) using the inverse of the 

variance (v) of each individual study (i) computed as Hedges et al. (1999), 
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where SD is standard deviation, and n indicates the number of data points included in 

each of the groups EN and LN.  

The 95% confidence interval was calculated for the mean effect size using bootstrapping 

methods (Adams et al., 1997). Bootstrapping procedures were executed with the boot package 

(Canty and Ripley, 2017; Davison and Hinkley, 1997) in R based on 10,000 iterations (Van Den 

Noortgate and Onghena, 2005). Including the N rate difference between treatments (N rate LN – 

N rate EN) as a factor in the random effects model was determined with the omnibus test. A 

significant effect was obtained for the yield response and thereby it was included as a moderator 

in the previous model. Heterogeneity between studies was calculated using the I2 statistic to 

detect whether all of them are assessing the same effect. Based on Higgins et al. (2003), the I2 

value defines the percentage of total variation across studies that can be attributed to 

heterogeneity rather than experimental error. The same authors developing this factor 

categorized low, moderate, and high I2 to values of 25%, 50%, and 75%, respectively. A forest 

plot (Lewis and Clarke, 2001) was used to summarize the effects on grain yield, expressing 

results as a late-N effect (%) calculated as, 

Late-N effect (%) = [
Yield LN

Yield EN

-1] *100 Equation 2.6 

Subgroup analyses were conducted to assess the effect of water regimes (irrigated and 

non-irrigated) and of proportion of late season N fertilization applied on yield response. For the 

latter, a sensitivity analysis was carried out to establish intervals for a balanced subgrouping 

across studies, testing the number of studies available across different combinations 
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(Supplementary Material, Table A.1). Pooled estimates for three subgroups of LN (less than 35%, 

35 to 60%, and more than 60% of final N rate applied as late season N) were calculated in a 

multilevel model with study and late N proportion group as random effects. Differences among 

subgroups were tested with a Wald-type test. Equivalent procedure and equations (4) and (5) 

were used to estimate weighted effect sizes for AEN (1), REN (2), and PFPN (3) for N 

treatments (EN and LN). Likewise, these were expressed as in (6), representing the percentage of 

variation in LN / EN indices (relative late-N effect ratio). 

A first subset of the overall dataset (Supplementary Material, Table A.2) from five 

published and unpublished sources was utilized to calculate post-silking N uptake (NUPost-Silking) 

as the difference between plant N content at silking and at physiological maturity (n=98 

treatment means). Statistical comparisons were performed in R program with nlme package 

(Pinheiro and Bates, 2000) using a mixed effects model with N-timing and post-silking N 

defined groups as fixed effects, and location by year combinations as random effects. Rate of N 

was included as covariate in the model and an adjustment for different variances per N timing 

stratum was used to correct for heterogeneity of residuals. Residual plots were verified for 

constant error variance, and normality assumptions. Pairwise comparisons with a type I error rate 

set at 0.05 were performed using Tukey-Kramer method. 

The second subset of the dataset (Supplementary Material, Table A.2) was utilized to 

calculate N Nutrition Index at silking (NNISILKING). It consisted of four published and 

unpublished sources that reported shoot biomass and N content at silking (n=66 treatment 

means). The NNI was calculated by dividing the N concentration of the shoot biomass (%NA) by 

the minimum N concentration required to achieve maximum shoot growth (%NC = 3.4 W -0.37, 

with W as shoot dry biomass in Mg ha-1) as proposed for maize by Plénet and Lemaire (2000). 
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Relative grain yield was determined as the ratio of each yield with the highest grain yield 

reported within each study.  

 

 Results 

 Descriptive statistics of crop variables: a comparison between EN and LN 

Mean grain yield for both N-fertilized groups was 10.9 and 10.4 Mg ha-1, for EN and LN 

respectively, while the ZN control group averaged 7.5 Mg ha-1 (Table 2). A limited number of 

studies presented Harvest Index but results followed a similar trend to grain yield with 0.54 (EN), 

0.51 (LN), and 0.47 (ZN). The large range between minimum and maximum yield (2.3 to 17.5 

Mg.ha-1) can be attributed to the diversity of cropping systems (tillage, irrigation, planting date, 

plant density, crop rotation, genotypes), and environments (soil properties, topography, and 

climatic conditions) included for analyses in this study. Data distributions for grain yield (across 

fertilized N groups) were slightly skewed (skew = -0.74 and -0.50, for EN and LN respectively), 

and close to a mesokurtic distribution (kurtosis = 0.58 and -0.24, for EN and LN respectively). 

Correspondingly, grain yield distribution for ZN was shortly skewed to greater values (skew = 

0.18) and slightly flat (kurtosis = -0.63). 

Data summaries for agronomic management and environmental variables reported are 

presented in Table 2. Growing season precipitation (mm), was described in 54% of the cases 

(n=337). The mean rainfall was 510 mm, whereas the majority of the experiments were not 

irrigated (64%, data not shown). Management practices such as seeding rate and row spacing 

were not consistently reported; in general, seeding rate values ranged between 5 to 15 pl.m-2 with 

row spacing between 0.6 to 1 m. While summary values are the outcome of a different number of 
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observations (i.e. studies), it is important to recall that N-timing treatments within each study 

were conducted under the same agronomic and environmental conditions. 

The database contained studies with 1, 2, and 3 N applications with approximately 

similar yield across the number of N-applications (10.6, 10.9, and 10.4 Mg.ha-1 for 1, 2, and 3 

applications respectively). Observations with one N application were the most frequent (47%, 

Fig. 1A). But two N applications was the most common strategy for the LN group (56%). This 

application strategy was usually composed of a major rate at planting or early growth stages and 

a minor fertilizer N rate for post-V10 application. The latter appears as a logical approach since 

fertilizer N is being supplied as it is required by the crop (Keeney, 1982). Although broadcasting 

and soil-incorporating methods were the general trend (28% and 31% respectively; Fig. 1B), 

side-dressed N was more common among LN data. Nitrogen sources, urea ammonium nitrate 

(UAN) and urea were the most frequent sources accounting for more than 52% of N fertilizations 

across the database (Fig. 1C).  

In fertilized treatments, 69% of the N rates observations were between 50 to 250 kg N ha-

1, while the overall mean rate was 164 kg N ha-1 (Fig. 1D). Decoding by groups, the distribution 

for EN peaked at N rates from 50-200 kg N ha-1, while the distribution for LN was flatter and 

skewed towards greater N rates (>260 kg N ha-1). In parallel, a slight increase in summary mean 

N rates for LN over EN was observed (174 versus 155 kg ha-1 respectively; Fig. 1D).  

Mean N rates changes, across N-timing groups (EN and LN), were evaluated using a 

mixed model with location by year combinations considered random factors. Homogeneity of 

variances was tested with a Fligner-Killeen test using the fligner.test() R function; this is a robust 

method for non-normal distributions. No evidence for differences on N rates means and 
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variances components were detected across fertilizer N timing categories, demonstrating a 

reasonable balance across N groups for posterior comparisons (α=0.05). 

Although the established cut-off point between groups was V10, it was observed that 

more than 96% of total N was applied before V6 in EN. At the same growth stage, LN group has a 

total N applied of 42% (Fig. 1E). Specifically, fertilizer N applications at planting were the most 

frequent for EN (42%), differing from LN in which the most frequent practice was to split 

applications between planting, V10 and VT (23, 14, and 16%, respectively). Less than 13% of 

the database included data that enables the study of effects of N supply after silking (R1) on 

maize yield. 

  

 Late season application of N neither increased maize yields nor N efficiency indexes 

The results of the meta-analysis, expressed as a percentage of late N effect (relative LN / 

EN yield ratio), were displayed in a forest plot for individual studies (Fig. 2). Square symbols 

represent point estimates and whiskers depict their respective 95% confidence interval (CI). The 

weight of each study is expressed as a percentage of the model and illustrated by the thickness of 

box and whiskers. The summary effect size expressed an overall lack of maize yield benefit 

when comparing LN vs EN groups (LN/EN effect = -2.01%, 95% CI = -5.22- 1.36 %), represented 

by the polygon presented in Fig. 2. Significant heterogeneity was detected in the current model 

(p = 0.05). The I2 statistic was 47.90%, which suggests a moderate value of inconsistency among 

experiments. From a between-experiments perspective, late-N effect ratio ranged from -15.35 to 

+6.79%. Interestingly, only three studies yielded significant variations on the analyzed ratio, 

observed by the CI beyond the vertical line indicating zero effect. 
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Two subgroup analyses were conducted for grain yield responses to late N: 1) between 

two water conditions (irrigated and non-irrigated), and 2) across three N groups (late season N 

representing less than 35%, between 35 and 60%, and more than 60% of final N rate applied) 

(Supplementary material, Figure A.1). For the effect of irrigation, no significant differences 

between pooled effect sizes were identified. However, greater variability in late N responses in 

non-irrigated studies was shown by I2 statistic equal to 67.72%. With the application of 

irrigation, the I2 decrease to 2.33%. Pairwise comparisons of pooled effect sizes for late N 

proportion showed significant differences between the lower N subgroup (from 0 to 35% of late 

N) and the middle (from 35 to 60%). The subgroup with more N applied pre-V10 had a smaller 

amount of heterogeneity among studies (I2 of 21.98%). As greater proportion of N was applied 

later in the season, in middle and upper N subgroups, different response patterns seemed to 

diverge into a greater heterogeneity (I2 of 42.95% and 54.11%, respectively). The overall trend 

of lower mean ratios and greater variability with late N proportion might reflect the negative 

impact due to an insufficient basal or early N supply. Although results should be interpreted with 

caution in these subgroup analyses, it is interesting to point out that both variables (irrigation and 

late N proportion) were identified as potential relevant sources of heterogeneity for yield 

responses. 

Efficiency indices were also evaluated fitting a meta-analytic model investigating 

potential changes in AEN, REN, and PFPN. A forest plot with aggregate summary estimates was 

plotted in Figure 3 accompanied by the means per N group (%). According with grain yield 

results, all indices include 0 (zero) in their 95% CI implying no evidence for differences between 

EN and LN. Only positive pooled estimates were identified for REN, revealing a low 
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heterogeneity across studies (I2 = 18.24%, not shown). A subsequent sub-group analysis was 

performed aiming to distinguish conditions for REN increases with late season N. 

  

 Yield and N recovery efficiency are dependent on N nutrition index and post-

silking N uptake 

The N Nutrition Index at silking (NNISILKING) was calculated for each data point 

whenever shoot biomass and N content at silking were reported. The relationship between 

NNISILKING and relative grain yield is depicted in Figure 4A (R2 = 0.73). With decreasing 

NNISILKING below 0.88 (X0; 95% CI = 0.810 to 0.936), relative grain yield decreased. For 

NNISILKING above 0.88, relative grain yield reached its maximum, close to one. NNISILKING on 

non-fertilized points (ZN) averaged, as expected, lower values, with a mean NNISILKING of 0.56. 

Additionally, EN mean NNISILKING was 0.91 and was slightly inferior to LN mean of 1.08.  

Post-silking N uptake (NUPost-Silking) changes were observed across levels of NNISILKING. 

A quadratic model was fit (Fig. 4B, R2=0.49), and two N nutrition situations were defined by 

NNISILKING equal to 0.88 (X0, Fig. 4A). Increasing NUPost-Silking was estimated in points where 

NNI values were below 0.88 (N deficiency for yield) or above it (N sufficiency for yield 

plateau). Between NNISILKING values of 0.88 and 1.0 (NA=NC), lower values were mainly 

described. Still, residuals for the fitted model were observed to increase as values approach the N 

deficiency threshold for our database (not shown). 

The distribution of treatment means for NUPost-Silking was produced for EN and LN groups 

(n=108, Fig. 5A) in an exploratory study seeking to identify an indicator for positive response to 

late N practice. A division in thirds (breaks at 33.3% and 66.7% of the total distribution) was 

used to determine a sub-group analysis, on which both the lower and the upper thirds were 
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examined for yield responses to N-timing. Sensitivity of the results was assessed by testing 

different cut-off points for sub-groups. The chosen criterion was determined by considering 

enough studies by years in each subgroup (s = 5 for both sub-groups) and comparable fertilizer N 

rates and NUPost-Silking for N-timing groups. When NUPost-Silking was low at an environment (< 

16.4%), yield was significantly greater for EN points, with 10103 and 9065 kg ha-1 for EN and LN, 

respectively (Fig. 5B). On the other hand, a noticeable mean yield increase (+577 kg ha-1) was 

observed in favor of LN treatment studies when NUPost-Silking was greater than 28.6% (α = 0.05, 

Fig. 5C). Finally, for the center third (between 33.3th and 66.7th percentiles) no yield differences 

were observed among sub-groups representing a non-effect zone (data not showed). 

Fertilizer REN, expressed as the increase in N uptake per unit of fertilizer N applied, 

significantly varied among N groups (0.56 kg kg-1 for EN and 0.60 kg kg-1 for LN; Fig. 6A; n=98, 

s=13). These results show an apparent overall increase in fertilizer recovery when N was split 

and delayed. To isolate these differences, REN was evaluated for both the pre- and post-silking 

periods. Pre- and post-silking REN were calculated as the increase of pre- or post-silking N 

uptake relative to ZN respectively for each N-timing group. Slightly greater pre-silking REN was 

estimated for early N (0.37 kg kg-1) than for the late N group (0.33 kg kg-1). At contrast, large 

differences in post-silking REN were observed between N-timing groups (0.12 kg kg-1 for EN 

and 0.19 kg kg-1 for LN, Fig. 6C), explaining the observed improved efficiency for late-season 

fertilization. 
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 Discussion 

 Effect of late season fertilizer N applications on maize yields and REN 

The influence of late season fertilizer N applications on maize yield was assessed using a 

large and diverse dataset assembled from published and unpublished sources representing several 

agricultural systems. The meta-analysis provided strong evidence for the lack of a main effect of 

late N application on yield, but a relation governed by complex interactions. This interpretation 

is supported by the large heterogeneity of results observed across studies (Jaynes and Colvin, 

2006; Mueller et al., 2017; Roberts et al., 2016; Walsh et al., 2012; Yan et al., 2014) and by the 

many factors affecting the dynamics of plant N accumulation rate. These factors include weather 

(Russelle et al., 1983), soil conditions (Veen et al., 1992), and genotype (Pan et al., 1985) 

through effects of selection on the N allocation and remobilization from stems and leaves during 

grain filling (Mueller et al., 2019a). This review  provides a quantitative synthesis for the 

response to late season (post-V10)  N fertilization in maize and further confirms variable 

responses across wide-ranging conditions, previously referred by individual studies as site-

specific (Crozier et al., 2014; Killorn and Zourarakis, 1992; Kovács et al., 2015). This meta-

analysis enable us to generalize these conclusions.  

A constraint for this review was the small number of studies exploring post-V10 N 

applications (n = 14), further investigation is still required to explore relevant agronomic and 

environmental factors affecting maize grain yield responses. Given the number of studies that 

fulfilled our criteria and reported yield data, the methodology employed for subgroup analyses 

limited our evaluation of explanatory variables and potential interactions among them that 

resulted in heterogeneity among studies. Moreover, although specific criteria (on variability of 

the data, N treatments, N rate differences, and type of publication) was followed for dataset 
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inclusion, the number of factors we could control for identical comparisons when pooling 

experiments (i.e. design structures, identical N rates and late N application timing) was 

restricted. However, these exploratory results still should be taken as an apparent signal 

revealing the irregularity in yield responses to late season N application. Future research should 

focus on linking late season N uptake variations with growing-season indicators, aiming to 

anticipate environments with a high likelihood of positive late season N fertilization effects on 

grain yield for maize crop. 

This review explored the relationship between NNISILKING and relative grain yield, and 

the fact that the N nutrition boundary for yield plateau was at 0.88 and not at 1 should also be 

highlighted. Similar values were obtained in studies by Ziadi et al. (2008a, 2008b) in single and 

early split N (V6/V8 - V10 stage), and by Mueller and Vyn (2018) for early (V4) and late (R1) N 

application studies. Mueller and Vyn (2018) suggested that crops are able to express relative 

high yields even under small N stresses. Furthermore, although not evaluated in this study due to 

the limitation of shoot biomass data, the threshold of N sufficiency for yield plateau in this 

review could be the result of underlying changes in harvest index. This raise a future research 

question on the responsiveness of potential harvest index with crop N status. Previous work in 

wheat have comparably determined a negative slope for harvest index when NNI was above the 

level of N sufficiency for yield (Hoogmoed et al., 2018). In maize, previous studies have 

provided suggestive evidence of smaller vegetative growth but enhanced grain-stover ratio when 

N was late side dressed (Bigeriego et al., 1979), but not consistent results were given to this 

question.  

The NUPost-Silking evaluation across NNISILKING conditions showed that high relative yields 

(≈1) could be attained within a considerable range of post-silking N uptake proportions. Greater 
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NNI values, even suggesting luxurious N uptake (Ciampitti et al., 2012), were related to high 

proportion of N absorbed after silking. This is based on NNISILKING as an indicator of the N 

remobilization pool and the state of the photosynthetic complex (Coque et al., 2008). Hence, 

post-silking N accumulation was proposed as a driver for variable grain yield responses across 

N-timing strategies. 

In Lemaire and Gastal (1997), NNI is proposed as a quantification index of N deficiency 

and luxury consumption of a crop. Due to the association between plant N status with leaf N and 

chlorophyll content, NNI at the onset of grain filling might allow for interpretation of the 

photosynthetic capacity of the plant during the reproductive period. Gallais and Coque (2005) 

reported a strong correlation between NNI at silking and delayed leaf senescence. In this study, 

non-N deficient plants at silking (NNI ≥ 1) expressed an enhanced reproductive N uptake and 

presumably a reduction in leaf N remobilization. Delayed remobilization and prolonged 

photosynthetic activity seems to maintain C assimilate supply to the root system during grain 

filling to support N uptake and assimilation processes (Borrell et al., 2001; Gastal et al., 2014). 

Still, it is important to highlight the variability of observed N uptake with NNI near or above the 

N deficiency threshold in our dataset. This also depicts environments where late season N uptake 

could be restricted even at high NNI levels. Previous studies with low N availability or under N 

stress during grain development have shown that pre-anthesis stored N might support N demand 

through greater N remobilization (Nasielski et al., 2019; Plénet and Lemaire, 2000). Because of 

the nature of late N treatments considered in this review, we speculate that a significant portion 

of the studies explored high soil N availability at the end of the growing season, thus also 

favoring conditions for post-silking N uptake. 
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A comparative analysis on fertilizer REN (N uptake increase per unit of N applied) was 

conducted and showed promising results. Although there are reports in the literature showing 

enhanced fertilizer REN in response to early-season split applications (Randall and Vetsch, 

2005; Sainz Rozas et al., 2004; Sitthaphanit et al., 2009), similar evaluations on post-V10 

applications has not been thoroughly studied. Increasing REN, by identifying sites with high 

reproductive N demand, might result in an increase in economic net return to the farmer and a 

reduction of unintended negative environmental impacts due to N losses (Sainz Rozas et al., 

2004). The distinction between pre- and post-silking REN was useful to identify the contribution 

of each factor for an efficient N uptake. Increasing fertilizer efficiency in late N group was 

driven by post-silking efficiency, confirming that high post-silking N accumulation is one of the 

traits that characterizes N-efficient maize germplasms (Chun et al., 2005). Identifying N rates 

that simultaneously improve yields and REN for a given genotype × environment × management 

system are required to maximize benefits when late N fertilization is implemented. 

Due to the complexity of the dynamics of N within the plant and interactions with the 

agricultural system and the environment, post-V10 N fertilization can have negative impacts on 

yield as revealed in this review. Environmental conditions limiting N accessibility by the active 

root system, especially affecting N accumulation after silking, can result in ineffective responses 

to split and delayed N applications. Therefore, the effect of water supply on the observed 

variability for late N was studied in subgroups. Under water-limited conditions during the 

growing season, soil N mobility is limited. In these scenarios, preplant applications of N showed 

superior yield response than for splitting N (preplant + V5-V6, Randall and Schmitt, 2004). 

Similarly, no benefit of splitting N was observed when excessive irrigation altered post-silking N 

uptake (Sainz Rozas et al., 1999). The influence of water availability to the crop is perceived as a 
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significant source of variation for yield responses. The association of limiting water with N 

fertilization responses has been well documented in maize (Moser et al., 2006; Pandey et al., 

2000; Tremblay et al., 2012). Kunrath (2018) postulated that this association can be explained by 

two main components; one related to the direct impact of water deficit on plant growth, and the 

other related to the reduction of N availability in the soil caused by drought. A similar concept 

could be adapted for post-silking N uptake when considering variations on water supply. 

Considering that water deficit in major maize production regions occurs during grain filling 

(Cooper et al., 2014a; Messina et al., 2009), development of late N fertilization strategies should 

be tactical and consider the timing and intensity of water deficit. Overall, these results illustrate 

the associated risks of late-season fertilizer N applications that should not be neglected and 

strengthens the necessity to characterize field level indicators for the success of this practice. 

Crop models that include mechanisms to simulate effects of water deficit in reproductive 

physiology (Messina et al., 2019) and simulate N balances (Soufizadeh et al., 2018) can enable 

the design of late fertilization management practices. 

Although this review primarily focused effects of late N application on grain yield, future 

studies can extend these analyses to quantify the effects of late N fertilization on grain N and 

quality traits. Studies have shown that considerable increases in grain N concentration were 

caused by delaying fertilization as late as flowering (Jung et al., 1972; Silva et al., 2005). The 

contribution of genetic control could also be considered across distinctive hybrids to develop 

models that capture the N and water co-limitation in yield and grain quality (Messina et al., 

2019; Soufizadeh et al., 2018). Ultimately, a potential benefit on grain protein may result from 

late N fertilization, yet still is an area which remains underexplored in the literature. 
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 Relationship between post-silking N uptake and late season fertilizer N applications 

The analysis on post-silking N uptake revealed that grain yield can be positively 

impacted by late season N fertilization mainly under environments that promote greater 

partitioning of N uptake during reproductive periods. Disruptions in N uptake proportion can be 

attributed to changes occurring first at the level of pre-silking N uptake and then on post-silking 

N. A recent review comparing high (>8 to 19 Mg ha-1) and low (<8 to 1 Mg ha-1) yield 

environments (Ciampitti and Vyn, 2013) observed smaller changes in post- than in pre-silking N 

uptake (45% and 71% improvements, respectively). Accordingly, one first type of late season N 

fertilization response in grain yield can be differentiated under reduced pre-silking N or source-

limited conditions, where the tradeoff between post-silking and remobilized N is central 

(Ciampitti and Vyn, 2013). Adverse conditions during early growth stages followed by improved 

ones after silking may boost reproductive N uptake proportion and, in this way, potential benefits 

for late-N supply. Mueller et al. (2017) reported a greater proportion of post-silking N was 

accumulated when soil moisture was low during vegetative season but was followed by normal-

levels of rainfall after V12 N fertilization. In contrast, a lack of N uptake increase was observed 

by Ning et al. (2017) with supplemental late-season N applications when high vegetative N 

supply was achieved (pre-silking N uptake > 157 kg ha-1). Changes in N uptake proportion seems 

to be primary dependent on early growth conditions determining vegetative N, while post-silking 

N uptake is attached to the correspondent source-sink ratio and directed by late-season plant 

growth conditions.  

In unconstrained environments, considerations on the role of source-sink ratio in late N 

uptake in maize are critical due to the negative association between N remobilization with 

increasing source-sink levels (Uhart and Andrade, 1995). In particular, the source-sink regulation 
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supports the idea that post-silking N uptake is driven by dry matter accumulation (Yang et al., 

2016). Under normal growth conditions, N uptake is related with the level of carbohydrates 

supply to the roots (Pan et al., 1995). In the same way, N uptake is known to be C regulated and 

stimulated by the photosynthetic flow (Lillo, 2008; Masclaux-Daubresse et al., 2010). Therefore, 

assimilate availability during the grain filling period, by consequence, affects the proportion of 

post-silking N uptake. Lower post-silking N uptake (< 17% relative to the total N at maturity) 

was documented under artificially source-limited conditions (Rajcan and Tollenaar, 1999a; Yang 

et al., 2016). On the other hand, with increasing source-sink environments, greater proportion of 

post-silking N uptake was observed, demonstrating the role of sink strength in promoting N 

uptake (Rajcan and Tollenaar, 1999a; Yang et al., 2016). Thus, under non-limiting yield 

environments, late-season N applications may be beneficial in a window of source-sink balance 

where the assimilate availability is sufficient for maintaining N uptake for supplying the grain N 

demand. 

 

 Conclusions 

A repeatable grain yield response to late N fertilization was not identified in maize, but 

heterogeneous effects in a meta-analysis did quantify scenarios where LN did improve yield. 

Post-silking N uptake was proposed as a potential indicator of grain yield and REN responses to 

late N fertilization. The use of NNI can bring opportunity to develop an index to inform tactical 

decisions. This review suggests the existence of crop growth conditions prone to a greater N 

uptake during reproductive stages, where this type of applications might be more suitable. Due to 

the complex plant C and N economy, future research should attempt to integrate carbohydrates 

levels with N dynamics in the plant upon which to elucidate critical thresholds for potentially 
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assisting in the identification of productive opportunities to realize late-N fertilization in maize. 

Advanced crop modeling frameworks can provide such integrative prediction frameworks. 

 

 

Figure 2.1. Description of fertilizer nitrogen (N) management variables across the dataset. Upper 

section: A, B, and C) Relative frequency (%) of the number of N applications, method of N 

application, and N fertilizer source, respectively. Abbreviations: Zero N, no N applied; AA, 

anhydrous ammonia; AN, ammonium nitrate; AS, ammonium sulfate; CAN, calcium ammonium 

nitrate; UAN, urea ammonium nitrate. Lower section: D) Fertilizer N rates density distribution 

plot (kg ha-1), and E) accumulated frequency for the two N-timing groups considered (EN: Early 

N; LN: Late N). Dashed vertical lines and values represent the mean N rates. Abbreviations: P, 

planting; Vn, vegetative (nth) stage; Rn, reproductive (nth) stage. 
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Figure 2.2. Forest plot summarizing a yield effect comparison between late-season and early-

season N for each experiment. Effect sizes and 95% confidence intervals (CI) are expressed as a 

late-N effect ratio (percentage of grain yield variation in LN / EN) calculated as (6). Square 

symbols represent point estimates and whiskers depict their respective 95% CI. The weight of 

each study is expressed in percentage of the overall model and illustrated by the thickness of box 

and whiskers. RE = random effects model, Q = Cochran’s Q test statistic; I2 = I-square statistic. 

 

 

Figure 2.3. Forest plot with aggregate summary effect sizes of the late-N effect ratio (%) for 

partial factor productivity (PFPN), fertilizer N recovery efficiency (REN), and agronomic 

efficiency of N (AEN), calculated as the percentage of variation in LN to EN ratio. Square 
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symbols represent point estimates and whiskers depict their respective 95% CI. Means for each 

N-timing group (early and late N) and mean effect ratios are presented. 

 

Figure 2.4. (A) Relationship between Nitrogen Nutrition Index at silking (NNISILKING) and 

relative grain yield. Solid line represents a bilinear regression for the data. Model parameters 

(standard errors listed in parenthesis) are: Y1=-0.11(0.09) + 1.15(0.12)X if X<X0=0.88(0.03), and 

Y2=0.89(0.01) if X>0.88(0.03); R2 = 0.73. (B) Relationship between NNISILKING and NUPost-Silking 

(%). Solid line represents a quadratic function fitted for the data. Model parameters (standard 

errors in parenthesis) are: Y = 166(18.63) – 341(43.79)X + 190(25.01)X2; R2 = 0.49. Dashed line 

indicates X0 of 4A fitted regression to differentiate N nutrition conditions. NNISILKING > 1 was 

differently shaded to illustrate a situation of no N deficiency. NA = N concentration of shoot 

biomass; NC = critical N concentration (Plénet and Lemaire, 2000). 
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Figure 2.5. A) Density distribution plot for NUPost-Silking on a subset of the general database 

reporting N uptake information on N-fertilized cases (n=84). Dashed lines and colors are 

separating the data in lower, median, and upper 33.3th percentiles. Reported values are for lower 

and upper sections: X = mean NUPost-Silking (%); n = number of observations; s = number of 

locations by years. At the bottom, mean grain yield values in kg ha-1 for EN and LN for the B) 

lower, and C) upper thirds on the post-silking N dataset (Supplementary Material, Table A.2). X 

= means; N rate = fertilizer rates in kg ha-1; NUPost-silking = post-silking N uptake proportion in %. 

Different letters indicate significant differences at P ≤ 0.05. 
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Figure 2.6. Bars representing fertilizer N recovery efficiency (REN) for each N group (EN, n = 

56; LN, n = 44) (A). Whiskers represent standard errors (S.E.) for the mean. At the right, bars for 

pre-silking REN (∆kg pre-silking N uptake relative to ZN/ kg N applied) (B), and post-silking 

REN (∆kg post-silking N uptake relative to ZN / kg N applied) (C) for EN and LN groups. 

Different letters indicate significant differences at P ≤ 0.05.
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Table 2.1. Number of study, references, site - country, years of experiments, experimental design, tillage, main factors tested, and type 

of study (published or unpublished) for each maize experiment in the dataset. 

No Reference Site – Country Year Design Tillage Factors1 Study 

1 Binder et al., 2000 Nebraska, USA 1993, 1994 RCB2 Split-plot Conventional NR, NT Published 

2 Jaynes and Colvin, 2006 Iowa, USA 2002, 2004 RCB Reduced NR Published 

3 Kitonyo et al., 2018 Embu, Kenia 2015 - 2016 Split-plot Conventional / no-till TS, NR, NT Published 

4 Mueller et al., 2017 Indiana, USA 2014, 2015, 2016 Split-plot Reduced NR, NT, G Published 

5 Paponov et al., 2005 
Heidfeldhof / Muttergarten, 

Germany 
1997 RCB Not reported NR, D, G 

Published 

6 Randall et al., 1997 Minnesota, USA 1986, 1987, 1989 RCB Conventional NT, NM, NR, NS Published 

7 Roberts et al., 2016 Arkansas, USA 2011, 2012 RCB Not reported NR, NT Published 

8 Ruiz Diaz et al., 2008 Iowa, USA 2004, 2005, 2006 RCB Conventional / strip-till / no till NR Published 

9 Russelle et al., 1983 Nebraska, USA 1979, 1980 Not reported Not reported PD, NR, NT Published 

10 Walsh et al., 2012 Oklahoma, USA 2005, 2006, 2007 RCB Not reported NR, NT Published 

11 Wang et al., 2016 Changwu, China 2013, 2014 RCB Not reported NT Published 

12 Yan et al., 2014 Hebei, China 2010, 2011 Split-plot No till NR, G Published 

13 Yan et al., 2016 Hebei, China 2013, 2014 Split-plot Not reported NR, D Published 

14 Corteva Agriscience, 2011 Illinois, USA 2011 Split-plot Conventional G, NR Unpublished 

1 NR = Nitrogen rates, NT = nitrogen timing, NM = nitrogen method, NS = nitrogen source, G = genotypes, PD = planting dates, D = planting density, TS = 

tillage system. 

2 RCB = Randomized complete block 
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Table 2.2. Summary statistics of the extracted dataset across Zero N, Early N, and Late N fertilization timing groups: n, number of 

observations; mean; SD, standard deviation; Min-Max, minimum and maximum. Grain yield per unit area and adjusted to a standard 

moisture basis of 155 g H2O kg grain-1. Abbreviations: PP = growing season precipitation, PNUPM= plant N uptake at physiological 

maturity per unit area, PNUSILK= plant N uptake at silking per unit area, Grain N = N in the grain fraction per unit area, GNC = grain 

N content, NUPost-Silking = percentage of total PNU that occurs from the period that goes from silking until physiological maturity, REN 

= fertilizer N recovery efficiency; AEN = agronomic efficiency of N, PFPN = partial factor productivity of N. 

Variable 

 

Unit 

 

Zero-N (ZN) Early-N (EN) Late-N (LN) 

n Mean SD Min-Max n Mean SD Min-Max n Mean SD Min-Max 

Grain yield Mg ha-1 81 7.5 2.7 2.3-13.0 295 10.9 2.9 2.3-16.9 249 10.4 3.3 2.7-17.5 

Harvest Index Dimensionless 16 0.47 0.05 0.36-0.54 12 0.54 0.03 0.51-0.60 42 0.51 0.05 0.38-0.61 

Season PP mm 32 473 206 274-1139 131 532 204 274-1139 174 499 204 274-1139 

Seeding Rate pl m-2 50 7.62 2.09 5.0-15 183 7.02 1.13 5.3-10 212 7.19 1.75 5.0-15 

Row Space m 81 0.76 0.08 0.6-1 295 0.76 0.05 0.6-1 249 0.76 0.07 0.6-1 

N Rate kg ha-1 - - - - 295 155 69.5 60-270 249 174 68.6 45-315 

PNUPM kg ha-1 23 105.3 33.7 52-175 81 170 52 49-306 59 200 51 103-291 

PNUSILK kg ha-1 14 61.4 16.3 40-84 45 133.8 22.3 103-190 39 143.3 21.8 108-190 

Grain N kg ha-1 21 62.0 19.9 19-106 92 117.3 47.8 26-263 146 118.9 43.2 35-254 

GNC mg g-1 19 11.2 1.9 6.9-15.0 84 12.7 2.8 9.6-26.6 141 12.3 2.7 8.9-29.1 

NUPost-silking % 14 32.2 16.2 -4.4-57.3 45 18.1 12.9 -7.5-44.1 39 27.2 9.4 5.6-46.8 

REN kg N kg-1 N applied - - - - 111 45.6 22.1 0-106 108 48.9 28.8 0-111 

AEN kg GY increase kg-1 N applied - - - - 271 24.3 17.1 -9.9-79.1 193 22 15.1 -9.5-85.2 

PFPN kg GY kg-1 N applied - - - - 295 83.9 41.9 14-218 249 68.2 32.9 15-216 
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Chapter 3 - Integrating nitrogen and water-soluble carbohydrates 

dynamics in maize: A comparison of hybrids from different decades 

Published in Crop Science 

Fernandez, J. A., Messina, C. D., Rotundo, J. L., & Ciampitti, I. A. (2021). Integrating nitrogen 

and water‐soluble carbohydrates dynamics in maize: A comparison of hybrids from different 

decades. Crop Science, 61(2), 1360-1373. 

 Abstract 

During a century of maize (Zea mays L.) breeding, yield genetic gain was largely 

determined by increased reproductive resilience under stress and establishment of sink size 

(number of grains per unit area). Considering grains as competing sinks for C and N assimilates, 

understanding changes in the C and N economy can provide insights to define selection criteria 

towards a sustained yield improvement. A cognitive framework to define such criteria may 

consist in connecting the water-soluble carbohydrates (WSC) and N dynamics in stem and leaves 

with the reproductive sink strength during post-flowering. The objectives of this study were to 

advance such framework by (a) quantifying grain N demand and remobilization capacity in two 

hybrids as affected by N availability, and (b) formalizing how the interplay between N and WSC 

remobilization influence grain growth. Single cross hybrids 3394 and P1197 (released in 1991 

and 2014) were evaluated to represent keystone phases of germplasm development (conventional 

and molecular breeding eras). P1197 outyielded 3394 consistently under high N supply, and its 

better N utilization efficiency was reflected through a lower grain N concentration. Under high 

N, the ability to maintain a greater leaf area during late grain-filling for P1197 resulted in a 

reduced leaf N remobilization. Although yield was not limited by C supply, 3394 exposed 

greater remobilization of WSC during late grain-filling. This study contributes to advance the 
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development of a relevant C to N framework to further analyze drivers of genetic yield gain and 

assist in selection strategies in maize. 

 Introduction 

In maize (Zea mays L.), grain yield can be conceived as a function of two interdependent 

components: the amount of photoassimilates produced by “source” organs via plant growth, and 

the capacity to transform them into harvestable yield in the reproductive sink. Over a century of 

maize breeding and selection, both source and sink were implicated in grain yield increments 

(Duvick, 2005a; Cooper et al., 2014b). From a sink strength standpoint, several authors 

emphasized on the greater grain number per unit area as the major contribution in historical 

hybrids studies, while grain weight contribution was less significant (Duvick, 2005a; Hammer et 

al., 2009; Haegele et al., 2013; Egli, 2015; Reyes et al., 2015). In addition, changes in leaf angle 

and standability were implicated in improvement in light use efficiency further increasing source 

capacity (Duvick et al., 2004). While plant growth and photosynthesis have been linked to kernel 

set improvement (Echarte et al., 2004, 2008; Messina et al., 2019), leaf nitrogen (N) dynamics 

were affected and retention of N in the leaves led to the phenotype known as “stay green” 

(Duvick and Cassman, 1999; Chen et al., 2015; DeBruin et al., 2017). The current hypothesis 

proposes that reproductive efficiency increased over time (sink size) underpinning a concomitant 

increase in leaf area, light interception, and retention of leaf N, thus increasing canopy 

photosynthesis (source capacity). Because of the underlying carbon (C) and N interplay, it is 

intuitive to study how both source and sink capacities may affect grain number and weight 

determination in hybrids from different Eras. 

The accumulation and partitioning of carbohydrates among plant structures are dependent 

on the relative sink strength of each organ. During vegetative stages when the demand of C for 
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reproductive growth is low, plants accumulate non-structural sugars in stems revealed mainly by 

high concentrations of sucrose (Bihmidine et al., 2013). This phenomenon is well documented in 

maize where stem parenchyma plays an important role as storage organ (Fairey and Daynard, 

1978) that supplies additional carbohydrates to maintain grain growth during grain filling 

(Daynard et al., 1969; Setter and Meller, 1984; Ouattar et al., 1987a). During the critical window 

for grain set around flowering and lag phase, cob and husks play a transient role as reservoir for 

later translocation to the grains (Palmer et al., 1973; Cliquet et al., 1990; Paponov and Engels, 

2005). During reproductive stages, fixed C is primarily destined for the growth of the developing 

grains (Cliquet et al., 1990) and changes in stem water-soluble carbohydrates (WSC) 

concentration ([WSC]) may occur reflecting the net balance of sugars (Ouattar et al., 1987a). 

This balance varies across hybrids and growing conditions, with carbohydrates remobilization 

during grain filling ranging from -7 to 19 % under non-stressed (Simmons and Jones, 1985; 

Uhart and Andrade, 1995; Sekhon et al., 2016) and from 26 to 74 % in stressed maize crops 

(Ouattar et al., 1987a; Uhart and Andrade, 1995). Assimilates for grain filling are thus supplied 

by carbohydrates from current photosynthesis and from remobilization of reserves stored in 

vegetative organs (Gastal et al., 2014) in a ratio that depends on the genotype-environment 

combination. Characterization of the dynamics of C reserves in contrasting hybrids can advance 

our understanding of the changes in C assimilation and utilization between different phases of 

germplasm development. While increased C fixation at the canopy level due to increased plant 

density may lead to the utilization of pre-grain fill stored C and the associated reduction in 

[WSC], extended photosynthetic capacity due to N retention in leaves (Mueller et al., 2019a) 

may be conducive to the maintenance of [WSC]. 
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The close relationship existing between C and N metabolisms (Below et al., 1981) 

implies that the supply on one of them may trigger disruptions on the other (Valluru et al., 2011). 

Nitrogen uptake and assimilation processes occur upon C consumption (Banziger et al., 1994) as 

C skeletons are essential for amino acids biosynthesis (Foyer et al., 1998). At plant-level, N 

deficiency reduces leaf N and photosynthetic rate (Sinclair and Horie, 1989). During grain 

development, a feedback control on the sink capacity regulates not only C demand but also 

amino acids biosynthesis (Ning et al., 2018). Understanding the dynamics of C and N assimilates 

can help develop an integrated C-N framework to inform selection strategies to sustain yield 

gain. 

The concept of yield genetic gain over time conceal intrinsic changes in source and sink 

components for both N and C dynamics. An adequate framework should recognize the relevance 

of grain demand for N and carbohydrates (i.e. sink), and shoot remobilization capacity (i.e. 

source), while considering their interactions with current N and C assimilation (Lawlor, 2002; 

Jones et al., 2003; Messina et al., 2009; van Oosterom et al., 2010). To advance on this concept, 

this study proposes to analyze yield changes in genotypes through the underlying N and WSC 

fluxes following the framework presented in Figure 1. Firstly, the demand for N from the 

developing grains can be described through the product between grain [N] and the grain growth 

rate during post-flowering (van Oosterom et al., 2010). Variations in sink strength between 

hybrids have to be weighted against rates of stem and leaf N translocation to capture differences 

in N supply from remobilization of vegetative tissues. As stem N remobilization can be assumed 

to occur when the [N] is above a structural N value (Jamieson et al., 2008), it is also required to 

describe underlying changes in the minimum [N]. The effect of leaf N remobilization on 

photosynthesis can be captured through the N content per unit of leaf area (SLN, specific leaf N) 
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(Sinclair and Horie, 1989; Muchow and Sinclair, 1994). The isolation of grain, stem, and leaf N 

utilization mechanisms in this model may allow us to determine their contribution to the 

enhanced N internal efficiency in modern hybrids (grain yield per unit of N uptake at maturity) 

(Ciampitti and Vyn, 2012). As an alternative, enhanced reproductive efficiency can be analyzed 

as the result of increased carbohydrate assimilation and allocation to the grains (Reyes et al., 

2015). Soluble carbohydrates (reflected as WSC) stored in the stems can be used as an indicator 

of C assimilate availability (Rajcan and Tollenaar, 1999a). Therefore, genotypic changes in WSC 

content at flowering and WSC remobilization rates during post-flowering are considered within 

the proposed framework. While such model can be used to relate yield variations between 

hybrids with trajectories of N and WSC remobilization, it is essentially structured to provide a 

quantitative description of both C and N dynamics but contemplating regulations on source-sink 

dynamics. 

This research can contribute to advance on a C and N framework to enhance future 

selection by considering a co-regulation on the reproductive resilience of maize hybrids. The 

specific objectives of this study were to i) implement the proposed N and WSC framework to 

explain yield determination in two hybrids as affected by contrasting levels of N availability, and 

to ii) describe how the interplay between N and WSC remobilization influence grain growth 

through changes in stem and leaf N and C economy. 

 

 Materials and methods 

 Field experiments 

Field experiments were conducted at the Kansas State University Ashland Bottoms 

Research Farm, Manhattan, KS (39°08' N, 96°37' W) during 2017 and 2018 growing seasons. 
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Soil analyses were conducted pre-planting to characterize initial conditions. Overall, soil 

properties for the area in 2017 and 2018 respectively were: i) at a 15 cm layer: pH, of 6.08 and 

6.13; organic matter (OM-LOI), 15 and 16 g kg-1; phosphorus (Mehlich), 45 and 48 mg kg-1; and 

ii) at a 60 cm depth: available N was 79 and 61 kg ha-1 (inorganic N pool). Table 1 presents 

climatic data for the 2017 and 2018 growing seasons. 

Two maize Pioneer (Corteva Agriscience, Johnston, IA, US) hybrids (year of release in 

parenthesis) 3394 (1991) and P1197 (2014) were evaluated under two contrasting N scenarios, in 

two sites during 2017 (one under furrow irrigation using gated pipes, and one rainfed conditions) 

and one (furrow irrigated) during 2018. The 3394 and P1197 hybrids were evaluated to represent 

a sample of the 1990’s and 2010’s phases of germplasm development, respectively. The 3394 is 

a pre-GMO maize hybrid while the P1197 is from the post-GMO era (www.corteva.com). These 

were among the most stable and successful hybrids in 100 years of breeding, with 3394 more 

tolerant to stress than P1197 (Cooper et al., 2020). Physiological differences due to breeding and 

tolerance to stress can help unravel or expose novel mechanisms in the economy of C and N. 

Experiments were planted on May 5th in 2017 and April 24th in 2018, with a plant density 

of 76,000 (2017 and 2018) and 61,000 (2017) plants ha-1 for irrigated and rainfed sites, 

respectively. The previous crop was soybean [Glycine mar (L.) Merr.] in 2017 and maize in 

2018. Soil available-water content at planting was 93 mm (2017) and 80 mm (2018) to a depth of 

0.6 m. Irrigation started at five-leaf growth stage (V5, Ritchie et al., 1997) and ended at R6, and 

was performed to maintain soil moisture above 60% of the soil saturation percentage (two and 

five times, respectively for 2017 and 2018). The experimental layout was arranged in plots of 4 

rows, 76 cm apart, and size of 3 m wide × 21 m long. The experimental area was kept free of 

weeds, pests, and diseases during the growing season. 

http://www.corteva.com/
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Each site in 2017 was performed in a split-plot design (with three replications) with 

hybrid at the whole-plot level and N at the sub-plot. Two N scenarios were analyzed: i) zero N, 

with no N applied as fertilizer; and ii) full N, nesting two sub-treatments within (iia and iib), 

differing only in the timing of the last N fertilization. Nitrogen fertilization rates differed 

between water environments as it was adjusted for N demand based on yield target for each 

condition. Total N applied was 137 kg N ha-1and 218 kg N ha-1, respectively for rainfed and 

irrigated conditions, as urea-ammonium nitrate (UAN 28%). Fertilization program consisted of: 

an initial 56 kg ha-1 application at planting; a second at V6 growth stage (56 kg ha-1 and 112 kg 

ha-1 for rainfed and irrigated, respectively), and a last N application (25 kg ha-1 and 50 kg ha-1 for 

rainfed and irrigated, respectively) performed at iia) flowering (R1, Ritchie et al., 1997) or iib) 

two weeks after R1 growth stage. While N timing sub-treatments were included as factors for 

statistical modeling, they were not of interest for interpretations, and treatment effects were 

analyzed at the level of fertilized versus non-fertilized treatment factor. In 2018, the study was 

carried out in two adjacent RCBD structures (with six replications), one per N level: i) zero N; 

and ii) full N, maintaining the final N rate as the preceding year for irrigated conditions; 56 kg 

ha-1at planting, and 162 kg ha-1 at V6. 

 

 Measurements and laboratory analyses 

Plant biomass samples were taken on three occasions in 2017 (R1, R1 + 14 days, and R6) 

and eleven in 2018 (V6, V12, V16, R1, and repeatedly from there, at one-week intervals until 

physiological maturity was reached). Harvest area was adjusted from 2.6 m2 (20 plants) at V6, 

1.3 m2 (10 plants) at V12, to 0.66 m2 (5 plants) during late vegetative and reproductive period, to 

compensate for lower plant tissue at early stages. Plants from the center rows were cut at the 
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ground level and fresh weight was determined. A representative subsample of three plants was 

separated in leaves (green leaf blades), stem (stems + leaf sheaths + attached dead leaves + 

tassels), ear (husks + cobs), and grain fractions (if present). Specifically, grain fractions were 

separated at all post-flowering samplings starting from R1 and including R6. Dry weight of 

samples was obtained after drying at 65°C until constant weight. For laboratory analyses, 

samples were ground through 0.25 mm sieve. 

Green leaf area index (LAI) measurements were taken at the same date of the three 

biomass samplings in 2017 (R1, R1 + 14 days, and R6) and at five of the destructive sampling 

dates in 2018 (R1, R1+1, R1+2, R1+3, and R1+5 weeks). One above- and four below-canopy 

readings were obtained in each plot with the LAI-2200C plant canopy analyzer (LI-COR 

Biosciences Inc., Lincoln, NE). The LAI-2200C infers leaf area from measurements of the 

fraction of diffuse radiation passing through the canopy (LI-COR Biosciences Inc., Lincoln, NE). 

Below-canopy readings were taken on a 45° diagonal line between the two-center rows just 

below the first green leaf but above senesced leaves. Measurements were then analyzed to obtain 

LAI estimates using the FV2200 software (version 2.1.1, LI-COR Biosciences Inc.). Canopy 

SLN (g m-2) was estimated as the leaf N content per unit area divided by the green LAI. 

At physiological maturity, numerical yield components grain number and weight were 

determined. A subsample of 500 grains was counted and weighed separately to estimate grain 

weight. Grain number was quantified by the total amount of grains in the three subsampled 

plants at R6 sampling and adjusted by the wet weight in the total harvested area (0.66 m2). Yield 

was determined with a plot combine from the two center rows; harvest area was corrected in 

rows where biomass samples were taken. Grain yield was adjusted and reported to a standard 

155 g kg-1 moisture. 
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Ground samples for each fraction were analyzed in a laboratory for N concentration ([N]) 

by combustion (Matejovic, 1995). Total N uptake was calculated from the sum of N content in 

leaves, stem, ears, and grains (dry biomass multiplied by [N] of each tissue). The [WSC] was 

determined on stem fraction, by sequential extractions in water followed by colorimetric reaction 

using the anthrone reagent method (Galicia et al., 2009). The total content in the stem was 

calculated by multiplying the [WSC] with the respective dry biomass for that organ. 

 

 Statistical analysis and calculations 

Data were subjected to an analysis of variance (ANOVA) for each trait in 2017 and 2018 

experiments. Mixed effects models (with N and hybrid as fixed effects factors) were fitted in 

RStudio (RStudio Team, 2016) with nlme (Pinheiro et al., 2018) and lme4 (Bates et al., 2015) 

packages. Due to the absence of a rainfed trial in 2018, and the relatively wet growing season in 

2017 to explore variability between conditions, water environment was modelled as a random-

effect factor.  Fitted models for 2017 and 2018 experiments are described in equation (1) and (2) 

respectively (fixed effects are denoted using Greek alphabet characters and random effects using 

Latin characters), 

𝑦𝑖𝑗𝑘𝑙𝑚 =  𝜇 + 𝛼𝑖 +  𝛽𝑗 + 𝛿𝑘(𝑖) +  𝛼𝛽𝑖𝑗 +  𝛽𝛿𝑗𝑘(𝑖)+ 𝑏𝑙 + 𝑐𝑚(𝑙)𝑗 +  휀𝑖𝑗𝑘𝑙𝑚 

𝑏𝑙~ 𝑁 (0, 𝜎𝑏
2), 

𝑐𝑚(𝑙)𝑗~ 𝑁 (0, 𝜎𝑐
2), 

휀𝑖𝑗𝑘𝑙𝑚~ 𝑁 (0, 𝜎𝜀
2), 

Equation 3.1 

where 𝜇 is an overall mean; 𝛼𝑖 and 𝛽𝑗 are differential effects of N and hybrid treatments; 𝛿𝑘(𝑖) 

the effect of N timing sub-treatments within N fertilization; 𝛼𝛽𝑖𝑗 and 𝛽𝛿𝑗𝑘(𝑖) are the interaction 

terms among them;  𝑏𝑙 is the random effect for each water environment; 𝑐𝑚(𝑙)𝑗 is the random 
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effect of the whole plot within site and by hybrid; and 휀𝑖𝑗𝑘𝑙𝑚 is the random effect of the residual 

term; 

𝑦𝑖𝑗𝑘𝑙 =  𝜇 + 𝛼𝑖 +  𝛽𝑗 +  𝛼𝛽𝑖𝑗 + 𝑏𝑘(𝑖) + 𝑐𝑙(𝑖) + 휀𝑖𝑗𝑘𝑙 

𝑏𝑘(𝑖)~ 𝑁 (0, 𝜎𝑏
2) , 

𝑐𝑙(𝑖)~ 𝑁 (0, 𝜎𝑐
2) , 

휀𝑖𝑗𝑘𝑙~ 𝑁 (0, 𝜎𝜀
2), 

Equation 3.2 

where 𝜇 is an overall mean; 𝛼𝑖, 𝛽𝑗, and 𝛼𝛽𝑖𝑗 are the differential effect of N, H, and interaction 

among them, respectively; 𝑏𝑘(𝑖) is the random effect of each N main-plot; 𝑐𝑙(𝑖) is the random 

effect of blocks within N main-plot; and 휀𝑖𝑗𝑘𝑙 is the residual term. Significance for main effect of 

N (𝛼𝑖) was not fit due to the lack of degrees of freedom considering that only one main-plot per 

N level was included in the experiment. Because dry biomass, N and WSC content, SLN, and 

LAI were sampled at multiple times during the growth cycle, a fixed factor 𝛾𝑚 representing the 

differential effect of sampling time, and the corresponding two- and three-way interactions with 

N and hybrid were included in models (1) and (2), as well as a random effect term to model the 

repeated measure structure within plots.  

Residual graphs were verified for homogeneity of error variances, and heteroscedasticity 

corrections were made accordingly. Pairwise comparisons with a type I error rate set at 0.05 

were performed using the Tukey-Kramer method. A relationship between grain N yield with 

grain [N] and yield was determined using the loess() function in R (Cleveland et al., 1992). 

Applying a prediction function on this relationship, grain N yield isolines were plotted in a 

contour plot to represent the effect of grain [N] on yield at a similar level of grain N 

accumulation.  
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Cubic-splines smoothers were fitted to the estimated means across fixed effect levels for 

plotting non-linear trajectories using smooth.spline() function. Statistical differences between 

smoothing spline estimates were tested based on 95% confidence intervals using bootstrapping 

procedures (5,000 iterations)(Efron and Tibshirani, 1993; Wang and Wahba, 1995). Grain 

growth rates, stem and leaf remobilization rates of N and WSC, and N uptake rates were 

calculated using the first derivative of the cubic-splines for grain dry biomass accumulation, stem 

and leaf N and WSC content, and total N uptake, respectively. Rates were estimated for each 

condition at a given time (t), where t represent the thermal time at each sampling date. Thermal 

time for each sampling date was calculated from the time of planting (provided that emergence 

date was not recorded) or flowering using a beta-function relationship between the rate of 

development and hourly temperature (Tb = 8 °C, Topt = 33°C, Tu = 40°C)(Zhou and Wang, 2018). 

Since the crop ceases growth and deposition of assimilates at physiological maturity, evaluated 

grain growth rates were set to zero at the R6 boundary. 

 

 Results 

 Yield, yield components, and N uptake 

On average across year × N conditions, yield increased with increasing N uptake, but at a 

higher rate for P1197 (63±4 and 59±3 kg ha-1 per kg of N for P1197 and 3394, respectively) (Fig. 

2A). Yield increased with increasing N supply more in P1197 than 3394. On average, P1197 

outperformed 3394 by 2.4 and 3.0 Mg ha-1 under high N-input (in 2017 and 2018, respectively) 

(Table S1). However, yield differences under N stress were smaller in 2017 and negligible in 

2018. This means that greater yield recorded for P1197 came not only from higher N uptake 

relative to the 3394, but also from an improved yield per unit of N ratio (Fig. 2A).  



43 

While yield increased up to 268±13 kg ha-1 of N uptake for P1197, grain number reaches 

a plateau at 4417 grains per square meter with 223±17 kg ha-1 of N uptake (Fig. 2B). Hybrid 

3394 showed an inferior grain set per unit of N, achieving a similar grain number at a level of N 

uptake of 289 kg ha-1. Since the response of grain weight to N uptake was constant and 

statistically same between hybrids (α=0.05, Fig. 2C), the greater yield observed for P1197 

relative to 3394 at a high N availability was due to the improved ability of P1197 to set grains 

per unit of N absorbed. Harvest index followed the same pattern of response to total N uptake as 

grain weight, reaching a plateau at 166±18 kg N ha-1 with a value of 0.52 for P1197 and 0.50 for 

3394 (Fig. 2D). 

The use of contrasting N levels provided the opportunity to explore a broad range of post-

flowering N uptake for the tested genotypes. In a similar manner for both hybrids, yield was 

improved with increasing N uptake during post-flowering period at an average rate of 0.12 Mg of 

grain per kg of N (Fig. 3A). The y-intercept of this function suggests that an approximate base 

yield of 3.67 Mg ha-1 could be attained with only N assimilated prior to grain fill and remobilized 

from vegetative mass. Above this baseline, the number of grains established around flowering 

defined the demand for post-flowering N uptake (Fig. 3B), averaging a demand of 2.7 mg N 

grain-1, with a minimum grain set of 1268 grains m-2. 

When considering the full N treatment, one of the mechanisms associated with the 

improved grain set efficiency in P1197 was the reduction in the targeted grain [N] (Fig. 3C). The 

slope between dry weight and N content per grain during grain filling represents an average grain 

[N] of 13.8 mg g-1 for 3394 and of 12.6 mg g-1 for P1197. A similar analysis under zero N 

conditions resulted in non-significant differences in grain [N] between 3394 and P1197 (1.04 and 

1.02 mg g-1, respectively; data not shown). Essentially, observed differences in grain [N] 
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between genotypes were accentuated with high yield (Fig. 3D). However, isolines for grain N 

yield (kg ha-1) revealed that the modern hybrid (P1197) presented a greater grain N 

accumulation. This outcome suggests that grain N dilution partially accounts for yield increases, 

thus underpinning adjustments in N uptake and remobilization dynamics between hybrids. 

 

 Dynamics of N and WSC in stems and leaves 

Dynamics WSC content in stem and N content for stem and leaf fractions were plotted 

for each N level within hybrid for both study years (Fig. 4). During 2017, no differences between 

hybrids were observed for N and WSC content dynamics along the growing season. Variations 

perceived were mainly attributed to the tested N scenarios. In 2018, differences between N levels 

were consolidated due to a greater response to N fertilization in the full N treatment. Consistent 

with yield increases observed for this treatment × year, dynamics of N and WSC were 

significantly different between hybrids. The P1197 showed less stem N content during post-

flowering under full N (Fig. 4B). Meanwhile, differences in leaf N between hybrids were only 

noticeable during late grain fill (p < 0.05, Fig. 4D). The hybrid P1197 retained more N in the 

leaves than 3394 as approaching physiological maturity (at maturity, 1.5 vs. 2.9, g m-2 for 3394 

and P1197, respectively). In line with this, and due to the close relationship between N and C 

remobilization, P1197 exhibited an increase in WSC relative to 3394 only during the last week 

before reaching maturity under full N (169 and 126 g m-2  at R6, respectively for each hybrid). 

In a similar way for both genotypes, N deficiency did not affect the pre-flowering 

accumulation of WSC reserves. As a result, zero and full N treatments achieved comparable stem 

WSC contents around flowering. However, the effect of N supply on WSC remobilization was 

evident during post-flowering. Stem WSC was then consistently lower under zero N than full N 
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at the end of grain filling (at R6 in 2017: 63 and 98 g m-2, zero and full N respectively and 

averaged between hybrids – and in 2018: 68 and 147 g m-2, respectively; Fig. 4E and F). 

Because yield differences between hybrids were mainly observed when the crops were 

fertilized, the analysis focused on describing genotypic differences in the remobilization 

processes under full N conditions. Under these conditions, N remobilization from leaves 

progressed linearly in response to grain N demand for both hybrids (Fig. 5A). However, 

differences in this relationship suggest that P1197 was able to remobilize less N from leaves per 

unit of N allocated to the grains (p < 0.05). It was estimated that 3394 remobilized 4.73 g N m-2 

from leaves at maturity, while P1197 a total of 4.52 g N m-2. Interestingly, this was associated 

with a non-significant genotype effect on the SLN dynamics (Fig. 5B). These findings indicate 

that the reduced leaf N remobilization in P1197 was more associated with higher LAI rather than 

with changes in SLN. On average for both years, estimated LAI at maturity was 2.5 m2 m-2 for 

3394 and 2.8 m2 m-2 for P1197 under high N-input (i.e. 11% increase for P1197; Table S1).  At 

the same time, however, it is important to recognize that P1197 evidenced an 8% increase in 

green LAI at flowering under full N (4.8 and 5.2 m2 m-2, respectively for 3394 and P1197 and 

averaged for both years; data not shown). Hence, differences in LAI decline were only marginal 

and comparable to the small shift in leaf N remobilization between hybrids. 

Differences in leaf N remobilization were in line with changes in N remobilization from 

stem tissues. The hybrid P1197 generally showed greater values of N remobilized during early 

stages of grain N accumulation (Fig. 5C). As such, the modern hybrid seems to hold N in the 

leaves longer at the expense of N remobilization from stem tissues. A lower minimum stem [N] 

in this hybrid may represent one of the mechanisms linked to this superior N supply from stem 

tissues (Fig. 5D). Under fertilized conditions, the asymptotic quantile regression indicates a 
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minimum stem [N] of 4.19 mg g-1 in 3394 and of 3.30 mg g-1 in P1197 under full N scenario 

(Fig. 5D).  

 

 Grain N demand related to N and WSC remobilization from stems and leaves 

In this section, we aim to illustrate the close link between N and WSC remobilization. 

Figure 6 shows N translocation rates from stem and leaves along with grain growth rates during 

the post-flowering under full N (Fig. 6). The maximum grain growth rate per area was estimated 

at 538 °C d (3394) and 594 °C d (P1197) after flowering (Fig. 6A). During the first half of grain 

filling (i.e. before reaching maximum grain growth rate), N was primarily remobilized from 

stems but at a declining rate (Fig. 6C). In contrast, N translocation from leaves was intensified 

during early stages of grain filling following the increment in grain growth rates and, 

consequently, N demand (Fig. 6B). Regardless of minor deviations in stem net N accumulation 

and N uptake, comparable rates were obtained during this initial phase of grain filling for both 

hybrids. 

After grain growth rate reached its maximum, the low N availability in stem tissues (Fig. 

5D) appears to constrain N remobilization rates during advanced phases of grain-filling equally 

for both hybrids (average of -0.9 and 1.2 mg m-2 °C d-1, respectively for 3394 and P1197; Fig. 

6C). Leaf N was the predominant N source for remobilization during the second half of grain 

filling. At this point, however, genotypic differences emerged in the outlined supply-demand 

balance. The hybrid P1197 showed greater dry matter accumulation in grains maintaining a 

relatively inferior leaf N remobilization rate (Fig. 6A and B). This hybrid was able to satisfy 

grain N demand through an increased N uptake rate (Fig. 6E). Due to the close relationship 

between N and C dynamics, the relative conservation of N in leaves was also reflected in an 
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accumulation of WSC in the stems (Fig. 6D). This was likely due to a greater C availability from 

current photosynthesis that could have supplied carbohydrates to satisfy the demand from the 

developing grains. In contrast, the hybrid 3394 exhibited a relatively rapid cease in grain growth 

and N uptake, at the cost of increasing N translocation rates from leaves. Additionally, 

mobilization of stem WSC reserves started for 3394 beyond 856 °C d (Fig. 6D). This initiation 

of WSC remobilization in 3394 was characterized by an SLN value of 1.19 g m-2 under full N 

(Fig. 5B). 

 

 Discussion 

Genetic improvement between P1197 and 3394 hybrids was predominantly evidenced 

under full N conditions. The lack of consistent differences under zero N in this study might be 

related to the intensity of N deficiency achieved. Suggested by grain yield values when N was 

restricted, N supply had a noticeably larger effect on crop growth during the 2018 season. This 

might be attributed to a greater N immobilization and lower mineralization rates derived from 

maize residues in 2018, compared to soybean residues in the first year of experiments (Li et al., 

2013). It appears, therefore, that grain yield differences were smaller as N stress was more 

severe. These outcomes imply that genetic improvement between these two hybrids is the 

consequence of a better response on yield to N supply. This is consistent with studies reporting a 

greater long-term genetic gain under high N availability in maize hybrids (Ciampitti and Vyn, 

2012; Haegele et al., 2013; DeBruin et al., 2017; Mueller et al., 2019a). The modern hybrid was 

able to set more grains per unit of area with a similar N content at flowering, resulting in a higher 

reproductive efficiency per unit of N absorbed. This can be attributed to the well-known 

reproductive adaptation of modern hybrids to higher plant densities, mediated by multiple traits 
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including the reduced anthesis-silking interval (ASI), barrenness, and tassel size, and increased 

leaf angle (Duvick and Cassman, 1999; Duvick, 2005a). The adopted framework was able to 

capture changes in post-flowering dynamics between this set of hybrids and realize the 

underpinning processes for yield improvement (Cooper et al., 2014b; Messina et al., 2019) . 

Post-flowering N uptake is determined by biomass accumulation during the reproductive 

period (Lemaire et al., 2007). As a consequence, increased post-flowering N uptake in P1197, as 

observed for other germplasm (Ma and Dwyer, 1998), can be interpreted as the result of greater 

reproductive crop growth rate in response to the greater sink demand (Borrell and Hammer, 

2000; Triboi and Triboi-Blondel, 2002). Due to the negative relationship between grain yield and 

[N] (Triboi et al., 2006), the lack of differences in grain [N] under limiting N treatments can be 

understood in terms of the minor yield variations between hybrids. Although only two genotypes 

were tested, these results provide additional evidence of the decline in grain protein as an indirect 

consequence of long-term genetic selection for yield (Duvick and Cassman, 1999; Haegele et al., 

2013; DeBruin et al., 2017). Thus, improvements in N utilization efficiency in P1197 (i.e. greater 

yield per unit of N) relative to 3394 can be partially attributed to the reduction in protein 

concentration (Muchow, 1998; Ciampitti and Vyn, 2012, 2013). Implementation of this 

framework across a wider set of historical hybrids may allow us to examine the impact of genetic 

selection on the co-evolution of yield and N utilization in maize. 

Nitrogen remobilization from vegetative organs mapped the hierarchical seasonal 

ordering of stem in preference to leaf N translocation on both hybrids (van Oosterom et al., 2010; 

Ciampitti and Vyn, 2011; Soufizadeh et al., 2018). However, P1197 exposed a slightly lower 

contribution of N deriving from leaves at maturity. This is consistent with previous studies 

reporting a reduced senescence and leaf N remobilization over time in ERA hybrids (Duvick and 
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Cassman, 1999; DeBruin et al., 2017). In our study, this was related to an acceleration of stem N 

remobilization, particularly notorious during early stages of grain filling. These outcomes imply 

that the modern hybrid holds N longer in the leaves at the expense of remobilization from stem 

tissues (Mueller et al., 2019a).  

The increased N remobilization from stem tissues in P1197 was attached to a shift in the 

minimum [N] boundary (i.e. realized minimum stem [N]). Although genetic variation in stem 

[N] has been previously reported for maize (Yan et al., 2014; Chen et al., 2015), the adopted 

framework allows us to recognize it as a descriptor of stem N remobilization efficiency. Upon 

this mechanism, this hybrid was able to preserve more green leaf area at maturity. Superior LAI 

during advanced phases of grain filling had likely enhanced canopy photosynthesis, C source 

capacity, and crop growth (Valentinuz and Tollenaar, 2004; Gallais and Coque, 2005). By 

contrast, the decrease in SLN was similar for both genotypes, so differences in crop growth at 

this stage were essentially in response to changes in the light interception capacity than in the 

radiation-use efficiency (Sinclair and Horie, 1989; Andrade et al., 2005). These findings support 

the concept of a greater use of stem N to increase leaf area duration as a strategy to enhance N 

utilization efficiency in modern hybrids (Foulkes et al., 2009). 

Despite variations in grain set at flowering under high N availability, accumulation 

patterns of WSC until flowering were consistent between hybrids. These results acquire 

significant importance providing they represent keystone phases in germplasm development in 

maize, defined by the increasing assistance of molecular technology in genetic selection since the 

1990s (Eathington et al., 2007; Jiang, 2013). Accumulation of C reserves persisted during grain 

filling but at a declining rate, due to increasing demand from the grains along with the initiation 

of leaf senescence. This implies that the current C supply from photosynthesis exceeded grain 
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sink demand and thus recognizes a C sufficient condition on both hybrids (Swank et al., 1982; 

Jones and Simmons, 1983; Uhart and Andrade, 1995; Peng et al., 2013; Ning et al., 2018). 

Nonetheless, hybrid 3394 showed utilization of WSC reserves during late stages of grain-filling, 

starting 856 °C after flowering. Greater leaf N remobilization in this hybrid may have likely 

impacted on the photosynthetic capacity and the amount of assimilated C (Wood et al., 1993) 

leading to remobilization of sugars from stems. Hence, differences in WSC utilization between 

hybrids were essentially in response to the deviations in N fluxes rather than in the C balance per 

se. 

The functional framework used in this study provides a basis to analyze the N and WSC 

balance in maize within the interpretation of yield improvement on hybrids from different eras. 

Still, evaluation spanning a wider genotypic variability for grain and stem composition should be 

performed to advance on the applicability of such framework, which relates grain demand with 

N and C dynamics from “source” organs. Furthermore, and although in 2017 a rainfed site was 

included in the experiment, the relatively wet growing season did not allow to compare the 

physiological behavior of these hybrids under levels of substantial water limitation. Barker et al. 

(2005) reported reduced rates of maize genetic improvement when crop was exposed to drought 

stress at flowering and during grain filling. Considering that crop water status impacts on crop 

growth (Sadras and Lemaire, 2014), and thereby N and WSC dilution (Vos, 1981; Greenwood et 

al., 1990; Kunrath et al., 2020), including N by water interactions within the scope of this 

framework still deserves further research. Evidence for such physiological relationships can 

provide valuable guidance for screening and selection strategies for drought tolerant maize 

cultivars. 
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 Conclusions 

Higher yields observed for the modern hybrid were associated with a higher grain set 

efficiency per unit N, increased N demand, and sink induced N uptake. Greater post-flowering N 

accumulation, determined by grain set, was observed in P1197, likely preventing leaf senescence 

and leading to a higher LAI at maturity. The modern hybrid seems to hold N in the leaves longer 

at the expense of remobilization from stem tissues. Although yield was not limited by C supply 

under any of the conditions explored in this study, the interplay between an earlier N 

remobilization and C supply was revealed by the WSC remobilization during late grain filling for 

the hybrid 3394.  

Despite noteworthy advances in recognizing C and N physiological associations, this 

knowledge has not been integrated yet into a framework accounting for C × N interactions to 

understand genetic progress in maize. The differential physiological behavior of the two hybrids 

in response to high N availability allowed for a better representation of grains as competing sinks 

for C and N assimilates during the post-flowering period. The integration of this knowledge 

within crop growth models provides significant opportunities for future scientific research as 

well as assistance on future selection strategies for considering a holistic approach for the whole-

plant C and N economy. 
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Figure 3.1. Framework for explaining yield changes through the underlying N and carbohydrate 

mechanisms. Processes shaded in grey and dashed lines represent dynamics not evaluated in this 

study but incorporated in the interpretation of results. ∆: change between hybrids, WSC: water-

soluble carbohydrates, SLN: specific leaf N, [N]: N concentration. 
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Figure 3.2. Relationships between yield (A), grain number (B), grain weight (C), and harvest 

index (D) with total N uptake for 3394 (closed symbols, solid lines) and P1197 (open symbols, 

dashed lines) under zero (squares) and full N (circles) treatments during 2017 and 2018 seasons. 

Symbols represent individual observations. Statistical significance for hybrid factor was tested 

and plotted accordingly at a level of α = 0.05. Best Linear Unbiased Estimates and standard 

errors are reported in Supplementary Table S1. The best regression model was based on lower 

AIC values (Table S2). 
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Figure 3.3. Relationships between yield and post-flowering N uptake (A), post-flowering N 

uptake as a linear function of the grain number set at flowering (B) for both hybrids across two 

years × two N conditions. Symbols represent observed values for 3394 (closed symbols) and 

P1197 (open symbols) under zero (squares) and full N (circles) treatments. (C) Relationship 

between grain N content and grain weight, slope represents the grain [N] for each hybrid, 

throughout the grain filling period for the full N treatment. (D) Estimated grain yield and grain 

[N] for the two hybrids under two N levels in 2017 and 2018 seasons. Isolines represent levels of 

grain N yield from 50 to 250 kg ha-1. For panel D, whiskers represent the standard errors of the 

means. 
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Figure 3.4. Evolution of N content in stem (A and B) and leaf (C and D) fractions, and of water-

soluble carbohydrates (WSC) in stem (E-F) for 3394 (closed symbols) and P1197 (open 

symbols) maize hybrids, under zero (squares) and full N (circles) during 2017 and 2018 seasons. 

Arrows in (E) and (F) portray flowering (R1) stage. Vertical bars denote standard error of the 

mean. 

 

Figure 3.5. Progression of leaf and stem N remobilized related to the grain N content during 

grain filling (A and C), for two hybrids under full N conditions in 2017 and 2018. Symbols 

represent the estimated mean values at each sampling time for 3394 (closed symbols and solid 

lines) and P1197 (open symbols and dashed lines) maize hybrids. Vertical bars represent 
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standard error of the mean. Bivariate outliers (stars) were identified based on studentized 

residuals (values > 3). Overlapping symbols were offset horizontally for clarity (at a 0.1 value of 

x). Nitrogen remobilized was calculated by subtracting the N content at each sampling time from 

the estimated maximum N content around flowering for each hybrid × year. Temporal dynamics 

of SLN on a thermal time basis from flowering, for hybrids under full N treatment (B). Quantile 

regression (tau = 0.05) on the stem [N] during the post-flowering period to estimate the 

minimum stem [N] on each hybrid under full N (D). Model parameters for the quantile 

regression lines are: [3394: y = 4.19 + (5.45 – 4.19) * exp(-exp(-4.37) * x)], [P1197: y = 3.30 + 

(5.19 – 3.30) * exp(-exp(-4.45) * x)]. 

 

Figure 3.6. General description for the simultaneous rates of grain growth (A), leaf and stem net 

N accumulation (B and C), stem net WSC accumulation (D), and plant N uptake (E) during post-

flowering under full N conditions. Hybrids 3394 (closed symbols and solid lines) and P1197 

(open symbols and dashed lines). Symbols represent the derivatives of the estimated models for 

grain dry matter, leaf N, stem N, stem WSC, and plant N accumulation in g m-2 (respectively for 

A to E) at each sampling time. Positive values in B, C, and D show an accumulation of N or 

WSC in the tissue while negative magnitudes represent remobilization. 
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Table 3.1. Monthly values for daily solar radiation, temperature, and total precipitation for the 

2017 and 2018 growing seasons. Source: Kansas Mesonet (2019). 

 2017 2018 

 May Jun Jul Aug Sep Apr May Jun Jul Aug 

Solar radiation 

(MJ m-2 day-1) 

25.2 27.3 26.5 23.0 19.7 22.8 23.7 26.4 24.5 21.9 

Mean temperature (°C) 18.8 24.1 26.9 22.3 22.3 14.3 22.3 26.5 25.9 24.5 

Precipitation (mm) 95.0 71.6 33.8 154.7 9.4 18.8 83.3 54.6 72.6 111.8 
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Chapter 4 - Post-silking 15N labelling reveals an enhanced nitrogen 

allocation to leaves in modern maize (Zea mays) genotypes 

Under review in Journal of Plant Physiology 

 Abstract   

Nitrogen (N) metabolism is a major research target for increasing productivity in crop 

plants. In maize (Zea mays L.), yield gain over the last few decades has been associated with 

increased N absorption and utilization efficiency (i.e. grain biomass per unit of N absorbed). 

However, a dynamical framework is still needed to unravel the role of internal processes such as 

uptake, allocation, and translocation of N in these adaptations. This study aimed to 1) 

characterize how genetic enhancement in N efficiency conceals changes in allocation and 

translocation of N, and 2) quantify internal fluxes behind grain N sources in two historical 

genotypes under high and low N supply. The genotypes 3394 and P1197, landmark hybrids 

representing key eras of genetic improvement (1990s and 2010s), were grown under high and 

low N supply in a two-year field study. Using stable isotope 15N labelling, post-silking nitrogen 

fluxes were modeled through Bayesian estimation by considering the external N (exogenous-N) 

and the pre-existing N (endogenous-N) supply across plant organs. Regardless of N availability, 

P1197 exhibited greater exogenous-N accumulated in leaves and cob-husks. This response was 

translated to a larger amount of N mobilized to grains (as endogenous-N) during grain-filling in 

this genotype. Furthermore, the enhanced N supply to leaves in P1197 was associated with 

increased post-silking carbon accumulation. The overall findings suggest that increased N 

utilization efficiency over time in maize genotypes was associated with an increased allocation 

of N to leaves and subsequent translocation to the grains. 
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 Introduction 

Nitrogen (N) is an essential nutrient required for plant growth and development. Nitrogen 

is absorbed by plants – as nitrate, ammonium, or other organic N forms – and incorporated into 

numerous metabolites such as amino acids and proteins (Tegeder and Masclaux-Daubresse, 

2018). In crop species, much effort has gone into identifying strategies for improving the 

efficiency on which plants absorb and utilize N for plant growth and development (Sinclair and 

Rufty, 2015). In cereals crops, grain production largely depends, along with carbon (C), on the 

supply of N to sink tissues throughout growth cycle (Ladha et al., 2016). The set of morpho-

physiological mechanisms involved in the plant response to N availability during grain 

development in cereal crop species are of interest to plant breeders seeking to improve yields per 

unit of N fertilizer applied in crop production. 

In maize (Zea mays L.), genetic yield improvement over the last few decades has been 

associated with increased N absorption, complemented by an enhanced crop N utilization 

efficiency (i.e. grain biomass produced per unit of N absorbed) (Ciampitti and Vyn, 2012; 

DeBruin et al., 2017; Haegele et al., 2013; Mueller et al., 2019a). To further understand the 

determinants of N changes in plant tissues, a dynamical N framework is needed to unravel the 

role of the interaction of processes such as N uptake, allocation among organs based on supply 

and demand signals, and translocation of N during crop growth. Particular interests have been 

addressed to study N utilization during reproductive stages of crop development where quality, 

size and yield of seeds is determined in annual crops (Dreccer et al., 2000; Kinugasa et al., 2012; 

Rossato et al., 2001; Salon et al., 2001; Weiland and Ta, 1992). In maize, the initiation of this 

reproductive period is manifested by the release of pollen by the anthers (anthesis) and the 

emergence of receptive stigmas (silking), indicating male and female floral maturity for 
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pollination. This is recognized as a central phase in N dynamics because uptake and assimilation 

starts to decline during the post-silking period (Fernandez et al., 2020a; Russelle et al., 1983). In 

addition, recycling of nutrients during senescence allows reutilization of N contained in 

vegetative organs (e.g. stems and mature leaves) and or translocation to reproductive organs (e.g. 

developing seeds) after hydrolysis of proteins to amino acids (Lambers et al., 2008). It is known 

that the plant N balance resulting from the interaction of these processes has been altered over 

time together with improvements in kernel set (i.e. number of grains per area) of modern 

genotypes (Ciampitti and Vyn, 2012; Duvick, 2005a). However, the complexity of the system 

has not been fully assessed by studying both the assimilation of external N supply and the 

remobilization of pre-existing N across organs. Such understanding will enable, for instance, 

quantifying the impact of breeding on the newly synthesized amino acids that are allocated to the 

stover before the onset of the leaf N remobilization process (Ta and Weiland, 1992).  

Variations in the leaf N dynamics during grain-filling received recent attention as 

physiological adaptations to modern agriculture (Chen et al., 2015; Kosgey et al., 2013). Because 

photosynthetic rate is dependent, among other factors, on the leaf N content per unit leaf area 

(Sinclair and Horie, 1989), improvement in seasonal photosynthesis may arise as a consequence 

of a superior leaf N status per unit area (Borrell and Hammer, 2000; Vos et al., 2005). It is 

conceivable that plants with proportionally more N in the leaves at the expense of other organs  

can maintain photosynthesis rates during grain fill and, therefore, biomass production (Hirose 

and Werger, 1987; Hollinger, 1996). A recent comparison between historical hybrids led to the 

hypothesis that a longer retention of N in the leaves may underpin an accelerated N translocation 

from stems at early phases of grain-filling, thus enhancing N utilization efficiency (Fernandez et 
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al., 2021). However, the lack of field-level quantification of the underlying internal N fluxes 

remains to be determined to further test the above hypothesis.  

Due to the relevancy of N economy for maize yield improvement, increased focus to 

develop models that identify N allocation and transport processes are of the highest priority. 

From the perspective of crop growth models, a necessary requirement to parametrize the 

mechanics behind N accumulation is to provide a realistic and efficient method to discriminate or 

differentiate the recently incorporated N from the pre-existing pool in a plant organ at a given 

time. The use of N stable isotopic ratios (15N) has been largely demonstrated as an efficient tool 

to quantify current N absorption and allocation in plants (Knowles and Blackburn, 1993; 

Yoneyama et al., 2003). In particular for relative N allocation, short-term labelling has been 

widely employed in hydroponics (Arkoun et al., 2012; Friedrich and Schrader, 1979; Tanemura 

et al., 2008), or either under controlled environments in growth chambers (Lehmeier et al., 2013; 

Schiltz et al., 2005) or greenhouses (Avice et al., 1996; Cliquet et al., 1990; Yang et al., 2016). 

At a field-scale in maize, the use of this technique has been restricted to fewer studies (de 

Oliveira Silva et al., 2017; Ta and Weiland, 1992). In this study, measures of post-silking N 

allocation from multiple short-term 15N labelling were assembled using dynamical models. 

Evidence of N distribution can be incorporated in a framework considering a two-way flux of N 

across all plant organs (Fig. 1) thus enabling the phenotyping of the internal N fluxes in the crop 

(Crawford et al., 1982; Gallais et al., 2006; Malagoli et al., 2005; Schiltz et al., 2005). Each day, 

absorbed N is allocated to leaves, stem, cob-husks, and grains (hereafter referred as exogenous-

N). Simultaneously, a fraction of the pre-existing N stored in organs (hereafter referred as 

endogenous-N) is translocated to sink tissues. In this framework, the net N accumulation of an 

organ is captured as the resulting balance of inward and outward fluxes. With a functional 
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linkage with biomass and yield generation processes, a better understanding of such 

physiological aspects may help in the identification of promising targets for sustaining future 

genetic improvement. Furthermore, a biological N dynamics model structured upon such 

framework could provide the capacity to evaluate the potential value of breeding efforts in plant 

N utilization traits. 

The present study provides an analysis of how the post-silking N allocation and 

translocation processes have been modified in two genotypes representing eras of genetic 

improvement (1990s and 2010s) under high and low N supply. By using a dynamical N model 

considering the external (exogenous-N) and the pre-existing (endogenous-N) N supply in the 

plant, this study aimed to 1) understand how patterns of allocation and translocation of N 

underpin genetic enhancement for N efficiency, and 2) quantify internal N fluxes as determinants 

of grain N. 

 

 Materials and methods 

 Field experiments and phenotypic determinations 

A two-year field study was conducted during 2017 and 2018 growing seasons at the 

Ashland Bottoms Research Farm near Manhattan, KS, US (39°08’ N, 96°37’ W). The 

experimental sites during 2017 are described in-depth in Chapter 3 (Fernandez et al., 2021). The 

analysis in this study includes an additional experimental trial in 2018 with similar agronomic 

management and design of Chapter 3 (Fernandez et al., 2021). A detailed description of sites is 

shown in Table 1. Briefly, the experiments consisted of two irrigated (2017 and 2018) and one 

rainfed (2017) treatments modeled as a split plot design with two treatment factors and three 

replicates. Factors evaluated consisted of two maize Pioneer (Corteva Agriscience, Johnston, IA, 
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US) single cross hybrids with different year of release (3394 in 1991; and P1197 in 2014) as 

main plots, and two N scenarios (zero N, and full N, 137 kg ha-1 for the non-irrigated and 218 kg 

ha-1 for the irrigated sites) as subplots. Size of each plot was 64 m2 (4 rows at 0.76 cm between 

rows × 21 m length). Soil analyses were conducted at pre-planting to characterize initial 

conditions (Table 1). All trials were controlled and conducted free of weeds, pests, and diseases 

during the growing season. 

Key developmental stages (Ritchie et al., 1997), anthesis (VT) and silking (R1) dates 

were recorded daily for 20 tagged plants per plot, and silking date for the plot was considered 

when 50% of the plants had exposed silks. For determination of physiological maturity (R6) 

dates, one ear of a previously tagged plant was collected every 3 to 4 days per plot, since kernel 

blister stage (R2) until harvest maturity. Ten kernels from the central portion of the ear were 

marked and sampled to track changes in kernel dry weight during the entire period. A bilinear 

model was fitted to the data of each experimental unit (N treatment x genotype x replicate x site) 

with the form: 

 Grain weight (mg grain
-1) = 𝑎 + 𝑏 ∙ 𝑑                      for 𝑑 < 𝑐 , Equation 4.1 

 Grain weight (mg grain
-1) = 𝑎 + 𝑏 ∙ 𝑐                      for 𝑑 ≥ 𝑐 , Equation 4.2 

where 𝑑 is the thermal time after silking (°C d-1), 𝑎 is the y-intercept (mg grain-1), 𝑏 is the rate of 

grain-filling (mg grain-1 °C d-1), and 𝑐 is the duration of the period until constant grain weight 

(°C d-1). The R6 date of a plot was estimated, therefore, when 50% of the sampled plants reached 

constant grain weight. Thermal time for R6 and other samplings was calculated from the time of 

silking using a beta-function relationship between the rate of development and hourly 

temperature (Tb = 8 C, Topt = 33 C, Tu = 40 C) (Zhou and Wang, 2018). 
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 Isotopic labelled fertilizer application and calculation of 15N plant traits 

Stable isotope 15N abundance was utilized as a tracer to determine 15N allocation within 

plant organs during reproductive stages following the maize phenological scale of Ritchie et al. 

(1997). The 15N-labelling technique was used at silking (R1) and milk stage (R3) in 2017, and at 

R1, blister stage (R2), and dough stage (R4) in 2018. For each of these evaluations, microplots 

containing five consecutive plants in a row were established within each experimental unit. 

Labelled fertilizer Ca(NO3)2 (10.15% 15N) at 1 g per plant was applied with plastic syringes on 

both sides of the plants after diluting in 30 ml of water. Fertilizer was injected using the 

methodology employed in de Oliveira Silva et al. (2017), and the three center plants from each 

microplot were harvested five days after the 15N application. Additionally, non-enriched plants 

were sampled to determine the background 15N abundance in the fertilized and unfertilized soils, 

in order to account for possible variations in the standard values of natural 15N abundance 

(Cabrera and Kissel, 1989; Högberg, 1997; Fernandez et al., 2020b). Plants were separated into 

leaves (leaf blades), stem (stems + leaf sheaths + tassels), ear (husks + cobs), and grain fractions; 

after that, samples were dried at 65 °C until constant weight, and then ground through 0.10 mm 

sieve for laboratory analyses. Elemental abundance of N and C, and 15N abundance,  were 

determined using an elemental analyzer (PyroCube – Elementar Americas) coupled to an isotope 

ratio mass spectrometer (visION, Elementar Americas, Ronkonkoma, NY, US) at the Stable 

Isotope Mass Spectrometry Laboratory at Kansas State University. 

For each plant fraction, the atom percentage excess [At% ( N 
15 )Excess] was calculated 

using the following equation: 

At% ( N 
15 )Excess = At% ( N 

15 )
sample

−  At% ( N 
15 )

control
 , 

Equation 4.3 
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where At% ( N 
15 )

sample
 represents the percentage of 15N abundance in the 15N labelled samples, 

and At% ( N 
15 )

control
 corresponds to the percentage of 15N abundance in non-labelled control 

plants. Total 15N uptake of each fraction and expressed in g m-2 was estimated by the following 

equation: 

N uptake
fraction 

15
 = N uptake

fraction
 × (

At% ( N 
15 )Excessfraction

100
)  , Equation 4.4 

where N uptake
fraction

 is the dry biomass multiplied by N concentration and expressed in g m-2. 

The relative 15N allocation proportion of each fraction was obtained as follows: 

RA N 
15  =

N uptake
fraction 

15

N uptake
total 

15
 , Equation 4.5 

where N uptake
total 

15
=  ∑ N uptake

fraction = stem, leaves, cob-husks, grain 

15
. Lastly, plant C accumulation 

was calculated as the dry biomass multiplied by C concentration and expressed in g m-2. 

 

 Statistical analyses and calculations 

Bayesian generalized additive mixed models (GAMMs) were fitted to the data using R 

program (version 3.6.1) in RStudio interface (RStudio Team, 2016) with programming language 

Stan via brms package (Bürkner, 2018, 2017). GAMMs are widely used in biological sciences to 

estimate functional relationships between the explanatory variables and the response using 

smooth curves (Pykälä et al., 2005; e.g. Yee and Mackenzie, 2002). In this study, we utilized a 

Bayesian approach via MCMC sampling for inference in a mixed model with varying 

coefficients for genotype and N treatment, random effects to recognize the experimental 

structure of the data, while including a generalized additive effect for the thermal time after 

silking. The implementation of a Bayesian modeling approach enabled the assessment of the 
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expected value of the predicted dynamics while determining a probabilistic component by means 

of their posterior distribution of samples (Ellison, 2004). 

Relative 15N allocations were modeled using a vector of yc response variables following a 

Dirichlet distribution. The Dirichlet distribution is an extension of the beta distribution for 𝐶 

categories with yc elements between 0 and 1, and for which the sum of all is equal to the unity 

(Douma and Weedon, 2019). The implemented model was then: 

𝑦𝑖𝑗𝑘𝑙,𝑐~𝐷𝑖𝑟𝑖𝑐ℎ𝑙𝑒𝑡(𝜇𝑖𝑗𝑘𝑙,𝑐, φ) , Equation 4.6 

for each ith N treatment, jth genotype, kth site, lth whole plot within site, and cth plant fraction 

combination. The expected value for the relative 15N allocation 𝜇𝑖𝑗𝑘𝑙,𝑐 is, therefore, between 0 

and 1 and subject to the constraint ∑ 𝜇𝑖𝑗𝑘𝑙,𝑐
𝑛
𝑐=1 = 1 (Douma and Weedon, 2019). In addition, φ is 

a positive precision parameter, and the link between 𝜇 and 𝑛 is a multinomial logit function 

[ 𝜇𝑖𝑗𝑘𝑙,𝑐 =  
exp (𝑛𝑖𝑗𝑘𝑙,𝑐)

∑ exp (𝑛𝑖𝑗𝑘𝑙,𝑑)𝑚
𝑑=1

 ] (Bürkner, 2018). For other positive continuous quantities modeled, 

such as the plant-fraction N and C accumulation, distribution of the response variables was 

defined as: 

𝑦𝑖𝑗𝑘𝑙~𝑁(𝜇𝑖𝑗𝑘𝑙 , σ2) , Equation 4.7 

with a log link function [𝜇𝑖𝑗𝑘𝑙 = exp (𝑛𝑖𝑗𝑘𝑙)]. The linear predictor (𝑛𝑖𝑗𝑘𝑙) for all models was 

defined as: 

𝑛𝑖𝑗𝑘𝑙 = 𝑛 + 𝛼𝑖 + 𝛽𝑗 + 𝛾𝑖𝑗 + 𝜔𝑖𝑗(𝑡) + 𝑏𝑘 + 𝑐𝑙(𝑘)𝑗  

𝑏𝑘~𝑁(0, 𝜎𝑏
2)  

𝑐𝑙(𝑘)𝑗~𝑁(0, 𝜎𝑐
2), 

Equation 4.8 

where 𝛼𝑖 and 𝛽𝑗 are differential effects of the ith N treatment and jth genotype; 𝛾𝑖𝑗 the interaction 

term between them; 𝑏𝑘 is the site-level random effect for each kth site; 𝑐𝑙(𝑘)𝑗 is the random effect 
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of the lth whole plot within kth site and by jth genotype; and 𝜎𝑏
2 and 𝜎𝑐

2 their respective 

variances. To describe the nonlinear response patterns of variables expressed in thermal time 

progress basis, a cubic regression spline 𝜔𝑖𝑗(𝑡) in the range of time after silking t was included 

in the model, which depends on the level of ith N treatment and jth genotype. 

Due to the lack of previous information on the likely values of model parameters, non-

informative priors were specified for all parameters. Sampling convergence was assessed by 

visual inspection of density and trace plots, and the use of Gelman-Rubin diagnostics (Gelman 

and Rubin, 1992). Posterior predictive checks are reported in Supplementary (Fig. S1-S2-S3). 

Inference was based on 4,000 iterations of Markov Chain Monte Carlo (MCMC) algorithm and 4 

chains, with a warmup period of 2,000 draws for calibration of the MCMC. Pairwise 

comparisons between genotypes were assessed using two-sided 95% credible intervals of the 

difference between their respective posterior predictive samples.  

Using the fitted Bayesian models, and based on the plant N traits introduced in previous 

section, the internal plant N distribution could be explained in the two-way flux framework from 

Fig. 1. Let Nfraction(𝑡) be the N content in a fraction at a time t in thermal time after silking, then 

the net N accumulation rate (i.e. the balance between inward and outward fluxes per unit of time) 

could be expressed as the first derivative of Nfraction with respect to time:  

 
𝑑Nfraction

𝑑𝑡
= lim

ℎ→0

Nfraction(𝑡 + ℎ) − Nfraction(𝑡)

ℎ
, Equation 4.9 

where, 

Nfraction(𝑡) =  %Nfraction(𝑡) × Wfraction(𝑡), Equation 4.10 

%Nfraction is the N concentration in that fraction expressed in g 100 g-1, Wfraction is the dry weight 

in g m-2, and ℎ = ∆𝑡 value approaching zero.  
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Based on equation (9), plant N uptake rate at a given time could be estimated using the 

first derivative of the plant N accumulation, 

𝑑Nplant

𝑑𝑡
= lim

ℎ→0

Nplant(𝑡 + ℎ) − Nplant(𝑡)

ℎ
. Equation 4.11 

Considering the framework introduced in Fig. 1 for post-silking dynamics, N derived 

from uptake (exogenous-N) is allocated to every tissue of the plant at a ratio defined by its 

RA15N (equation 5). Therefore, the exogenous-N accumulation rate of a specific fraction at any 

given time 𝑡 could be expressed as: 

𝑑N 
exo

fraction

𝑑𝑡
 = 

𝑑Nplant

𝑑𝑡
 ×  RA N (𝑡)

 

15 , Equation 4.12 

where, 

RA N (𝑡)
 

15 = [ N 
15

fraction
(𝑡) N 

15

plant
(𝑡)⁄ ]. Equation 4.13 

From there, the endogenous-N rate, which represents the N mobilized to/from each 

organ, was calculated as the difference between the net N accumulation and the inward flux of 

exogenous-N rates for that fraction: 

𝑑N 
endo

fraction

𝑑𝑡
 = 

𝑑Nfraction

𝑑𝑡
−

𝑑N 
endo

fraction

𝑑𝑡
. Equation 4.14 

The integration of the abovementioned temporal dynamics over the post-silking period 

(i.e. from 𝑡silking = 0 to 𝑡maturity = thermal time at R6) represents the cumulative balance of net N 

accumulation (15), exogenous-N (16), and endogenous-N (17) on each fraction: 

∫
𝑑Nfraction

𝑑𝑡

𝑡maturity

𝑡silking
 = Nfraction(𝑡maturity) −  Nfraction(𝑡silking),  Equation 4.15 

 

∫
𝑑N 

exo
fraction

𝑑𝑡

𝑡maturity

𝑡silking
 = N 

exo

fraction
(𝑡maturity) − N 

exo

fraction
(𝑡silking),  Equation 4.16 
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where for post-silking dynamics N 
exo

fraction
(𝑡silking) is the initial state set to zero, and, 

∫
𝑑N 

endo
fraction

𝑑𝑡

𝑡maturity

𝑡silking
 = ∫

𝑑Nfraction

𝑑𝑡

𝑡maturity

𝑡silking
 - ∫

𝑑N 
exo

fraction

𝑑𝑡

𝑡maturity

𝑡silking
.  Equation 4.17 

 

 Results 

The proportion of 15N allocated to each organ during post-silking was modeled through 

Bayesian estimation, outlining the internal balance of N across sink tissues (posterior predictive 

distributions for all four treatment combinations in Fig. 2). Before the initiation of linear grain-

filling (0-200 °C d-1), cob-husks tissues were the principal sinks for current N absorbed (on 

average, 0.34 [0.18, 0.51] g g-1 in 3394 and 0.32 [0.16, 0.49] g g-1 in P1197; values in brackets 

define the 95% credible interval, hereafter). Expected allocation to stem + leaves consistently 

accounted for more than 0.5 g g-1 of the N absorbed, but was particularly high under full N 

supply (0.64 [0.53, 0.76] g g-1 in 3394 and 0.62 [0.51, 0.75] g g-1 in P1197). As linear-filling 

progressed, grains emerged as the main sink for N to the detriment of stover provision. 

Allocation of N absorbed close to physiological maturity (600 °C d-1 and beyond) was 

predominantly to the grains (on average, 0.58 [0.40, 0.74] g g-1 in 3394 and 0.57 [0.36, 0.75] g g-

1 in P1197). At this point, P1197 exposed a marginally greater N distribution to leaves relative to 

3394 (respectively for each genotype, 0.18 and 0.10 g g-1 for zero N, and 0.22 and 0.17 g g-1 for 

full N). Although the considerable variability observed in the posterior samples, P1197 exhibited 

greater N allocation to leaves during late grain-filling in 84% (zero-N) and 74% (full-N) of 

draws obtained, relative to 3394. 

Post-silking N dynamics were assessed in terms of the underpinning exogenous- and 

endogenous-N balances across fractions (Fig 3). When no N was applied, P1197 exhibited 

greater exogenous-N accumulated in all organs relative to 3394 (Fig. 3 A-D). Under full N, 
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incremental exogenous-N was evident, particularly accumulated in leaves and cob-husks. 

Exogenous-N to the photosynthetic tissues (i.e. green leaves) was 0.8 [0.6, 0.9] g m-2 higher in 

P1197 compared with 3394 (Fig 3C); for cob-husks, the expected increment was of 0.5 [0.3, 0.7] 

g m-2 (Fig 3D). The expected increase in exogenous-N to grains was only of 0.2 [0.1, 0.4] g m-2 

(Fig 3A). 

Hybrid 3394 accumulated 2.8 [0.1, 5.6] and 5.7 [3.2, 8.1] g m-2 of plant N during post-

silking (under zero- and full-N, respectively), while P1197 accumulated 5.4 [2.6, 8.1] and 8.2 

[6.0, 10.3] g m-2. This enhanced post-silking N uptake in P1197 was well reflected in the grains 

(Fig. 3I) and, to a lower extent, in the stover net accumulation (Fig. 3J, K, and L). At high N 

supply, the improved grain N accumulation was predominantly a consequence of more N 

mobilized from stover tissues (Fig. 3E). Our results indicate that leaves were the primary sources 

of endogenous-N for the grains, contributing on average 3.0 [1.6, 4.3] g m-2 under zero-N and 6.2 

[4.9, 7.6] g m-2 under full-N (Fig. 3G). Notably, the larger discrepancies in endogenous-N 

between genotypes were also seen in the amount contributed by their leaf tissues, in an increment 

of 0.79 [0.77, 0.82] g m-2 for P1197 under full N (i.e. relative to 3394). This shows that, at high 

N availability, the additional exogenous-N accumulated in leaves in P1197 allowed for a larger 

amount of extractable N mobilized to grains. In contrast, under low N treatment, the increase in 

exogenous-N to leaves (and for stem and cob-husks) translated to little improvement in 

endogenous-N. Such patterns suggest dissimilar effects of N fertilization on post-silking N 

allocation and translocation dynamics for these two maize genotypes. 

Exogenous-N allocation was further analyzed in proportional terms (over the total N 

accumulated) to account for the differences in biomass and N uptake between genotypes and 

fertilization levels. The summary of posterior distributions was depicted against the posteriors 
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for post-silking C accumulation (Fig. 4), reflecting how variations in the within-plant N demand 

was related to crop growth and C assimilation. Results show that hybrid P1197 showed a greater 

proportion of N allocated to leaves during this period relative to the older genotype 

(comparatively for 3394 and P1197, 0.16 and 0.23 g g-1 [zero-N] and 0.22 and 0.27 g g-1 [full-

N]). In contrast, 3394 exhibited proportionally higher allocation towards the grains of the N 

derived from post-silking uptake (0.51 and 0.41 g g-1 [zero-N] and 0.47 and 0.39 g g-1 [full-N], 

respectively for 3394 and P1197). Allocation to stem and cob-husks varied little between 

genotypes, with expected magnitudes of 0.20 [0.18, 0.23] g g-1 and 0.13 [0.10, 0.16] g g-1 

averaged across N levels (respectively for both fractions). Collectively, these outcomes evidence 

that, per unit of N absorbed, P1197 had an improved partitioning to the photosynthetic organs. In 

84% of posterior predictive samples, this was related to a better C assimilation of the crop, with 

an expected C difference between genotypes of 99 g m-2 (zero N) and of 103 g m-2 (full N).  

As shown in Fig. 3I, expected grain N accumulation at maturity was 5.3 and 6.2 g m-2 

under zero N (respectively for 3394 and P1197), and increased to 11.9 and 13.9 g m-2 under full 

N treatment. Grain N sources were assessed using the posterior samples for the N derived from 

exogenous-N (i.e. direct allocation from post-silking uptake) and endogenous-N mobilized from 

leaves, stem, and cob-husks (i.e. originated from pre- or post-silking N allocated to the stover) 

(Fig. 5A). Overall, genotypic differences in grain N sources at both N supply conditions were 

negligible and showed a considerable level of uncertainty (reflected by their 95% credible 

intervals). Regardless of the genotype and N condition, leaves were the main N sources for 

grain-filling, contributing with 0.47 [0.33, 0.62] g per g of N in the grains at maturity. 

Particularly under full-N, stem and cob-husks had a relatively important contribution with 

expected values of 0.16 [0.09, 0.23] g g-1 (stems) and 0.12 [0.06, 0.18] g g-1 (cob-husks). In 
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addition, the expected proportion derived from exogenous-N was around 0.28 [0.19, 0.47] g g-1 

(averaged for both N conditions). 

Given the observed variations in grain N sources (Fig. 5A), the relationship between 

grain weight and N content (at a per kernel basis) was re-explored in terms of exogenous- and 

endogenous-N quantities (Fig. 5B). The slope between exogenous-N accumulation and dry 

weight increase per grain varied little between genotypes and N supply levels from 3.0 to 3.8 mg 

N g-1. Thus, the improvement in exogenous-N allocated to grains in P1197 was essentially a 

consequence of the sink size (grain number and weight). Under zero-N, average grain number 

was 2309 and 3125 grains m-2 (3394 and P1197, respectively) and grain weight was 219 and 211 

mg. On a similar trend under full-N, grain number averaged 3611 and 4259 grains m-2 (3394 and 

P1197, respectively) and grain weight 276 and 283 mg. 

 

 Discussion 

A key scientific pursuit with clear societal and ecological benefits has been the  

identification of morphological and physiological traits associated with a better N utilization in 

crops (Hirel et al., 2007). Conceptually, the efficiency in which maize plants use N for seed 

production has been traditionally associated with manipulations related to N absorption and the 

N conversion ratio in the reproductive organs (Moll et al., 1982). The 15N multi-stage labelling 

and posterior two-way N fluxes model developed are useful to quantify the complexity for a 

larger set of genotypes and a broader range of environmental conditions. Parameterization of the 

internal N allocation and cycling within plant crop models may improve the understanding of the 

critical components associated in the N pathway and the identification of future targets of 

breeding manipulations to enhance N utilization efficiency. 
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 Coordination between exogenous- and endogenous-N dynamics with N use 

efficiency 

Improvements in exogenous-N absorption in P1197 relative to 3394 were magnified 

under high-N fertilization. Under these conditions, nitrate and ammonium absorption are 

expected to occur at a rate closely determined by the plant growth process (Cooper and Clarkson, 

1989; Lee et al., 1992). Indeed, greater N uptake in P1197 was accompanied by increments in 

biomass accumulation [Chapter 3, Fernandez et al. (2021)]. This is in line with a number studies 

confirming the association between improvements in N uptake and plant growth in newer 

hybrids, in particular during the post-silking period (Chen et al., 2016; Ciampitti and Vyn, 2012; 

Fernandez et al., 2020a; Mueller and Vyn, 2016; Tollenaar and Lee, 2006). Considering kernels 

are the main growing sinks during this period, the larger grain set in P1197 appears to be the 

main driver for the greater post-silking growth, which subsequently led to increased root N 

absorption. Even more, the demand rate per kernel of exogenous-N remains stable, even under 

N-deficiency where other morpho-physiological root traits are recognized as additional 

determinants of plant N uptake (Liu et al., 2009; Presterl et al., 2002; Wang et al., 2005). This is 

in line with studies demonstrating the strong relationship between N uptake and grain 

development (Ciampitti and Vyn, 2011; Coque and Gallais, 2007; Fageria and Baligar, 2005; 

Worku et al., 2007). Most importantly, these results highlight the demand-driven regulation 

exercised by grains over reproductive N uptake in maize plants. 

The N framework used here demonstrates that the improvement in exogenous-N uptake 

was induced by a greater sink size in P1197, but also by an enhanced circulation of post-silking 

N through the leaves. The greater post-silking N assimilated in P1197 translated to more N 
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allocated to the leaves rather than to the grains. Increasing the proportional N allocation to leaves 

has been identified as a plausible mechanism for N-efficient plants in other plant species 

(Laungani and Knops, 2009; Perchlik and Tegeder, 2018). In the present study, the increased 

amount of N allocated to leaves was re-translocated (as endogenous-N) to the grains as they 

developed, especially under high N treatment. This pattern explains why most of the N imported 

to the grain at maturity was originated from the leaves/stem N pool and recognizes N 

mobilization as a key trait in N-efficient genotypes (Chen and Mi, 2018; Masclaux-Daubresse et 

al., 2010; Tian et al., 2015). Despite the improvements in N uptake capacity, the P1197 hybrid 

also had an enhanced internal utilization of N for grain production. This was achieved by 

lowering the grain N requirements which predominantly alleviated the demand for endogenous-

N per grain. This strategy allowed a more efficient utilization of the endogenous-N pool to 

sustain optimal growth in a greater number of grains in this genotype. These findings underscore 

the necessity to consider the internal N efficiency in crops by considering both exogenous- and 

endogenous-N as sources for the grain N requirement (Schiltz et al., 2005). 

 

 Carbon fixation as affected by adjustments in leaf N allocation and mobilization 

A consistent increase in the proportion of exogenous-N allocated to leaves was observed 

in the modern hybrid P1197. Regardless of whether N uptake was increased or not, P1197 

showed an improved mobilization of new N absorbed through the photosynthetic organs linked 

to an increase in post-silking C gain. The increment in post-silking C fixation with the greater 

leaf N allocation raise up the question if the N allocation to leaf has been modified. Leaf N can 

be categorized as N associated with photosynthetic enzymes and thylakoid N, and the soluble- 

and insoluble-N pool constituent of cell walls, membranes, and other structures (Mu et al., 2016). 
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In Arabidopsis mutants with greater leaf N allocation but unchanged content per unit leaf area, 

enhanced C fixation was a consequence of an improved investment of N into the synthesis of the 

photosynthetic components (Perchlik and Tegeder, 2018). Studies in maize (although from a 

distinct genetic background from the ones used here), showed higher leaf C exchange rates in 

newer hybrids but only under N-deficiency, by means of improved chlorophyll content and 

thylakoid electron transport (Echarte et al., 2008). Considering the correlation between leaf N 

and Rubisco (ribulose-1,5-bisphosphate carboxylase) content, electron transport, and 

photosynthesis (Dwyer et al., 1995; Eichelmann et al., 2009; Evans, 1989; Meinzer and Zhu, 

1998), these outcomes seem to confirm that selection and breeding in maize hybrid development 

have improved leaf N status under N stress conditions (Boomsma et al., 2009; McCullough et al., 

1994). While the specific impacts on the light and dark photosynthetic reactions remains to be 

determined, the small differences between 3394 and P1197 in green leaf biomass and leaf area 

under low N [Chapter 3, Fernandez et al. (2021)] suggest that the enhanced post-silking C 

fixation may result from adjustments in the leaf N balance induced by an optimized exogenous-N  

supply.  

When maize plants were grown under favorable N conditions and the optimum specific 

leaf N (SLN) content for growth was attained (Sinclair and Horie, 1989), modifications in the 

chlorophyll and soluble protein content [among which are Rubisco and phosphoenolpyruvate 

carboxylase (PEPC)] per unit of leaf N hardly affects the net photosynthetic rates (Mu et al., 

2016). These findings suggest that the modern hybrid P1197 increased C fixation under high-N 

by means of a greater total leaf area and a longer retention of green leaves. It therefore seems 

likely that the enhanced leaf N allocation in P1197 may have been triggered by a greater 

leaf/shoot ratio (Mueller et al., 2019a) and an improved exogenous N supply to preserve the 
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photosynthetic machinery during late grain development (Mu et al., 2018). Furthermore, both 

genotypes used in this research showed similar SLN content under high N supply [Chapter 3, 

Fernandez et al. (2021)]. This would imply that the optimized plant N distribution also resulted 

in a better C fixation efficiency per unit of leaf N, as seen in other species (Atkin et al., 2015; 

Perchlik and Tegeder, 2018). These results establish that direct selection for yield have indirectly 

favored N allocation to leaves in modern maize hybrids resulting in an improved post-silking C 

fixation under high- and low-N availability. 

 

 Potential implications of N dynamics on the respiratory metabolism  

An increase in the endogenous-N recycling to grains, mainly from leaves, was caused by 

higher N supply for both genotypes, but to a greater extent for P1197. Accounting for the 

underlying implications of the within-plant N balance on photosynthesis and growth requires a 

parallel analysis of the metabolic efficiencies of the respiratory system. The two-component 

functional model introduced in a seminal work by McCree (1970) and extended by Thornley 

(1970) contemplates that plant respiration costs results from losses derived from both 

maintenance and growth processes. When the functioning of mature plant organs was analyzed, 

particularly for mature leaves, it is important to place a greater emphasis on the metabolic 

processes involved in the maintenance of cellular structures and intracellular ion-gradients 

(Penning de Vries, 1975). Fundamental maintenance processes in protein metabolism and 

senescence are the protein breakdown and re-synthesis (i.e. protein turnover) and active transport 

of ions across cell membranes (Amthor, 2000). Essentially, we can relate the endogenous-N pool 

with the organic N compounds, mainly amino acids, redistributed through cellular turnover 

(Lehmeier et al., 2013). The superior endogenous-N redistributed to the grains in P1197 could 
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possibly imply an increase in protein turnover and active translocation of amino acids. 

Furthermore, protein breakdown and synthesis reactions are energy-consuming processes 

catalyzed by proteases with consumption of ATP (Amthor, 2000; Zerihun et al., 1998). This cost 

is supported by a fraction of the respiratory process with release of CO2, in what is termed 

‘maintenance respiration’. Although not explicitly evaluated here, an increased N recycling and 

preservation of the photosynthetic system in P1197, mediated by more N absorbed and allocated 

to leaves, may attach a higher respiratory demand for ATP (Azcón-Bieto et al., 1983). In 3394, it 

is possible that respiration rates were reduced due to lower photosynthetic C supply (O’Leary et 

al., 2019) by adjusting protein turnover and redistribution rates (Earl and Tollenaar, 1998), which 

lead to less endogenous-N translocated to grains. Still, the scale at which respiration was affected 

remains to be determined because the decreases in the stem non-structural carbohydrates close to 

physiological maturity may also be indicative of respiration losses to support energy needs 

during late senescence [Chapter 3, Fernandez et al. (2021)]. 

Understanding the supply-demand relationship of endogenous-N at a whole-plant scale 

requires additional consideration on the variation pattern of grain N requirements. In this sense, a 

lower target of N per grain in P1197 was observed only under high N, which would imply a 

greater accumulation of starch and therefore lower growth costs per grain (Penning de Vries et 

al., 1974; Van Iersel, 2003). Although the energetic balance in the plant has not been formally 

quantified, P1197 showed a superior whole-plant endogenous-N mobilization suggesting altered 

rates of protein turnover and re-allocation of N (Irving et al., 2010). While recognizing the 

complexity of reactions involved, it can be argued that further work needs to be conducted 

evaluating the plant respiratory kinetics across different maize genotypes. Moreover, integrating 

this information within the two-way flux framework of exogenous-N absorbed and pre-existing 
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endogenous-N may bring an opportunity for models that can account for the protein turnover 

rates across organs in crops (Loomis and Amthor, 1999). 

 

 Conclusions 

The present study presents a novel approach to study post-silking N allocation and 

translocation processes for two historical maize genotypes as affected by N availability. By using 

a dynamic framework of N fluxes considering the external N supply (exogenous-N) and the pre-

existing internal N (endogenous-N) in the plant, this research advances our understanding in the 

adaptive changes in N use with genetic selection over time in these hybrids. Results revealed that 

the improvement in exogenous-N uptake during post-silking in the newer genotype was induced 

by both a greater number of grains and an enhanced supply of N to the leaves. Indeed, in 

proportional terms, hybrid P1197 had a larger partitioning of absorbed N to the photosynthetic 

organs relative to the older genotype which lead to a better C assimilation. This greater amount 

of N into leaves was re-translocated as endogenous-N to the grains and signified a critical N 

source for final grain N content, especially under high N. These findings establish that direct 

selection for yield have indirectly favored N allocation to leaves in modern maize hybrids 

resulting in an improved post-silking C fixation under high- and low-N availability. Moreover, 

we propose further investigation of the underlying implications on photosynthesis and 

respiratory system as involved in plant growth. Ultimately, the 15N multi-stage labelling allows 

for the opportunity to develop meaningful crop models characterizing the internal allocation and 

recycling of N, and informs selection strategies towards N-efficient genotypes. 
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Figure 4.1. Framework to investigate post-silking N dynamics and grain N sources in maize. At 

a given time, N is absorbed and distributed across all stover and grain fractions (exogenous-N). 

Simultaneously, a fraction of N stored in these organs is remobilized and transported to the 

developing tissues (endogenous-N). This two-way flux model considers that grains are then sinks 

of (1) exogenous-N absorbed and directly allocated to grains and (2) endogenous-N translocated 

from stover, which derives from pre- and post-silking N initially allocated to stems, leaves, and 

cob-husks. 

 

Figure 4.2. Relative allocation of 15N (RA15N) across plant organs throughout the post-silking 

period, across two maize hybrids (3394 and P1197) and two N fertilization levels (zero and full 

N). Solid lines represent medians from samples of the posterior predictive distribution, their 

corresponding shaded areas represent the 2.5% quantile (i.e. representing half of the 95% 



80 

credible interval), and symbols show the mean of three replications for each plant fraction × 

sampling × site. 

 

Figure 4.3. Summary of posterior predictive distributions for post-silking N fluxes in leaves, 

stem, cob-husks, and grain fractions for two maize hybrids (3394, orange symbols; and P1197, 

blue symbols) under two N fertilization levels (zero and full N). Points represent the median of 

the posterior distributions and whiskers their 95% credible intervals. Values on the left side of 

the zero-line (dashed line) indicates an export of N from the organ, while to the right, an import 

of N. Exogenous-N (A, B, C, and D) represents the amount of N absorbed from soil and directly 

allocated to each organ. Endogenous-N (E, F, G, and H) represents the N translocated from/to 

other tissues. Net N accumulation (I, J, K and L) represents the difference between N content at 

R1 and R6. All values represent the cumulative balance over the R1-R6 period. Seasonal 

posterior predictive estimates expressed in thermal time after silking are depicted in 

Supplementary Figure S4. 

 

Figure 4.4. Summary of the posterior distributions for post-silking plant C accumulation (y-axis) 

and the proportion of exogenous-N (x-axis) allocated to (A) stem, (B) leaves, (C) cob-husks, and 
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(D) grains during the post-silking period. Means and credible intervals are depicted for two 

maize hybrids (3394 and P1197) under two N fertilization levels (zero and full N – open and 

closed symbols, respectively). 

 

Figure 4.5. (A) Sources of grain N at maturity for two maize hybrids (3394 and P1197) under 

two N fertilization levels (zero and full N - ZN and FN, respectively). The four sources 

considered are: 1) exogenous-N to grains, which denotes N absorbed and directly allocated to 

grains during post-silking, and 2-4) Endogenous-N from leaves, stem, and cob-husks, which 

represents the N translocated respectively from each organ to grains (originated from pre-silking 

N or post-silking N allocated to the stover). Bars and solid points represent the median from 

samples of the posterior predictive distribution, and horizontal lines to the right of each bar 

denotes their corresponding 95% credible interval. (B) Relationship between grain N content and 

grain weight, throughout the grain filling period, for 3394 and P1197 under zero and full N 

treatments. Solid line represents the total grain N content [adapted from Chapter 3, Fernandez et 

al. (2021)], for which the slope represents the grain N concentration for each hybrid by N 

condition. Dashed lines denotes the expected exogenous grain N content calculated in the present 

study. 

 

Table 4.1. Environmental and agronomic description of three experimental sites used in the 

study.* 

Experiment Site Year Irrigation Genotype 

N rate 

(kg ha-1) 

Planting 

date 

Planting 

density 

(plants ha-1) 

15N labelling 

stages 

pH 

Organic 

matter 

(mg kg-1) 

N03-N 

(mg kg-1) 

NH4-N 

(mg kg-1) 

1 
Ashland 

Bottoms, KS 
2017 Rainfed 

3394 - 

P1197 
0 – 137 

May 5, 

2017 
61,000 R1 – R4 6.1 16 2.4 5.0 

2 
Ashland 

Bottoms, KS 
2017 Irrigated 

3394 - 

P1197 
0 – 218 

May 5, 

2017 
76,000 R1 – R4 6.1 13 3.2 6.1 

3 
Ashland 

Bottoms, KS 
2018 Irrigated 

3394 - 

P1197 
0 – 218 

April 24, 

2018 
76,000 R1 – R2 – R5 6.3 15 4.4 3.2 

* Soil parameters were measured at pre-planting 
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Chapter 5 - Kernel weight contribution to genetic gain of maize: A 

global review and US case studies 

 

 Abstract 

Over the past century of maize (Zea mays L.) breeding, direct selection for grain yield 

resulted in favorable improvements in several other related physiological and morphological 

traits. While the number of kernels per area has been recognized as the main driver for yield 

gains, the effect of breeding selection on kernel weight (KW) and its contribution to yield gains 

has not been yet thoroughly described for US hybrids. In this study, we propose to (i) review the 

contribution of KW on grain yield improvements during the last century across multiple 

agronomic settings and breeding programs, (ii) determine the physiological bases for 

improvements in KW and kernel-filling parameters for the set of Pioneer Hi-Bred ERA hybrids 

in the United States. A global scale literature review concludes that rates of KW improvement in 

US hybrids were comparatively similar to those of other commercial breeding programs but 

extended over a longer period of time. There is room for a continued increase of kernel size in 

maize for most of the genetic materials analyzed, but the trade-off between KN and KW poses a 

challenge to translate it into yield progress. Through multiple field experiments on the set of 

hybrids from Pioneer ERA breeding program, we determine that KW significantly contributed to 

yield gains in maize for the last century. Improvements in KW have been predominantly related 

to an extended kernel-filling duration. Likewise, crop improvement has conferred modern 

hybrids with greater KW plasticity, expressed as a better ability to respond to changes in 

assimilate availability. Our analysis of past trends and the current state of development identifies 

candidate targets for future improvements in maize. 
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 Introduction 

 Over the past century, maize (Zea mays L.) grain yields have seen remarkable increases 

owing to the combination of breeding and agronomic management improvements. Because yield 

is an extremely complex trait, the determination of yield components has been a widely adopted 

strategy to rationalize this progress in kernel number per unit area (KN) and individual kernel 

weight (KW). In this sense, the major contribution to yield improvements has been attributed to 

the ability to set a greater KN via tolerance to higher plant density (Tollenaar and Lee, 2002; 

Duvick, 2005b). Although genotypic variation in kernel size can be responsible for important 

variations in maize yield, much less attention has been directed to the relative contribution of 

KW to yield improvements. Knowledge of the progress of KW along breeding improvement 

becomes even more relevant in light of the existing trade-off between the two yield components, 

upon which KW is often compensated by an adjustment in KN (Sadras, 2007; Gambín and 

Borrás, 2010). Certainly, one question to be addressed is whether KW improvements are 

necessary to overcome the reciprocity between both components and achieve future yield 

increases in these scenarios (Quintero et al., 2018). 

Kernel weight is a complex trait involving several morphological and physiological 

processes under the combined influence of genetic and environmental factors. Typically, KW has 

been interpreted as the result of dry matter accumulation during the length of the kernel-filling 

period. After ovary fertilization, there is a short period of endosperm cellularization (Leroux et 

al., 2014), usually referred to as lag phase, when the potential storage capacity of the kernel is 

largely determined (Johnson and Tanner, 1972; Reddy and Daynard, 1983). In overall, kernel 

sink capacity is defined by the number of endosperm cells (Jones et al., 1985, 1996). 

Nonetheless, kernel filling potential has been associated with genetic and environmental factors 
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also affecting the floret development and carpel growth before ovary fertilization (Scott et al., 

1983; Millet and Pinthus, 1984; Calderini et al., 2001; Yang et al., 2009) and the kernel 

expansion via water uptake during the linear phase (Martinez-Carrasco and Thorne, 1979; 

Kiniry, 1988; Borrás et al., 2004). After lag phase, a period of rapid water uptake and dry matter 

accumulation defines the initiation of the linear kernel-filling phase (Ouattar et al., 1987b). Once 

the maximum water content is achieved, maximum kernel volume is largely determined (Borrás 

et al., 2003). However, further increases in kernel volume during the last part of linear phase may 

result at the expense of biomass deposition (Gambín et al., 2007; Sala et al., 2007). Water 

content continues to drop during this final phase reflected by the progression of the milk line 

towards the tip, and kernels are considered physiologically mature when they achieve their 

maximum dry weight (Fernandez and Ciampitti, 2018, 2019, 2021). Although variations in these 

kernel-filling characteristics are known to be associated with the agronomic conditions and 

genotype, their relative contribution to past yield improvements has not been quantified. 

Understanding the effect of breeding progress on kernel filling patterns under a variety of 

conditions is of fundamental interest to identify candidate breeding selection mechanisms for 

future crop improvement. 

For US maize germplasms, the long-term genetic gain in yield has been successfully 

investigated in past retrospective studies on Pioneer Hi-Bred International (Corteva Agriscience) 

hybrids from the past century (Duvick et al., 2004; Campos et al., 2006; Cooper et al., 2014a; 

Reyes et al., 2015; DeBruin et al., 2017). Although these hybrids (usually referred to as Pioneer 

ERA hybrids) have been subjected to extensive evaluations of agronomic traits across multiple 

US production systems, changes over time in KW and underlying physiological parameters have 

received little attention. The objectives of the current study were to (i) review the contribution of 
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KW on grain yield improvements during the last century across multiple agronomic settings and 

breeding programs, (ii) determine the physiological bases for improvements in KW and kernel-

filling parameters for the set of Pioneer Hi-Bred ERA hybrids in the US.  

 

 Materials and methods 

 Systematic review 

The article screening procedure is summarized in Fig. S1. Briefly, a literature search was 

conducted using the Web of Science, Scopus, and Google Scholar databases (last search on 

08/03/2021) using the following keywords: (grain OR kernel) AND weight AND (historical OR 

era OR decades) AND (maize OR corn). A total of 346 research articles were retrieved, and 

assessment of duplicates, titles, abstracts, and full-texts were conducted based on (i) experiments 

carried under field conditions; (ii) at a given study, two or more maize cultivars from different 

decades of commercial release evaluated; (iii) variable of interest KW and year of release (YOR) 

of hybrids provided; (iv) management information, in particular, planting density, row spacing, 

N fertilization, water condition, and source-sink restrictions reported; and (v) written in English 

language. After assessment, a total of 29 published studies were considered eligible, in addition 

to the five US Pioneer ERA experimental studies described in detail below (Table S1). In 

addition to KW, grain yield and KN variables were extracted when reported. The entire database 

includes 838 data points of KW (of which 751 and 763 reported grain yield and KN, 

respectively) along with the metadata describing management practices. 
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 Case studies I – 2017 and 2018 field experiments 

Experiments in 2017 and 2018 were performed to study the influence of rates and timing 

of N fertilization, water condition, and source-sink relationships on a smaller subset of three 

historical hybrids from the US Pioneer ERA set (Corteva Agriscience, Johnston, IA, US). All 

experiments (Ashland Bottoms KS, USA) were described in detail in Chapter 4 (Fernandez et al., 

under review) and main characteristics of the sites are presented in Table S1. Briefly, 

experiments were planted on 5 May (2017) and 24 April (2018) with plant density adjusted for 

irrigated (76,000 plants ha-1) and rainfed (61,000 plants ha−1) sites. Treatments were assigned to 

plots of 64 m2 size (4 rows at 0.76 cm between rows × 21 m length). 

In 2017, both an irrigated and rainfed site were conducted as split-plot designs with three 

replicates. Pioneer hybrids (Corteva Agriscience) 3394 (1991), P1151 (2011), and P1197 (2014) 

were assigned to the whole-plots and N treatments as subplots. N treatments consisted of a low N 

(with no N applied) and two high + late N treatments [differing in the timing of the last N 

application, either at flowering (R1, Ritchie et al., 1997) or blister stage (R2)]. For the high + late 

N, rates were adjusted for N demand based on yield target for each condition: 56 kg N ha−1 at 

planting; 56 (rainfed) and 112 kg N ha−1 (irrigated) at sixth-leaf (V6); and 25 (rainfed) and 50 kg 

N ha−1 (irrigated) as late N at R1 or R2. 

The experiment in 2018 was carried out in a split-plot design with three replicates under 

irrigated conditions. Hybrids 3394 (1991) and P1197 (2014) were assigned to the whole-plots, 

and combinations of N fertilization and source-sink treatments (plus a low N negative control) to 

the subplots. For N levels, two fertilization approaches were tested maintaining the final N rate 

as the preceding year for irrigated conditions (218 kg N ha-1): high N, split in two applications 

(50% planting and 50% V6); and high + late N, split in three applications (50% at planting, 20% 
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at V6, and 30% at twelfth-leaf (V12)). Three levels of source-sink ratio were tested: a control 

without any intervention; a high source-sink ratio with reduced sink; and a low ratio with 

reduced source. Reduced sink treatments were achieved by means of a partially restricted 

pollination, covering the ears with a bag when the silks were 2.5 cm long (Rajcan and Tollenaar, 

1999a). Reduced source was achieved through partial defoliation, removing all leaves above the 

first node from the ear position two weeks after silking. Lastly, a low N (with no N applied) 

treatment with normal pollination was added as a negative control. 

 

 Case studies II – 2019 and 2020 field experiments 

Field experiments were conducted in 2019 at Manhattan KS, USA and in 2019-2020 at 

Viluco, Chile to characterize changes in KW across the last century of the Pioneer ERA maize-

breeding program. Both locations were Corteva Agriscience research stations for which 

information on agronomic management is provided in Table S1. Seeds were planted on 5 May 

(2019) with a plant density of 65,200 plants ha-1 (Manhattan) and on 28 Oct (2019) with a plant 

density of 100,000 plants ha-1 (Viluco). Experiments were conducted under rainfed (Manhattan) 

and full-irrigated (Viluco) conditions. Nitrogen fertilizer was applied at levels to avoid N being a 

limiting factor and adjusted for yield target for each condition. The experimental area was kept 

free of weeds, pests, and diseases during the growing season. 

Twenty hybrids released from 1920 to 2017 were grown in a split-plot in randomized 

complete block design with three replications at both locations. Hybrids were assigned to whole-

plots of eight rows, 76 cm apart, and a size of 6 m wide by 5 m long. Subplots consisted of three 

micro-plots of 10 adjacent plants (within two rows) delimited to carry out source-sink 

manipulation treatments. The three levels of source-sink ratio were applied following the same 
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procedures described for case studies I: a control without any intervention; a high source-sink 

ratio with reduced sink; and a low ratio with reduced source. 

 

 Phenotypic measurements and calculations 

In all experiments, phenotypic descriptors for the reproductive phase were quantified for 

plants within experimental units (i.e. above 60 tagged plants per plot). Key developmental stages 

anthesis (VT) and silking (R1) dates were recorded daily for all plants within experimental units. 

At silking date for each plot (i.e. at least 50% of the plants had exposed silks) and physiological 

maturity (i.e. black layer visible), shoot biomass samples were taken from an area between 0.5 

m2 (3 plants, 2017-2018) and 0.75 m2 (6 plants, 2019-2020). Plants were cut at the ground level 

and separated in leaves (green leaf blades), stover (stems + leaf sheaths + attached dead leaves + 

tassels), ear (cobs + husks), and grains. All samples were dried at 65 ˚C until constant weight. 

Post-flowering biomass accumulation was calculated as the difference between shoot biomass at 

R6 and R1. Since only biomass at R1 was available for all experiments, an estimate for the post-

flowering source-sink ratio was obtained here as the quotient between the post-flowering 

biomass accumulation and KN. 

From biomass harvested at physiological maturity, numerical yield components KN and 

KW were determined. In 2017-2018 experiments, a subsample of 500 kernels was counted and 

weighed separately to estimate final KW. The KN was estimated as the ratio between total grain 

biomass harvested at R6 sampling and individual KW. Yield was determined with a plot combine 

from the two center rows; harvest area was corrected in rows where biomass samples were taken. 

In 2019 and 2020 experiments, grain yield and KN were obtained using the ear-photometry (EP) 

imaging system from Corteva Agriscience on ears harvested at maturity (Hausmann et al., 2011). 
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The sampled ears were dried and shelled, and 500 individual kernels were separated to record 

individual KW. All grain yield values reported in this study were adjusted to a standard 150 g 

kg−1 moisture. 

For kernel filling determination, the primary ear of a previously tagged plant was 

collected every week per plot, from R2 until harvest maturity, and immediately placed in an 

airtight plastic bag. In the laboratory, ears were transferred to a humid chamber at saturating 

vapor pressure for the subsequent separation of kernels. Ten (2017-2018) to fifteen kernels 

(2019-2020) from the central portion of the ear were excised to track changes in kernel water and 

dry matter content during the kernel-filling period. Fresh and, after drying in an oven at 70 °C, 

dried kernels were weighed with an Ohaus analytical balance (Ohaus Scale Corp. Florham Park, 

NJ, USA) with an error index of 0.1 mg, except for Viluco experiments for which only dried 

kernels were weighed. Water content was calculated as the difference between kernel fresh 

weight and dry weight. 

 

 Statistical analysis 

All analyses were conducted using R software version 4.1.1 (R Core Team, 2021) in 

RStudio interface (RStudio Team, 2016). A meta-regression with mixed-effects model was used 

to estimate the genetic gain in KW, KN, and grain yield across hybrids’ year of release (function 

lme in nlme package; Pinheiro and Bates (2000)). Standardized response variables (%) were used 

in the meta-analysis to objectively compare genetic gain (% year-1) across variables and 

environments (Curin et al., 2020): 

Standardized value =
Actual value - Environmental index

Environmental Index
 , Equation 5.1 
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where the environmental index represents the mean value for a particular environment × 

management (E × M) combination. Studies and combinations of E × M were modeled as random 

effects to account for differences between the site-years. Because variance measures information 

was available for less than 25% of our dataset, individual data were weighted by the number of 

replicates. Non-parametric bootstrapping with replacement (n = 5000) was used to estimate 95% 

confidence intervals (95% CI) of the effect sizes for genetic gain using the boot package (Canty 

and Ripley, 2021). Genetic gains were considered significant if the 95% CI did not include zero, 

while differences between groups were assessed based on the 95% CI of their differences. 

Between-group heterogeneity was determined based on the 5000 resampling procedure using the 

I2 statistic and was considered significant when tests yielded P values < 0.05. Lastly, yield 

genetic gain isolines were represented in a contour plot using a generalized additive mixed model 

with KW and KN genetic gains as predictors and with observations weighted by the number of 

replicates [function gamm in mgcv package; Wood (2017)]. 

Subgroup meta-regression analyses were conducted to assess the effect of water regimes, 

N management, plant density, and source-sink relationship on the genetic progress of US Pioneer 

ERA hybrids relative to other global programs. Based on the treatments tested in US case trials 

and reviewed studies, three subgroups were established for water condition (rainfed, partially- 

and full-irrigated), nitrogen  (low N < 100 kg ha-1, high N > 100 kg ha-1, and high + late N 

including a post-V12 application), and source-sink ratios (control, low, and high), and four 

subgroups for plant density (< 5, 5 to 7.5, 7.6 to 8.9, and > 9 pl. m-2). Subsets were analyzed 

separately following the same procedure described for the pooled data. 

For the description of kernel dry matter accumulation, an expolinear-plateau model was 

used on the case studies’ data. The expolinear model developed by Goudriaan and Monteith 
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(1990) provides an opportunity to simultaneously model the lag (exponential) and early linear 

phases of kernel growth in crops (Mueller et al., 2019b). We combine here the expolinear model 

with a final plateau of maximum KW into a three-phase model, that is, into an expolinear-plateau 

model defined as: 

𝑊 = (
𝐶𝑚

𝑅𝑚
) ln(1 + 𝑒𝑅𝑚(𝑥−𝑡𝑏))  for 𝑥 < 𝑥𝑠 , Equation 5.2 

𝑊 = (
𝐶𝑚

𝑅𝑚
) ln(1 + 𝑒𝑅𝑚(𝑥𝑠−𝑡𝑏))  for 𝑥 ≥ 𝑥𝑠 , Equation 5.3 

where 𝑊 is kernel dry weight (mg kernel−1), 𝐶𝑚 is maximum absolute kernel growth rate during 

the linear phase (mg kernel−1 d−1), 𝑅𝑚 is the maximum relative growth rate during the 

exponential phase (mg mg−1 d−1), 𝑡𝑏 is days where the extrapolated Cm slope crosses the x-axis 

(d), 𝑥𝑠 is days at which the plateau of maximum KW is achieved (d), and 𝑥 is the explanatory 

variable in days (d). The expolinear-plateau function was fit to the data using non-linear mixed-

effects models with the nlme package. The nonlinear model was first fitted for each replication 

using nlsList function [see Meade et al. (2013)]. A self-starting function was developed for the 

expolinear-plateau model and used to determine starting values. The R script for the self-starting 

function is presented in Appendix A1. Obtained parameters for all replications were averaged to 

determine starting values for the non-linear mixed effect model using nlme function. Residuals 

were modeled as a power function of days to account for the heteroscedasticity due to the 

increased sample variance over time. The best random effects structure of non-linear models 

(with/without site and block effects) was assessed based on the lowest AIC (Akaike's 

information criterion). 

Similarly, a third-order polynomial model was fitted to the kernel water content along the 

kernel-filling period: 
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𝐾𝑊𝐶 = 𝑎 + 𝑏 ∗ 𝑥 + 𝑐 ∗ 𝑥2 + 𝑑 ∗ 𝑥3 , Equation 5.4 

where 𝐾𝑊𝐶 is kernel water content (mg kernel−1), 𝑎 is the y-axis intercept (mg kernel−1), 𝑏, 𝑐 

and 𝑑 are the linear, quadratic, and cubic empirical coefficients of the model, respectively, and 𝑥 

is the explanatory variable in days (d). Days at kernel maximum water content (KMWC, d) was 

estimated solving for 𝑥 when the first derivative of the equation was equal to zero. 

A Partial Least Squares (PLS) regression was used to model the variation in KW 

explained by the kernel-filling parameters extracted from kernel dry matter and water content 

dynamics [function mvr in pls package; Mevik et al. (2020)]. The use of PLS was based on its 

reliability and ability to overcome multicollinearity between a high number of explanatory 

variables. Variables were scaled to their unit variances and mean-centered to standardize across 

units. The relative importance of variables was assessed by the absolute value of their regression 

coefficients over the sum of all coefficients, expressed in percentage. 

 

 Results  

 Descriptive summary of historical changes in kernel weight 

Our analysis included retrospective studies performed on a total of 7 countries, with 

Argentina (67), USA (38), and China (15) as leading countries in terms of number of collected 

sites (i.e. E × M combinations, Fig. 1a). Categorized by the number of observations, the USA 

was the top country comprising records of ERA hybrids from Pioneer Hi-Bred (n = 397) and 

other breeding programs (n = 46). Genetic gain research in this country covered the largest range 

of genotypes’ years of introduction from 1920-2017 (Pioneer Hi-Bred) and 1930-2005 (Other 

programs). For other countries, the oldest genotypes recorded were developed in the 1950s and, 

therefore, the period of years covered in our dataset was smaller relative to the USA (Fig. 1a). 
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Hybrids from different ERAs were subjected to a wide range of agronomic management 

practices across studies. The USA presented the most balanced and exhaustive research in KW 

genetic gain across nitrogen, planting density, water regimes, source-sink levels, and most of 

their interactions (Fig. 1a). In Argentina and China, most of the studies tested genotypic 

variations across density, nitrogen × density, and water condition levels. The remaining countries 

analyzed genotypes across two or less levels of treatments (Brazil and Canada) or a unique 

agronomic setting (Serbia and Nigeria) (Fig. 1a). 

Meta-regression results showed positive genetic progress for grain yield across the wide 

range of countries and agronomic conditions explored in our database. In the USA, Pioneer Hi-

Bred showed a genetic gain rate of 0.7% yr-1 whereas other US hybrids followed closely with a 

rate near 0.6% yr-1 (Fig. 1b). Rates for yield improvement in Argentina and China were 

comparatively higher with values of around 1.1 and 1.2% yr-1, respectively, although with larger 

confidence intervals. Likewise, and despite the smaller sample sizes, other countries included in 

our database revealed similar yield increases in the range of 0.5-1% yr-1. Overall, the global 

estimated progress was around 0.9% yr-1
 (Fig. 1b). 

Improvements in KW were much modest than those for yield, a pattern that was repeated 

across all countries. KW improved at a rate of 0.3 and 0.4% yr-1
 in US hybrids over the last 

century (Fig. 1c). Genetic progress in China for the same trait was higher in the order of 0.7% yr-

1, although covering a narrower and more recent historical range of decades than the USA. For 

countries such as Argentina, Brazil, and Nigeria, our data showed non-significant improvement 

in KW associated with breeding over time, with mean values in the range of 0.1-0.2% yr-1 (Fig. 

1c). Overall, the global rate of genetic gain in maize KW was significantly positive and 

estimated close to 0.5% yr-1. 
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Genetic gains in grain yield were largely driven by improvements in KN per area for 

hybrids both from USA Pioneer Hi-Bred and from other global institutions. Most of the records 

(70%) evidenced yield increases in the range of 3.8 to 16.9 g m-2 yr-1 supported predominantly 

by improvements in KN of between 6.1 and 68.8 kernels m-2 year-1 (Fig. 2a). Same studies, on 

the other hand, showed less pronounced KW improvements between -1.2 and 1.3 mg kernel-1 

year-1. Among components, the trade-off was evident as the contribution of KW improvements 

to yield gain decreased when there were strong increments in KN (Fig. 2a). Our analysis showed 

that genetic gain in KN explained around 63% of the yield increases in the dataset, whereas KW 

explained a roughly 7% of the yield variation (Fig. 2b). Interestingly, the estimated 95% CI 

reflected large uncertainty on the potential contribution of KW improvements across genotype × 

environment combinations, up to even 35% of contribution to yield gain. 

 

 Effect of crop growth conditions on maize genetic gain 

Agronomic management influenced genetic gains in grain yield and KN but in a different 

manner across breeding programs. For USA – Pioneer ERA hybrids, grain yield improvements 

were significantly affected by planting density and nitrogen levels (Table 1). Yield improvement 

was greater under high planting density (>76K pl ha-1) up to 0.92% yr-1. This was essentially 

driven by large improvements in KN (0.66% yr-1) rather than in KW (0.33% yr-1). Nitrogen 

supply did not trigger significant variations in the relative rate of gain for both yield and KN, yet 

it did influence the actual environmental index. Thus, when increases were expressed in their 

‘actual’ units (i.e. g m-2 yr-1 for yield and kernels m-2 yr-1 for KN), rates of gain were greater 

under high N (7 g m-2 yr-1 and 14 kernels m-2 yr-1) than under low N supply (4 g m-2 yr-1 and 12 

kernels ha-1 yr-1). 
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For other global breeding programs, the rate of gain in grain yield and KN was largely 

affected by all management practices evaluated but with large heterogeneity in the estimations 

(I2) (Table 1). Because multiple and distinct breeding programs were combined in this analysis, 

significant variations within individual subgroups were expected and reflected by large I2 values 

(I2>75%). However, our analysis evidenced predominant effects of both water and nitrogen 

supply motivating greater rates of improvement.  

KW relative increments for Pioneer ERA hybrids were similar across most of the 

agronomic settings comprised in our database, except for nitrogen supply levels. Genetic 

progress was higher under high N (0.37% yr-1) than under low N (0.22% yr-1) (Table 1). Actual 

rates of improvements (non-standardized) can be expected to differ even more considering levels 

of environmental index achieved at each N condition (211 mg for low N and 272 mg for high N). 

A similar pattern was observed for hybrids with different genetic backgrounds, for which rates of 

KW gain over time were greater under high N (0.55% yr-1, Table 1). In addition, better 

improvements in KW were observed in irrigated conditions (0.69% yr-1) relative to rainfed 

(0.43% yr-1) although, here, the large heterogeneity underpins variation in the magnitude of the 

water effect (I2 > 93%). Lastly, manipulations in the post-flowering source-sink levels generally 

affected more of the overall mean of KW in the environment (KW ranged from 190 to 319 mg) 

than the relative rate of gain. 

 

 Physiological traits underpinning kernel weight genetic progress of USA – Pioneer 

ERA hybrids 

Following analysis of literature data across years and countries, hybrids from the ERA set 

of USA – Pioneer Hi-Bred were further examined at multiple field trials during 2017 to 2020 
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growing seasons. The rate of yield gain was influenced by the management combination of water 

regime and planting density (Fig. 3a). Yield increased from 6.0 Mg ha-1 in 1920 to 14.5 Mg ha-1 

in 2017 under irrigation and high-density (88 kg ha-1 y-1), whereas from 6.9 Mg ha-1 in 1920 to 

12.1 Mg ha-1 in 2017 in rainfed and low-density environments (54 kg ha-1 y-1). A similar G x M 

interaction effect was observed for the rate of gain in KN across years of hybrids’ introduction 

(Fig. 3b). The rate of increase in KN was 29 kernels m-2 yr-1 under irrigation and high density, 

and 9.3 kernels m-2 yr-1 under rainfed and low density. These results evidence the strong 

influence of the improved tolerance to high plant densities of modern US hybrids. 

The KW of ERA hybrids from USA – Pioneer Hi-Bred showed a linear increase over 

time, but without significant interactions across water x planting density levels (Fig. 3c). Kernel 

mass increased from 187 mg kernel-1 in 1920 to 288 mg kernel-1 in 2017, signifying a rate of 

increment of about 1.04 mg kernel-1 yr-1. This suggests that contrary to what was reported for 

yield and KN, the G x M (water regime and plant density) component was less important in the 

improvements achieved in KW. More importantly, and although KN was the predominant 

component supporting yield increases, our findings suggest that KW had a significant 

contribution to yield gain in Pioneer Hi-Bred ERA hybrids. 

The expolinear-plateau model proved adequate to described KW as the result of dry 

matter accumulation during the kernel-filling period. Furthermore, parameters of such model 

were reasonably interpreted in useful biological terms (Fig. 4a): cm described the linear kernel-

filling rate, xs represented the kernel-filling duration, tb described the duration of the lag phase, 

and the kernel growth during lag phase was obtained solving for y when x = tb. The linear rate of 

kernel growth significantly increased with years of hybrids release since the 1920s, but it has 

remained relatively stable over the past 40 years (Fig. 4c). Kernel filling rate increased 0.02 mg 
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kernel−1 d−1 yr−1 until a plateau was achieved near 1982 at 9.11 mg kernel−1 d−1. Instead, the 

duration of kernel-filling evidenced a steady genetic gain, with a linear rate of 0.06 d yr-1 (Fig. 

4d). These results demonstrate that, for the last four decades, KW genetic gain has been 

predominantly driven by improvements in kernel-filling duration (48% of KW variation, Fig. 5a-

b). 

The duration of the lag phase has remained constant during the last century of maize 

breeding improvement (Fig. 4e). The average duration among the twenty hybrids evaluated was 

of 12 days, indicating that the extension of the kernel-filling period over years was driven by a 

prolonged linear phase. Interestingly, and although dry matter accumulation is slow during the 

lag phase, kernel growth during this initial period significantly increased with years of hybrids 

release, at a rate of 0.02 mg yr-1 (Fig. 4f). While these increments contribute little to the total 

increase in KW (5.3%, Fig. 5 a-b), they denote a better transition through which kernels enter the 

rapid phase of dry matter accumulation. 

Kernel water and dry matter accumulation are two tightly connected processes that 

determine kernel-filling growth patterns (Fig. 4b). In this sense, the definition of maximum 

kernel water content (MKWC) was delayed with the year of hybrid release at a rate of 0.07 d yr-1 

(Fig. 4g). Coupled with the lack of changes in lag phase duration, our results imply that most of 

the genetic progress in kernel-filling duration can be attributed to an extended lag-to-MKWC 

period. The MKWC value also increased linearly over time at a rate of 0.19 mg yr-1 (data not 

shown), likely suggesting an aligned rate of improvement in kernel volume.  

Phenotypic plasticity of KW (i.e. to conditions of high and low resource availability) 

showed a linear increase over the last century for the US Pioneer ERA hybrids. KW plasticity 

increased from 0.27 in 1920 to 0.36 in 2017 (Fig. 4h). This was the second most important factor 
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explaining changes in KW over decades (14.1%, Fig. 5 a-b). This trend in KW plasticity was 

essentially supported by both (i) a higher reduction in KW under conditions of low post-

flowering source-sink ratio (i.e. defoliation treatments) (p<0.01, not shown), and (ii) a better 

response in KW to increases in source-sink ratio (i.e. restricted pollination treatments) (p<0.05, 

not shown).  

Lastly, for control treatments without manipulation, we analyzed variations in the post-

flowering source-sink ratio over time to quantify how the source capacity has been improved to 

support more kernels with greater size in modern hybrids. The post-flowering source-sink ratio 

increased from 192 mg kernel-1 in 1920 to 302 mg kernel-1 in 2017, which translates into a rate 

of 1.13 mg kernel-1 yr-1 (not shown). As can be expected, these increases were positively 

correlated with KW improvements explaining part of the variation (8.9%, Fig. 5 a-b). These 

results demonstrate that increases in reproductive biomass accumulation were comparable and 

even exceeded those in KN, resulting in an improved supply of assimilates per kernel during the 

post-flowering period. 

 

 Discussion 

A large and diverse dataset on KW in historical hybrids was assembled to compare 

genetic improvements in this trait across commercial breeding programs. Our study, for the first 

time, describes the physiological characteristics underlying improvements in maize KW during 

the last century for US Pioneer ERA hybrids. Rates of improvement in KW of US hybrids were 

relatively similar to those of other commercial breeding programs around the globe but 

documented over a longer period of time. Our findings extend those obtained in previous 

decades (Crosbie and Mock, 1981; Meghji et al., 1984; Cavalieri and Smith, 1985; Russell, 
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1985) and further describe the G × M interaction as a critical element in the genetic improvement 

of KW. This analysis provides foundational knowledge to propose candidate targets for future 

selection gains in maize. 

The contribution of KW improvements to yield genetic gain was smaller (but substantial) 

relative to the KN, although governed by the trade-off between KW-KN. While the negative 

association between KN and KW has received much of the attention in maize and other species 

(Sadras, 2007; Gambín and Borrás, 2010), the evolution of this trade-off through historical 

improvements in both components has been little investigated. Here, we demonstrated a 

simultaneous consideration of both components is necessary to analyze past and predict future 

genetic gains. Potential improvements in individual KW remain unexploited in breeding 

programs for which KN was the fundamental target trait to increase grain yield (e.g. Argentinean 

hybrids for our dataset) relative to those of the highest KW gains (e.g. Chinese hybrids in our 

dataset). Genetic progress in Pioneer ERA hybrids was also principally associated with increased 

KN but with more balanced increments in KW. These results are in agreement with what was 

well established in the literature for maize (Duvick et al., 2004) and other cereals (Donmez et al., 

2001; Demarco et al., 2020). Still, there is a significant gap between current and maximum KW 

described for US hybrids that warrants a path to further increase kernel size. However, yield 

progress driven by increments in KW in the future will be feasible only if the reciprocity 

between both components is overcome through the identification of independent genetic loci for 

kernel size (Alvarez Prado et al., 2014a; Chen et al., 2016; Calderini et al., 2021). Considering 

that both kernel set and size depends on growth, it is also important to recognize the necessity to 

accommodate the source capacity of the crop to overcome the KW-KN trade-off and achieve 

further genetic gains for yield. A parallel enhancement of either radiation use efficiency (RUE) 
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or carbon partitioning to the grains are required for translating the larger sink capacity from KW 

into productivity improvements (Messina et al., 2021). 

Relative increments in KW over decades showed considerable variability across 

management scenarios, but nitrogen supply was identified as one of the principal factors 

influencing KW improvements over time. Nitrogen influences the endosperm cell number and 

kernel sink capacity during the lag phase (Lemcoff and Loomis, 1994; Olmedo Pico et al., 2021). 

Hence, the higher kernel-filling rate of modern hybrids presumably demonstrates an improved 

response to nitrogen supply on the endosperm cell division cycle. A similar pattern of N response 

was repeated on genetic materials from other regions of the globe. The practice of selecting and 

evaluating hybrids under a high nitrogen supply has improved the ability of modern hybrids to 

respond to N-fertilizer (Ciampitti and Vyn, 2012; Haegele et al., 2013). Different physiological 

mechanisms are responsible for high grain yields under low- and high-N (Bänziger et al., 1997). 

Therefore, the lower genetic progress under nitrogen stress environments for KW highlights the 

need to explore specific adaptation to low-N environments in order to put this yield component 

close to its observed potential under high-N (Lafitte & Edmeades, 1994).  

KW genetic gain has been predominantly related to an extended kernel-filling duration 

given a prolonged kernel water uptake period. These results relate to those of Yang et al. (2010) 

in sorghum for which genotypic differences in kernel-filling duration were established during 

early stages of kernel development. A number of studies have shown that the accumulation and 

status of water in the kernel play a pivotal role in the determination of potential kernel volume 

and size (Borrás et al., 2003; Gambín et al., 2007). The accumulation of water regulates cell 

expansion and metabolic processes in the kernel and, subsequently, the cessation of dry matter 

accumulation (Egli, 1990). Here, we show that breeding selection has increased the duration of 
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kernel filling by delaying the timing when net water uptake stops, but without major 

modifications in the lag- nor the late phases of development. In fact, the contribution of changes 

in growth during the lag phase was negligible compared to those regarding metabolic events 

during the determination of the potential kernel size. Furthermore, the higher filling rates showed 

for modern hybrids suggest that a delayed realization of MKWC also influences the 

determination of the maximum granule number (Jones et al., 1996; Borrás et al., 2003). It is 

reasonable to conclude that the variations in water content for modern hybrids reflect an 

improvement in the number of granule numbers with long-term genetic improvement. Our 

results confirm that the effects of genetic improvement in maize have exerted fundamental 

changes in KW through the alteration of metabolic dynamics during the early stages of kernel 

development. 

The amount to which a trait is contingent on the environment [i.e. phenotypic plasticity, 

Bradshaw, (1965)] has been an often-overlooked component in past retrospective studies 

describing phenotypic changes associated with breeding selection in maize and other crops 

(Peltonen-Sainio et al., 2011; Sadras and Lawson, 2011; de Felipe and Alvarez Prado, 2021). A 

focus on KW plasticity allows for a valuable consideration of the reaction of the genotype-by-

environment interaction to crop improvement. Here, we demonstrate a continued increase in KW 

plasticity with selection for yield in maize, upon which modern hybrids express a better plastic 

response to the assimilate availability during kernel-filling. High KW plasticity resulted from a 

better ability of modern hybrids to respond to favorable conditions (high resource availability) 

but also from a higher susceptibility to poor conditions during kernel-filling (low resource 

availability). Reductions in KW under assimilate constraints were usually larger in newer 

genotypes of our dataset, consistent with what has been reported in other cereals (Fischer and 
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HilleRisLambers, 1978; Kruk et al., 1997). More importantly, we also observed that crop 

improvement has conferred modern hybrids better responsiveness to increments in assimilate 

availability. This reinforces the concept of phenotypic plasticity being associated with greater 

productivity of agronomic traits (Calderini and Slafer, 1999; Peltonen-Sainio et al., 2011). A 

remaining challenge is to investigate to which extent the expression of an improved KW 

plasticity during kernel-filling can partially compensate for reductions in KN as an adaptive 

strategy to stresses at flowering. Furthermore, these results and the knowledge that genetic 

control of KW and its physiological characteristics are independent of the genetic control of the 

KW plasticity (Alvarez Prado et al., 2014b) highlights the opportunity to exploit this trait further 

in breeding programs and provide a better adaptation of hybrids to future environments. 
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Figure 5.1. General information of the sites (n = 134) included in the review analysis. (A) 

Number of studies, management factors, and years of release of hybrids evaluated across 

locations. Comparison of rates of genetic progress across regions (and breeding programs for the 

USA) for (B), grain yield and (C), kernel weight. Size of symbols represents their weight in the 

global meta-regression estimate across all regions, influenced by both number of observations 

(n) and sites within the individual region. 
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Figure 5.2. Contribution of kernel weight to the genetic gain in maize. (A) Genetic gain in 

kernel number and kernel weight across sites (n = 134) included in the review analysis. Isolines 

represent levels of yield genetic gain from 0 to 30 g m-2 year-1. Size of symbols represents the 

number of observations within each study. Dark and white symbols represent hybrids from USA 

– Pioneer ERA and other global breeding programs, respectively. (B) Proportion of the variation 

in yield genetic gain explained by improvements in kernel number and kernel weight, calculated 

as the coefficient of determination (r2) of the association between variables. Whiskers represent 

their 95% CI. 

 

 

Figure 5.3. Genetic gain of USA – Pioneer ERA hybrids in multiple case studies from 2017 to 

2020 growing seasons. Relationships between years of hybrid introduction and (A) grain yield, 

(B) kernel number, and (C) kernel weight. Symbols represent Best Linear Unbiased Estimates 

(BLUEs) of hybrids at the group or marginal levels of inference based on 2-way interactions 

significance. Grey markers show observations from other studies that were included in the 

review analysis. 
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Figure 5.4. Description of analyses on kernel-filling parameters of USA – Pioneer ERA hybrids 

in multiple case studies from 2017 to 2020 growing seasons. Schematic diagrams of kernel-

filling traits of interest and non-linear models used for (A) kernel dry matter, and (B) kernel 

water content dynamics. Relationships between years of hybrid introduction and (C) linear 

kernel-filling rate, (D) kernel-filling duration, (E) lag phase duration, (F) kernel growth during 

lag phase, (G) days from flowering to MKWC, and (H) kernel weight plasticity calculated as: 

[(Max.KW at high source-sink ratio – Min.KW at low source-sink ratio)/(Max.KW at high 

source-sink ratio)](Valladares et al., 2006). Circles represent BLUEs of hybrids, and crosses 

identify outliers based on studentized residuals (values > 3). 
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Figure 5.5. Importance of variables describing kernel weight genetic progress of USA – Pioneer 

ERA hybrids in multiple case studies from 2017 to 2020 growing seasons. (A) Partial least 

squares (PLS) regression biplot presented with two main components explaining kernel weight 

variance (y) based on six kernel-filling parameters as predictors (x). Arrows represent correlation 

loading among variables. (B) Variable importance scores for predictor variables of the PLS 

model.
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Table 5.1. Subgroup meta-regression for the effect of crop growth conditions on the rate of genetic gain in grain yield, kernel number, 

and kernel weight of maize hybrids from USA – Pioneer ERA and other global breeding programs. 

Condition Range YOR 
Grain yield (% year-1) Kernel number (% year-1) Kernel weight (% year-1) 

df Slope (95% CI) EI I2 df Slope (95% CI) EI I2 df Slope (95% CI) EI I2 

Water condition               

USA – Pioneer ERA Rainfed 1920 - 2017 10 0.7 (0.65-0.76) 8.49 98 ** 10 0.42 (0.36-0.49) 2859 93 ** 11 0.32 (0.28-0.36) 248 61 ** 

 Partially irrigated - - - - - - - - - - - - - 
 Full irrigated 1920 - 2017 12 0.59 (0.45-0.72) 9.84 63 ** 12 0.62 (0.48-0.75) 3450 0  13 0.28 (0.17-0.36) 274 33  

               

Other studies/regions Rainfed 1930 - 2016 25 0.84 (0.73-0.94) 8.92 77 ** 28 0.39 (0.27-0.5) 3036 93 ** 32 0.43 (0.37-0.51) 257 96 ** 
 Partially irrigated 1980 - 2004 3 0.8 (0.59-1) 10.47 0  3 0.65 (0.31-1.01) 3357 0  3 0.15 (-0.08-0.35) 262 93 ** 

 Full irrigated 1955 - 2012 60 1.12 (0.87-1.36) 9.42 93 ** 60 0.37 (0.14-0.6) 3196 77 ** 64 0.69 (0.52-0.85) 258 97 ** 

Nitrogen               

USA – Pioneer ERA Low N 1934 - 2014 5 0.72 (0.64-0.81) 5.62 98 ** 5 0.53 (0.42-0.63) 2260 69 ** 5 0.22 (0.18-0.27) 211 0  
 High N 1920 - 2017 11 0.67 (0.6-0.74) 9.93 94 ** 11 0.42 (0.34-0.5) 3261 90 ** 11 0.37 (0.33-0.41) 272 92 ** 

 High + late N 1991 - 2014 5 0.45 (0.21-0.65) 13.29 0  5 0.76 (0.39-1.13) 3755 0  5 0.11 (-0.32-0.57) 274 0  

               
Other studies/regions Low N 1965 - 2012 8 0.84 (0.59-1.07) 6.45 77 ** 9 0.52 (0.25-0.76) 2413 78 ** 10 0.39 (0.22-0.57) 251 78 ** 

 High N 1930 - 2016 74 1.12 (0.96-1.29) 9.27 94 ** 76 0.39 (0.26-0.53) 3117 96 ** 83 0.55 (0.43-0.64) 261 88 ** 

 High + late N 1984 - 2000 6 1.37 (0.96-1.79) 10.79 84 ** 6 1.25 (0.9-1.58) 3435 52  6 0.13 (-0.1-0.34) 271 0  

Planting density               

USA – Pioneer ERA < 5 pl. m-2 1934 - 2013 2 0.52 (0.47-0.57) 8.27 93 ** 2 0.22 (0.13-0.3) 2812 69 * 2 0.31 (0.26-0.36) 245 61  

 5 – 7.5 pl. m-2 1920 - 2017 5 0.43 (0.27-0.56) 9.07 88 ** 5 0.28 (0.14-0.4) 3006 93 ** 5 0.32 (0.23-0.39) 269 0  
 7.6 – 8.9 pl. m-2 1934 - 2015 12 0.92 (0.85-0.96) 8.82 96 ** 12 0.62 (0.51-0.71) 2890 0  14 0.31 (0.25-0.37) 252 19  

 > 9 pl. m-2 1920 - 2017 3 0.66 (0.52-0.79) 9.36 94 ** 3 0.66 (0.52-0.8) 3515 63 * 3 0.33 (0.23-0.43) 263 85 ** 

               

Other studies/regions < 5 pl. m-2 
1955 - 2012 9 1.3 (1.05-1.53) 6.3 100 ** 10 0.48 (0.26-0.72) 1932 100 ** 11 0.57 (0.43-0.71) 299 100 

** 

 5 – 7.5 pl. m-2 1930 - 2011 48 1.14 (0.87-1.4) 9.02 100 ** 50 0.46 (0.29-0.6) 3097 100 ** 51 0.46 (0.35-0.57) 255 99 ** 
 7.6 – 8.9 pl. m-2 1965 - 2012 9 0.99 (0.73-1.13) 11.04 75 ** 9 0.8 (0.56-0.97) 3887 83 ** 10 0.16 (0.03-0.3) 242 84 ** 

 > 9 pl. m-2 
1965 - 2005 16 1.47 (1.11-1.81) 10.4 6  16 0.75 (-0.37-

1.51) 

3809 0  20 0.13 (-0.14-0.5) 260 0  

Source:sink ratio               

USA – Pioneer ERA Control 1920 - 2017 14 0.72 (0.67-0.78) 8.97 98 ** 14 0.44 (0.37-0.51) 3029 88 ** 16 0.32 (0.28-0.35) 252 84 ** 

 Low ratio 1920 - 2017 4 0.48 (0.3-0.66) 8.44 79 ** 4 0.45 (0.28-0.61) 3250 77 ** 4 0.25 (0.13-0.38) 213 20  
 High ratio 1920 - 2017 4 0.56 (0.38-0.72) 8.29 100 ** 4 0.44 (0.26-0.62) 2582 54  4 0.35 (0.22-0.47) 319 100** 

               

Other studies/regions Control 1930 - 2016 90 1.06 (0.91-1.2) 9.06 98 ** 93 0.39 (0.27-0.5) 3057 99 ** 101 0.54 (0.44-0.62) 261 100** 
 Low ratio 1965 - 1993 1 0.76 (0.29-1.2) 9.2 0  1 1.91 (0.48-3.25) 4257 96 ** 1 -1.21 (-2.02--0.52) 190 0  

 High ratio 1965 - 1993 1 2.15 (1.06-3.09) 14.28 0  1 2.08 (0.62-3.48) 4430 0  1 0.08 (-0.7-0.71) 275 0  

YOR, year of hybrid release; EI, environmental index; df, degrees of freedom; CI, confidence interval; I2, heterogeneity coefficient; 

* Significant at P ≤ 0.05; ** significant at P ≤ 0.01.
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Chapter 6 - Final remarks 

Fertilizer nitrogen (N) management is a key agronomic and environmental issue 

surrounding maize production, and this research has important implications for future genetic 

and agronomic improvements in N use. Throughout the second chapter, this dissertation suggests 

the existence of environmental × management conditions where using late-N fertilization may 

increase grain yield. We proposed that the percentage of N uptake taking place after flowering 

might be used as an indicator for the type of responses in the field. This knowledge can be 

incorporated in remote sensing techniques that can assess crop N status in a practical and non-

destructive method. From there, a remaining challenge is to certainly forecast the post-flowering 

N uptake in a crop earlier in the season combining crop modeling and improving weather 

forecasts. This approach will assist farmers in the identification of productive opportunities (and 

environments) for this practice. 

From an environmental perspective, this research also advances in the ultimate goal of 

achieving tangible and sustainable improvements in food production. We have determined that 

fertilizer recovery efficiency was enhanced by the utilization of late N fertilization when 

properly adopted. This implies potentially fewer N losses into the environment from agricultural 

fertilizers. It is known that improving N fertilizer use efficiency can lower the carbon (C) 

footprints of agriculture, and therefore, this information is critical to enhancing the decision 

support of fertilizer recommendations to maize farmers. Investigations such as this study are 

required to address innovative alternatives to explore research priorities under uncertain future 

climate conditions. 

Furthermore, this dissertation contributes significantly to our understanding of how long-

term genetic improvement has modified N dynamics and their complex interaction with 
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management practices. The framework introduced in Chapter 3 proposes to analyze yield 

changes in two genotypes integrating N and C dynamics. This is a significant research 

contribution that helps point the way forward to future studies considering a holistic approach for 

the relationship between plant C and N utilization. We concluded that greater use of stem N to 

increase leaf area duration represents a strategy to enhance N utilization efficiency in modern 

hybrids. Moreover, the grain N concentration was also identified as an important trait 

determining N utilization in past decades. These findings provide insights into the contribution of 

grain and stem composition on N changes over time in maize and are of particular interest to 

breeders aiming to develop N-efficient hybrids. 

Modern hybrids have been associated with increased post-flowering N absorption, but the 

physiological determinants of these increments in terms of internal N allocation and translocation 

have not been inspected yet. Chapter 4 of this dissertation aims to fill this gap and concludes that 

direct selection for yield has indirectly favored N allocation to leaves in modern maize genotypes 

resulting in an improved post-flowering C accumulation. This research raises further questions 

on the metabolic efficiencies of the photosynthetic and the respiratory systems as involved in 

plant growth. From a molecular physiology perspective, there is still much research needed to 

decode the mechanisms and functioning of N transport (and their regulatory genes) within the 

plant. These processes directly affect the amount and efficiency of nutrient uptake and 

mobilization in plants. The isotopic 15N labeling method and statistical framework developed 

here can directly contribute in two significant aspects for future investigations: 

- In crop modeling, to develop meaningful mechanistic modules characterizing the 

internal allocation and recycling of N in field-grown crops. This may bring an opportunity for 

simulation models that can account for internal N processes in field crops.  
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- In plant breeding, as the mapping of genes responsible for NUE requires precise 

and practical quantification methods that measure internal N processes. The method developed 

here may be applied across natural variations of maize genotypes growing in field conditions. 

 

Finally, previous studies have predominantly focused on analyzing trends of yield 

increases in maize, but the main significance of the research introduced in Chapter 5 is its focus 

on evaluating the contribution of grain weight and its physiological characteristics. Previous 

studies evaluating these traits in historical maize genotypes are dated back to the 1980-decade. 

Therefore, these results acquire significant importance providing they include keystone phases in 

germplasm development in maize, defined by the increasing assistance of molecular technology 

in genetic selection since the 1990s. The analysis of historical trends in grain weight in Chapter 5 

further describes the G × M interaction as a critical element in the breeding improvement of 

grain weight and offers foundational knowledge to propose candidate targets for future selection 

gains in maize. Finally, the reports of phenotypic plasticity linked to greater productivity of grain 

weight traits provide a potential avenue for yield improvement across different environments. 

The genetic basis of grain weight and its plasticity deserves further investigation as an 

opportunity to overcome the bottleneck of the trade-off between grain number and grain size in 

maize. 
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Figure A.1. Forest plot for subgroup analysis on late season N effect on yield across different 

proportion of late N applied (late N less than 35%, between 35 and 60%, and more than 60% of 

final N rate) and water regimes (irrigated and non-irrigated). Effect sizes and 95 % confidence 

intervals (CI) are expressed as a late-N effect ratio (percentage of grain yield variation in LN / 

EN) calculated as (6). Square symbols represent point estimates and whiskers depict their 

respective 95% CI. Heterogeneity of the results is described through I2 (I-square statistic). n = 

number of studies within subgroup. Different letters indicate significant differences between 

pooled effect sizes at P ≤ 0.05.
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Table A.1. Sensitivity analysis for determination of late N proportion for subgrouping meta-analysis. Values (i, j, k) within each 

combination of thresholds represent number of studies allocated in the upper, middle, and lower late N subgroups, respectively. In 

bold, the selected combination based on the balance of studies and the range within intervals (difference between maximum and 

minimum limits). 

 

 Upper Threshold in % 

Lower Threshold in % 50 55 60 65 70 75 80 85 90 

5 8, 9, 0 6, 13, 0 6, 13, 0 5, 13, 0 4, 13, 0 4, 13, 0 4, 13, 0 4, 13, 0 4, 13, 0 

10 8, 9, 0 6, 13, 0 6, 13, 0 5, 13, 0 4, 13, 0 4, 13, 0 4, 13, 0 4, 13, 0 4, 13, 0 

15 8, 9, 1 6, 13, 1 6, 13, 1 5, 13, 1 4, 13, 1 4, 13, 1 4, 13, 1 4, 13, 1 4, 13, 1 

20 8, 9, 3 6, 13, 3 6, 13, 3 5, 13, 3 4, 13, 3 4, 13, 3 4, 13, 3 4, 13, 3 4, 13, 3 

25 8, 8, 4 6, 12, 4 6, 12, 4 5, 12, 4 4, 12, 4 4, 12, 4 4, 12, 4 4, 12, 4 4, 12, 4 

30 8, 8, 5 6, 12, 5 6, 12, 5 5, 12, 5 4, 12, 5 4, 12, 5 4, 12, 5 4, 12, 5 4, 12, 5 

35 8, 4, 8 6, 9, 8 6, 9, 8 5, 9, 8 4, 9, 8 4, 9, 8 4, 9, 8 4, 9, 8 4, 9, 8 

40 8, 4, 8 6, 9, 8 6, 9, 8 5, 9, 8 4, 9, 8 4, 9, 8 4, 9, 8 4, 9, 8 4, 9, 8 

45 8, 3, 9 6, 8, 9 6, 8, 9 5, 8, 9 4, 8, 9 4, 8, 9 4, 8, 9 4, 8, 9 4, 8, 9 
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Table A.2. Subset of the overall dataset with reported values on plant N content at silking and at maturity (n1=98). Mean ± standard 

deviation (SD) for each N-timing group of plant N uptake at physiological maturity per unit area (PNUPM), plant N uptake at silking 

per unit area (PNUSILK), and percentage of total PNU that occurs from the period that goes from silking until physiological maturity 

(NUPost-Silking). When biomass at silking was reported, the N Nutrition Index at silking (NNISILKING) was calculated (n2=66). 

  Zero-N (ZN) Early-N (EN) Late-N (LN) 

No Reference 

PNUPM PNUSILK NUPost-silking PNUPM PNUSILK NUPost-silking PNUPM PNUSILK NUPost-silking 

kg ha-1 kg ha-1 % kg ha-1 kg ha-1 % kg ha-1 kg ha-1 % 

1 Mueller et al., 2017 108.16 ± 5.22 81.28 ± 3.89 24.85 ± 0.03 208.88 ± 28.63 151.67 ± 36.01 28.22 ± 9.01 227.13 ± 16.74 157.99 ± 35.08 30.97 ± 11.82 

2† Randall et al., 1997 88.17 ± 14.24 74.91 ± 0.00 13.38 ± 15.42 140.15 ± 15.95 125.20 ± 8.70 9.90 ± 8.54 136.00 ± 11.22 110.64 ± 0.96 18.19 ± 6.76 

3*† Yan et al., 2014 - - - - - - 175.76 ± 17.54 145.32 ± 8.61 16.88 ± 6.58 

4† Yan et al., 2016 82.31 ± 3.29 51.61 ± 7.44 37.26 ± 8.98 222.07 ± 4.39 150.53 ± 6.33 32.22 ± 2.31 213.47 ± 15.36 146.71 ± 10.45 31.19 ± 3.46 

5† Corteva Agriscience, 2011 96.20 ± 3.21 40.76 ± 1.03 56.25 ± 1.50 171.61 ± 2.31 109.58 ± 1.78 35.97 ± 0.68 246.87 ± 30.32 152.82 ± 13.67 36.81 ± 14.07 

* Nitrogen accumulation values considered as silking were reported at tasseling (VT). 

† Studies included in the NNISILKING subset analysis. 
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Table B.1. Grain yield (15.5% moisture), grain number, grain weight, harvest index, total plant N uptake at maturity, post-flowering 

N uptake, and LAI at maturity for 3394 and P1197 hybrids under Zero and Full N conditions during 2017 and 2018. Pairwise 

comparisons were performed only when the global test was significant for each factor evaluated. 

 Nitrogen Hybrid  Grain yield  Grain number  Grain weight  Harvest index  Total N uptake  Post-flowering N  LAI at R6  

    Mg ha-1  grains m-2  mg grain-1  Dimensionless  kg ha-1  kg ha-1  m m-2  

2017                  

 Zero N   6.8 (±0.9) b 2719 (±215) b 210 (±8.2) b 0.42 (±0.02) b 109 (±11.9) b 46 (±9.0) b 1.7 (±0.2) b 

 Full N   13.1 (±0.7) a 3980 (±161) a 283 (±6.0) a 0.51 (±0.01) a 219 (±9.0) a 81 (±7.0) a 2.7 (±0.2) a 

  3394  9.0 (±0.8)  3059 (±198) b 243 (±8.4)  0.45 (±0.02)  154 (±10.5)  52 (±8.8)  2.0 (±0.2)  

  P1197  10.9 (±0.8)  3640 (±198) a 251 (±5.6)  0.49 (±0.02)  174 (±10.5)  74 (±8.8)  2.4 (±0.2)  

 Zero N 3394  6.0 (±1.2)  2378 (±304)  208 (±13.5)  0.41 (±0.02)  99 (±16.2)  34 (±12.7)  1.5 (±0.3)  

  P1197  7.5 (±1.2)  3060 (±304)  213 (±8.8)  0.44 (±0.02)  120 (±16.2)  57 (±12.7)  2.0 (±0.3)  

 Full N 3394  11.9 (±0.9)  3741 (±228)  277 (±9.6)  0.49 (±0.02)  209 (±11.9)  71 (±9.9)  2.5 (±0.2)  

  P1197  14.3 (±0.9)  4220 (±228)  289 (±6.4)  0.53 (±0.02)  228 (±11.9)  91 (±9.9)  2.8 (±0.2)  

 ANOVA†                 

 Nitrogen (N)   ***  ***  ***  ***  ***  ***  **  

 Hybrid (H)   +  *  ns  ns  ns  +  +  

 N * H   ns  ns  ns  ns  ns  ns  ns  

2018                  

 Zero N   2.9 (±0.8)  1988 (±350)  149 (±47.8)  0.27 (±0.04)  51 (±10.1)  13 (±17.3)  1.8 (±0.5)  

 Full N   15.1 (±0.9)  3904 (±354)  335 (±47.3)  0.49 (±0.04)  270 (±11.0)  61 (±16.7)  2.6 (±0.6)  

  3394  8.3 (±0.7)  2661 (±243)  237 (±36.0)  0.37 (±0.03)  143 (±8.2)  31 (±13.5)  2.2 (±0.6)  

  P1197  9.7 (±0.7)  3231 (±290)  247 (±35.0)  0.38 (±0.03)  178 (±8.2)  44 (±12.0)  2.1 (±0.8)  

 Zero N 3394  2.9 (±0.9)  1911 (±346)  154 (±51.5)  0.26 (±0.05)  51 (±10.7)  25 (±19.7)  1.9 (±0.5)  

  P1197  2.9 (±0.9)  2064 (±404)  145 (±49.7)  0.27 (±0.05)  52 (±10.7)  2 (±18.0)  1.6 (±0.5)  

 Full N 3394  13.6 (±1.0) b 3410 (±341) b 321 (±50.2)  0.49 (±0.04)  236 (±12.3) b 38 (±18.4) b 2.5 (±0.6)  

  P1197  16.6 (±1.0) a 4398 (±416) a 349 (±49.4)  0.49 (±0.04)  305 (±12.3) a 85 (±17.4) a 2.7 (±0.6)  

 ANOVA                 

 H   **  *  ns  ns  ***  ns  ns  

 N * H   **  *  ns  ns  ***  **  ns  

Different letters indicate significant differences at P ≤ 0.05 

+ significant at P ≤ 0.1; * significant at P ≤ 0.05; ** significant at P ≤ 0.01; *** significant at P ≤ 0.001, ns: non-significant. 

† The effect of N timing sub-treatments within N fertilization was fit but not reported for the purpose of this study. 
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Table B.2. Number of parameters (k) and AIC (Akaike's Information Criteria) values for linear and linear plateau models between 

grain yield, grain number, grain weight, and harvest index with total N uptake (Figures 2A to 2D). A lower score of AIC indicates a 

better fit (bold). Respectively for each variable and type of regression, model 1 and model 2 represent the best fit to the data based on 

a backward selection procedure for the number of coefficients. 

Variable Hybrid k AIC 

  
Model 1: Simple linear 

model 

Model 2: Linear-plateau 

model 

Model 1: Simple 

linear model 

Model 2: Linear-

plateau model 

Grain yield 3394 3 - 115.43 - 

 P1197 3 4 124.47 114.54 

Grain number 3394 3 - 452.21 - 

 P1197 3 4 477.07 472.40 

Grain weight 3394 – P1197 3 4 535.66 518.26 

Harvest index 3394 – P1197 3 5 -148.31 -181.51 

Hyphens (-) indicate models for which convergence was not achieved. 
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Figure C.1. Posterior predictive check for Bayesian model on the relative allocation of 15N 

absorbed across plant organs. 

 

 

Figure C.2. Posterior predictive check for Bayesian models on stem, leaves, cob-husks, and 

grain N accumulation.   

 

 

Figure C.3. Posterior predictive check for Bayesian model on plant C accumulation. 
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Figure C.4. Cumulative endogenous-N mobilized (solid lines) or exogenous-N absorbed (dashed 

lines) in stem, leaves, cob-husks, and grain fractions for 3394 (orange symbols) and P1197 (blue 

symbols) hybrids under zero and full N fertilization. Sections with black lines represent non-

significant differences between hybrids, while colored lines and asterisks indicate significant 

differences (α=0.05). 
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Figure D.1. Sankey diagram summarizing the literature review screening procedure. The width 

of each node represents the quantity of studies in the flow. 
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Table D.1. Publication number and reference, country, years of experiments, experimental design, range of years of hybrid release 

(YOR), management practices, and number of means obtained for the historical maize experiments used for the meta-regression 

analyses. 

No Reference Country Years Design Range of YOR Water condition Nitrogen rate (kg ha-1) Planting density (pl m-2) Row spacing (m) n 

1 Abdala et al. (2018) Argentina 2015-2016 RCBD 1965-2016 Rainfed 165 6, 10 0.52 32 

2 Chazarreta et al. (2021) Argentina 2016-2018 RCBD 1980-2016 Rainfed, irrigated 200 9 0.52, 0.7 18 

3 Cirilo et al. (2011) Argentina 2003-2005 Split-plot 1984-2000 Full irrigated 40-80, 140-180 7.5, 9 0.7 48 

4 Echarte et al. (2000) Argentina 1996-1998 Split-plot 1965-1993 Full irrigated 140-202 3, 5, 6, 8, 9, 11, 12, 14.5, 18 0.7 28 

5 Echarte et al. (2003) Argentina 1998-2000 Split-plot 1965-1993 Full irrigated 150 2, 4, 8, 16, 30 0.7 6 

6 Echarte et al. (2006) Argentina 
1995-1996 

2000-2001 

RCBD 

Split-plot 
1965-1993 Full irrigated 150 8.5 0.7 19 

7 Luque et al. (2006) Argentina 1996-1998 Split-plot 1965-1997 Full irrigated 222, 235 3, 6, 9, 12, 18 0.7 13 

8 Nagore et al. (2017) Argentina 2008-2013 Split-plot 1980-2004 Rainfed, partially irrigated, full irrigated 195 7.5 0.7 29 

9 Parco et al. (2020) Argentina 2015 - 2017 RCBD 1983-2012 Full irrigated 0, 270 4, 8 0.5 20 

10 Sangoi et al. (2001) Brazil 1998 Split-plot 1965-1995 Rainfed 0, 50, 100, 200 7.5 0.8 16 

11 Sangoi et al. (2002) Brazil 1999-2001 Split-plot 1975-1995 Full irrigated 110 2.5, 5, 7.5, 10 0.75 12 

12 Vyn et al. (1998) Canada 1987-1988 Split-plot 1959-1988 Rainfed 250 4, 8 0.5 18 

13 Chen et al. (2013) China 2010-2011 Split-plot 1973-2000 Rainfed 0-240 6 0.6 9 

14 Chen et al. (2014) China 2010-2011 RCBD 1989-2000 Rainfed 240 6 0.6 3 

15 Ci et al. (2013) China 2007-2009 Split-plot 1955-2005 Rainfed, irrigated NA 1.5, 4.5, 7.5 0.6 18 

16 Li et al. (2011) China 2006-2009 Split-plot 1964-2004 Full irrigated 276 3.75, 5.25, 6.75 NA 36 

17 Qian et al. (2016) China 2009-2010 Split-split-plot 1975-2005 Rainfed 0, 150, 300, 450 3, 5.25, 7.5 NA 28 

18 Sun et al. (2017) China 2010-2011 Split-plot 1955-2005 Full irrigated, rainfed NA 6.75 0.6 12 

19 Adebo et al. (2010) Nigeria 2005-2006 RCBD 1975-1995 Rainfed 80 2.7 0.75 6 

20 Kamara et al. (2004) Nigeria 2001-2002 RCBD 1970-1999 Rainfed 100 5.33 0.75 20 

21 Mitrovic et al. (2016) Serbia 2013-2014 RCBD 1978-2011 Rainfed NA 5.8, 6.2, 6.5 0.75 5 

22 Chen et al. (2016) USA 2013-2014 Split-split-plot 1967-2005 Rainfed 55, 220 5.4, 7.9, 10.4 0.76 16 

23 Mason et al. (2008) USA 1999-2001 Split-plot 1950-1999 Rainfed, irrigated 246 5.56, 6.67 0.38, 0.76 8 

24 Russell (1985) USA 1982-1983 RCBD 1930-1985 Rainfed 180 5.17 0.76 7 

25 Wu et al. (2019) USA 2012 Split-split-plot 1975-2005 Rainfed 55, 220 5.4, 7.9, 10.4 0.76 3 

26 Haegele et al. (2013) USA 2009-2010 Strip-plot 1975-2005 Rainfed 0, 67, 252 8.28 0.76 12 

27 Mueller et al. (2019) 1 USA 2016-2017 Split-plot 1946-2015 Rainfed 0, 220 7.85 0.76 7 

28 DeBruin et al. (2017) 1 USA 2013-2014 Split-plot 1934-2013 Rainfed 56, >224 3.95, 7.9 0.76 188 

29 Campos et al (2004) 1 Chile 2001-2002 RIBD 1953-2001 Full irrigated, rainfed NA 8.5 NA 36 

30 Fernandez, 2017 1 USA 2017 Split-plot 1991-2014 Rainfed 0, 137 6.1 0.76 9 

31 Fernandez, 2017 1 USA 2017 Split-plot 1991-2014 Full irrigated 0, 218 7.6 0.76 9 

32 Fernandez, 2018 1 USA 2018 Split-plot 1991-2014 Full irrigated 0, 218 7.6 0.76 14 

33 Fernandez, 2019 1 USA 2019 Split-plot 1920-2017 Rainfed 220 6.52 0.76 60 

34 Fernandez, 2019 1 Chile 2019-2020 Split-plot 1920-2017 Full irrigated 220 10 0.76 60 

1 Pioneer ERA hybrids were tested in the experiments. 
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