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Abstract

Maize (Zea mays L.) is one of the most important cereal crops with high economic
and social values. Considering the need to increase food production, it is important
to investigate the determining factors that contribute to maize production in terms of
agronomic management practices and crop breeding. The main aim was to explore
the morphological and physiological trait responses of maize plants to N availability
and to explore how these traits may have changed as a result of crop breeding. In this
thesis, we focused on quantifying plant architecture, nitrogen and biomass distribution
across leaf positions, stems, and other organs in maize.

The accumulation, partitioning, and reallocation processes of N at both the individual
leaf and plant scales were quantified, examining their responses to varying N avail-
abilities resulting from long-term N fertilizer treatments in a field experiment. The
results revealed that a relatively larger fraction of grain N was derived from reallocation
and a smaller fraction from the soil. When considering the vertical pattern of N real-
location across leaves in the canopy, we noted that a larger fraction of N in leaves was
reallocated from lower leaves than from higher ones. However, in absolute terms, the
largest amounts of N were reallocated from middle-canopy leaves compared to both
top and bottom leaves. Additionally, plants exhibit phenotypic plasticity in response
to these environmental changes. A trade-off strategy related to radiation capture and
radiation-use efficiency (RUE) under nitrogen-deficient conditions was explored in
maize plants. We conclude that the main strategy of maize to cope with low N is to
maintain leaf area, mainly by increasing specific leaf area (SLA, cm2/g) throughout
the plant but only during the vegetative growth phase.

Additionally, the vertical distribution patterns of canopy architecture, light, and
nitrogen within the maize canopy were also explored among cultivars released between
1950 and 2004. We found that the yield improvement from older to newer cultivars
was strongly associated with changes in canopy architecture, resulting in increased
light interception through higher leaf area index (LAI) and improved distribution of
light in the canopy due to steeper leaf angles. Nevertheless, the coordination of light
and nitrogen within the canopy did not differ among old and new cultivars. These
results showed that higher yields of modern maize cultivars are not associated with
coordinated light and N distribution within the canopy. This thesis also introduces a
novel empirical equation for quantitatively describing the vertical distribution of leaf
dimensions within the maize canopy. Compared with previous bell-shaped functions,
the new equation reduces the number of parameters required to characterize the leaf
morphology, simplifying numerical calculations. Furthermore, by analysing the char-



acteristics of the new equation with the growth and development of maize plants, it
revealed that only four key leaf positions need to be considered to construct the new
empirical equation, greatly simplifying data collection in the field.

The exploration of how maize plants respond to nitrogen availability in this thesis
provides insights into the morphological and physiological traits of maize at the organ,
plant, and canopy levels. These findings suggest that the appropriate N fertilizer can
sustain high yields while reducing the environmental impact. Moreover, the goals of
maize breeding should extend beyond achieving high yields to encompass high grain
quality, specifically grain nitrogen concentration, aligning with production demands.

Keywords: maize; yield; nitrogen availability; leaf rank; nitrogen reallocation;
nitrogen deficiency; phenotypic plasticity; canopy architecture; light distribution;
breeding selection; leaf profile
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CHAPTER 1

General introduction






General introduction

1.1 Background

Maize (Zea mays L.) is one of the three most important cereals in the world and a
major component of global and national (Chinese) food security (Hou et al., 2020;
Zhang et al., 2013). Population growth and increasing demand for animal products
continue to increase demand for maize as food, feed and fuel, and other industrial raw
materials (Huang et al., 2002; Wheeler and Von Braum, 2013). Therefore, increasing
maize production per unit area is crucial for future food security. Previous studies
have demonstrated that increasing grain yield depends on genetic characteristics,
morphological and physiological behaviour of plants, as well as its interaction with
the environment (Sher et al., 2017; Welcker et al., 2022). The latter, the environment,
in turn, can be modified through agronomic practices such as fertilizer application,
irrigation or weeding. Both crop breeding and agronomic improvements in crop man-
agement have hence contributed to yield increases that have been achieved until now
(Cietal., 2011; Duvick, 2005). Considering the need to increase food production, it
is important to investigate the determining factors that contribute to maize production
in terms of agronomic management practices and crop breeding.

1.2 Agronomic management practices

Nitrogen (N) contributes to over 50% of the world’s food production increase (Dimkpa
etal.,2020; Zhang et al., 2015), as soils generally do not provide sufficient N to meet
maize demands (van Grinsven et al., 2022; Zhai et al., 2022). Hence, N fertilization
is used to achieve high and stable yields in maize production. The application of N
fertilizer significantly influences the growth and development of maize plants. For
example, increased N application can enhance the leaf area index (LAI the amount
of leaf area per unit soil area), delay leaf senescence, and thus extend the period over
which leaves are photosynthetically active, thereby enhancing photosynthetic capacity
of the canopy and ultimately increasing yields (Bonelli and Andrade, 2020; Li et al.,
2022; Valentinuz et al., 2006; Yi et al., 2008). Increasing plant density is another
viable strategy to increase production without increasing land use by enhancing grain
yield per unit area (Hou et al., 2020; Sher et al., 2017). High plant density has been
widely used to improve grain yields in maize, and the increased yield per unit area is
primarily attributed to the optimized plant population rather than enhanced yield per
individual plant (Assefa et al., 2018; Li et al., 2020). Higher planting density leads
to a significant rise in LAI, aboveground dry matter (DM) accumulation, and grain
yield per population of maize (Du et al., 2021; D. Zhang et al., 2020).
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However, plant density should not be too high. As density increases, competition
among maize plants also intensifies, leading to reduced acquisition of resources like
light, water and nutrients per plant (Li et al., 2018; Sher et al., 2017). In dense plant
populations, the close proximity of neighbouring plants can lead to shading, thereby
restricting the amount of sunlight that reaches the lower leaves (Monsi and Saeki,
2005; Pierik and De Wit, 2014). This reduction in light availability consequently
diminishes photosynthetic activity of these lower leaves, resulting in the premature
senescence of these shaded leaves (Boonman et al., 2006; Legner et al., 2014). Further-
more, scarcity of N can trigger the onset of early leaf senescence as plants prioritize
resource allocation towards vital organs or new growth (Gallais et al., 2007; Ning
et al., 2013). There is thus an optimal plant density for maximal yield at which the
positive effect of there being more plants per unit area just offsets the negative effect
of yield per plant being lower. Previous studies have demonstrated that the applica-
tion of N fertilizer can partially offset the negative effects caused by increased plant
densities (Labra et al., 2020; Li et al., 2022; Wang et al., 2020). Specifically, adequate
N availability promotes plant growth, leaf expansion, and overall productivity, and
plants can party overcome N limitations caused by high plant densities by providing
additional N fertilization (Du et al., 2021; Li et al., 2018).

1.3 The roles of nitrogen in plant growth and development

Nitrogen (N) is a vital component of chlorophyll-embedding proteins, photosynthetic
enzymes, and other proteins, closely influencing the structure and function of crops
(Boomsma et al., 2009; Noor, 2017). Most of the nitrogen within leaves is utilized
for photosynthesis, including amino acids involved in nitrogen metabolism enzymes
and Rubisco (the enzyme that catalyses the carboxylase reaction that binds CO2), a
crucial participant in carbon metabolism (Field and Mooney, 1986; Mu et al., 2018).
However, due to the potential profitability of N fertilizer application, farmers often
apply excessive amounts in their pursuit of higher yields and productivity. Unfortu-
nately, this excessive application of nitrogen can result in diminishing returns in terms
of crop yields and nitrogen removal, leading to a decrease in nitrogen-use efficiency
(NUE, defined as the amount of N harvested per unit nitrogen applied ) (Zhang
et al., 2015). Furthermore, over-application of N fertilizer contributes to various
environmental issues such as soil acidification, water pollution, excessive losses
of reactive nitrogen and greenhouse gas emissions (Hou et al., 2020; Noor, 2017),
thereby importantly contributing to climate change (Zhang et al., 2015). Therefore,
gaining a comprehensive understanding of the effects of nitrogen on plant growth and
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development can provide a theoretical foundation for nitrogen management practices
and precision agriculture, ultimately aiming to achieve high-yield and high-efficiency
cultivation of maize. Several key aspects of growth and development that are affects
by N are given in subsequent sections.

1.3.1 The response of leaf dynamics to N availability

Leaves are the primary organs that utilize light energy to synthesize carbohydrates
through photosynthesis in plants. Hence, more leaf area typically contributes to more
photosynthesis, growth and, in grain crops such as maize, more grain yield formation
(Bonelli and Andrade, 2020; Li et al., 2022; Tollenaar and Lee, 2002). The amount
of leaf area on a plant in turn, is determined by the rate of leaf growth and leaf area
duration (LAD, i.e., the amount of time a leaf stays on a plant). Specifically, the
rate and duration of leaf expansion determine the final leaf size. A faster rate of leaf
expansion is crucial to achieving the optimal leaf area to cover the soil surface early in
the season and maximise light interception (Tollenaar and Bruulsema, 1988). However,
the canopy cover is affected by N availability (Bonelli and Andrade, 2020; Valentinuz
etal., 2006). N promotes leaf elongation and expansive growth by influencing the rate
of cell division or cell size (Carberry et al., 1993; Vos et al., 2005). Plants at limited
N availability exhibit lower rates of leaf expansion compared to those with sufficient
nitrogen (Muchow and Carberry, 1989; Van Oosterom et al., 2001). This results in
smaller leaves, reduced LAI, decreased radiation interception, and ultimately lower
yields (Li et al., 2022; Vos et al., 2005).

In addition leaf size in terms of area, the leaf lifespan plays crucial roles in determin-
ing leaf area duration (LAD) and dry matter accumulation, ultimately influencing crop
yield (Carberry et al., 1993; Maddonni and Otegui, 1996). During leaf senescence,
leaf chloroplasts disintegrate and chlorophyll content decreases (Kitonyo et al., 2018;
Sadras et al., 2000; Vos et al., 2005), i.e., this is what makes senescent leaves lose their
greenness. N is mobilized from aging leaves and transported to other plant tissues for
reuse (Z. Liu et al., 2022). This remobilization of nitrogen enables plants to conserve
and prioritize resources for essential physiological functions, such as seed development
and growth of new leaves (Chen et al., 2015; Gallais et al., 2007). Intriguingly, in maize
canopies leaves in the middle part of the canopy, tend to be larger than those higher or
lower down in the canopy and also have the longest leaf life span (Li et al., 2022; Val-
entinuz et al., 2006). This is associated with the fact that these middle canopy leaves are
the ones that are located closest to the ear and are thus the leaves that make the largest
assimilate contribution to the seed production (Ciganda et al., 2008; Y. Li et al., 2019).
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Both leaf area and leaf lifespan are influenced by N availability. Higher N availability
leads to increased leaf area, with a more pronounced effect observed in the upper leaves
compared to the middle and lower leaves (Li et al., 2022; Valentinuz et al., 2006).
Premature or excessive leaf senescence can lead to reduced photosynthetic capacity,
nutrient deficiencies, and lower overall plant productivity (Dwyer and Stewart, 1986;
Field, 1983; Li et al., 2009). The appropriate application of N fertilizer can enhance
the activity of photosynthetic enzymes in maize leaves, increase chlorophyll and
nitrogen content, and boost photosynthesis (Dreccer et al., 2000; Xiong and Flexas,
2021). This can also accelerate both vegetative and reproductive phenological growth,
prolonging LAD and enhancing post-silking nutrient uptake and dry matter accumula-
tion (Faverjon et al., 2019; R. Li et al., 2019; Yan et al., 2014). Therefore, it is crucial
to ensure that sufficient N is available during critical growth stages, minimizing

premature leaf senescence and optimizing plant performance.

1.3.2 The response of photosynthesis to N availability

Photosynthesis is the vital process through which plants convert light energy into
chemical energy, and for most crops, approximately 95% of the harvested dry matter is
a direct product of leaf photosynthesis (Reich et al., 1998). N availability significantly
influences various physiological and biochemical processes related to photosynthesis,
as N is an essential nutrient required for the synthesis of chlorophyll, enzymes, and
other components involved in photosynthesis (Dreccer et al., 2000; Evans and Clarke,
2019). In the case of N-deficient plants, there is a reduction in chlorophyll content and
ATP production, which hampers carbon assimilation and starch accumulation, as well
as affecting enzyme activity. Consequently, these deficiencies lead to compromised
photosynthetic rates and decreased plant productivity (Drouet and Bonhomme, 2004;
Evans and Clarke, 2019). Individual leaves within a canopy can exhibit variations in
their photosynthetic capacity due to factors such as leaf age, nitrogen content, and
light availability. Leaves with higher photosynthetic capacity have a greater ability to
fix carbon dioxide, contributing more to the overall canopy photosynthesis (Drouet
and Bonhomme, 2004; Ellsworth and Reich, 1993).

Typically, the distribution of nitrogen within a canopy exhibits a vertical gradient, with
higher concentrations observed in the upper layers where leaves receive greater light
exposure and exhibit higher rates of photosynthesis (Archontoulis et al., 2011; Dreccer
et al., 2000; Hirose and Werger, 1987). This vertical distribution of light and nitrogen
is closely interconnected, and light availability plays a crucial role in determining the
distribution of nitrogen within the canopy (Anten et al., 1995; Bertheloot et al., 2008;
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Liu et al., 2020). It affects various factors such as leaf area, photosynthetic rates, and
the processes of nitrogen uptake and assimilation (Archontoulis et al., 2011; Liu et
al., 2020; Yu et al., 2022). The nitrogen distribution in the canopy often follows the
light gradient. One of the underlying mechanisms is believed to be that relatively more
illuminated leaves have higher transpiration rates, thus attract more root-produced
cytokinin making those leaves stronger N sinks (Boonman et al., 2006). Conversely,
nitrogen availability influences the vertical distribution of light by impacting leaf
size, chlorophyll content, and photosynthetic capacity (Field and Mooney, 1983;
Anten et al., 1996). However, the leaf nitrogen profile undergoes changes during
crop development and is responsive to nitrogen availability. In the case of nitrogen-
deficient plants, the leaf nitrogen profiles exhibit a more non-uniform and steeper
distribution, which is associated with reduced leaf area and increased nitrogen reallo-
cation from lower leaf layers (Evans and Clarke, 2019; Gallais et al., 2007; Gomez et
al., 2019).

1.3.3 The response of grain yield formation to N availability

Dry matter (DM) accumulation and allocation to kernels are crucial factors that
determine the final maize grain yield (Ning et al., 2013; Olmedo Pico and Vyn,
2021). Therefore, maintaining sufficient nitrogen supply is crucial to ensure optimal
photosynthesis, canopy development, proper assimilate partitioning, and successful
grain filling (Field, 1983; Liu et al., 2020; Mu et al., 2016). Typically, the grain yield
increases as N availability increases, N-sufficient plants often exhibit higher harvest
index (HI) compared to N-deficient plants, indicating that a greater proportion of the
DM is directed towards harvestable yield (Noor, 2017; Ruiz et al., 2023). However,
beyond the optimum N level, additional nitrogen inputs may have minimal or even
negative effects on grain yield (Fernandez et al., 2020; Zhang et al., 2018). This is due
to factors such as nutrient imbalances, environmental losses, salinity and increased
susceptibility to diseases and lodging (Hou et al., 2012; Valentinuz and Tollenaar,
2006).

1.3.4 Phenotypic plasticity in response to N availability

Plant phenotypic plasticity is the capacity of plants of a given genotype to express
different phenotypes in response to changes in environmental factors, such as climate,
nutrient available or light (Liu et al., 2013; Lucas et al., 2019; Zhu, 2015). For instance,
plants typically respond to a high plant density through internode elongation often
leading to taller stature, lower ear position, and steeper leaf angle (Liu et al., 2017;
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Sher et al., 2017), a set of responses collectively known as the shade-avoidance
syndrome (Pierik and De Wit, 2014). In maize, the elongated internodes above the
ear may improve the transmission of light, which improves the density tolerance of
maize populations (Fournier and Andrieu, 2000; Tokatlidis and Koutroubas, 2004).

Under low nitrogen availability, plants often exhibit plastic responses to overcome
N deficiency and maximize their resource acquisition, (Hikosaka, 2016; Lemaire et
al., 2008). For instance, plants typically allocate relatively more resources to root
growth and increase their root-to-shoot ratio in order to acquire more N (N. Zhang
et al., 2020). To this end, maize plants can alter root architecture, by increasing the
root surface area, elongation, or branching (R. Li et al., 2019; York et al., 2015).
Specifically, plants can access deeper soil layers by elongating the roots, and explore
larger soil volumes by more branches, in search of N (York et al., 2015; Yu et al.,
2021). But as noted plants can also exhibit plasticity to changes in N availability
in their above-ground structures e.g., through production of smaller leaves leading
to lower LAI and leaves with lower nitrogen contents per unit area (specific leaf N
content SLN) (Grindlay, 1997; Lemaire et al., 2008), and the response patterns to
N deficiency differed among species (Massignam et al., 2011; Van Oosterom et al.,
2001). Furthermore, plants exhibit adaptive responses to N availability by adjusting
the structure and function of their chloroplasts. These adaptations include changes
in thylakoid organization, grana stacking, and the expression of chloroplast proteins.
Such modifications contribute to the optimization of light capture and energy utiliza-
tion within the chloroplasts (Evans and Clarke, 2019; Stewart et al., 2003). Finally,
as noted, plants typically expedite leaf senescence reallocating more N from older
leaves to younger ones or to reproduction.

All these responses will affect how things like grain yield will respond to fertilizer
application. Understanding and quantifying plant plasticity in response to N availability
is therefore crucial for optimizing agricultural management practices and improving
crop productivity. Hence, in this thesis the plastic responses in leaf and canopy traits
to differences in N availability in maize crops are explored. As explained in the next
section, this understanding may also help breeding targets for nitrogen-efficient crop

varieties.

1.4 The roles of genetic improvement in maize breeding

Maize breeding programs have historically focused on maximizing grain yields,
but this singular emphasis has inadvertently influenced other secondary plant traits
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(Duvick, 2005; Qin et al., 2016). The morphology of the maize plant and ear serves
as an initial selection characteristic in breeding (G. Liu et al., 2022; Ma et al., 2022).
For example, modern maize hybrids exhibit reduced plant height, ear height, and ear
ratio, which enhances lodging resistance. They also have more erect leaves, enabling
better light penetration into the canopy at high plant density, as well as smaller ears
and kernels, facilitating rapid dehydration during late grain filling (Chen et al., 2016;
Ci et al., 2011; Mueller et al., 2019). These morphological selection criteria favour
light interception at the ear level and capitalize on higher plant densities to increase
grain yield per unit field area. Furthermore, grain filling, the physiological process that
determines yield attainment in cereal crops, plays a crucial role. The relatively longer
grain-filling duration and higher grain-filling rate contributed to the yield improvement
of maize hybrids through breeding as found for 50 hybrids released from 1964 to 2014
in China across multiple environments (Gao et al., 2023). However, despite significant
genetic variability and heritability, leaf growth sensitivity, stomatal conductance,
and water-use efficiency remained largely unaffected by selection (Welcker et al.,
2022).

The N uptake by the crop and N utilization efficiency are two important components
of NUE (Kant et al., 2011; Lammerts van Bueren and Struik, 2017). The maize
breeding selection of yield as the primary objective can also affect N absorption and
utilization over time. For instance, the new varieties of barley in Argentina exhibit
higher physiological NUE compared to older varieties (Abeledo., 2008). Moreover,
the stress resistance of maize plants enhanced over breeding history, enabling the
new varieties to achieve higher yields under both low and high N availability condi-
tions (Tollenaar., 2002; Gong., 2020). However, the N content in grain of modern
varieties is lower than that of older varieties, which reflects the fact that modern
varieties achieve higher yields for the same amount of N taken up from the soil (Yan
et al., 2014). Lower grain N content in turn, implies lower grain protein content
and thus in that sense a lower nutritional value. This N reduction in grain could be
partly attributed to the stay-green characteristics of modern varieties, which as the
name implies means that these varieties have slower senescence (leaves stay green).
While this can favour canopy photosynthesis it also results in less N being real-
located to grains (Oosterom, 2010; Liu., 2021). Consequently, to achieve both high
yield in terms of dry matter while maintaining a sufficient grain protein content it is
important to carefully consider the balance between canopy photosynthesis and N
reallocation.
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1.5 Research objectives

The variation in plant architecture in response to different levels of N availability can
lead to changes in the distribution of light within the maize canopy. As new upper
leaves emerge and lower leaves senesce, the vertical distribution of light and nitrogen
within the canopy undergo alterations over time. This dynamic process can influence
the relationship between light and nitrogen, primarily due to the variation in plant archi-
tecture. Compared to older maize cultivars, newer cultivars demonstrate higher yields
and possess additional secondary traits such as compact architecture and increased
photosynthetic rates. By studying the differences between older and newer cultivars,
valuable insights can be gained into the mechanisms responsible for the increases in
yield potential that have been achieved through breeding under diverse crop manage-
ment practices. These findings can contribute to a better understanding of how these
cultivars leverage their characteristics to achieve improved yields but could also yield
information about the potential to breed for a higher nitrogen-use efficiency in maize.

This thesis thus focuses on quantifying plant architecture, nitrogen and biomass dis-
tribution across leaf positions, stems, and other organs in maize. The main objective
was to understand the spatial and vertical distribution of light and nitrogen in relation
to N availability in terms of the morphological and physiological traits within the
canopy, and how these traits may have changed by breeding over the past 54 years.
The specific research objectives were:

* To quantify dry matter (DM) and nitrogen (N) accumulation, partitioning,
and reallocation from vegetative to reproductive parts in maize, considering
variations in soil N availability

+ To investigate the strategies employed by maize plants to balance the
trade-off between specific leaf nitrogen (SLN) and leaf area (LA), and the
underlying traits during both vegetative and reproductive growth stages.

* To elucidate the extent to which selection for higher yields has influenced
maize canopy architecture and the vertical distribution of light and nitrogen
within the plant canopy.

1.6 Thesis outline

This thesis consists of six chapters, including this general introduction (Chapterl), four
research chapters (Chapters 2-5) and a general discussion (Chapter 6). The structure
of this thesis is illustrated in Fig.1.1.
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Fig. 1.1. Thesis outline. Agronomic practices and breeding are effective approaches to improve
the yield and nitrogen-use efficiency. The agronomic practices such as N availability affect maize
performance (Chapter 2), and maize plants respond to N availability through plasticity (Chapter 3).
The selected plant traits by maize breeding depends on their performance (Chapter 4). Moreover, a
new empirical equation to describe the vertical leaf distribution is presented in Chapter 5 to further
address questions on maize N use and productivity using plant simulation models.

Cereal crops face a trade-off between the reallocation of dry matter (DM) and nitrogen
(N) to support grain growth and maintain these resources in the canopy to support
additional photosynthesis. For N this trade-off is of particular importance because
of its relevance for both photosynthesis and grain protein content. In Chapter 2, the
accumulation, partitioning, and reallocation of DM and N were quantified at the single
leaf, canopy and plant scales and their response to different N availabilities created in
along-term N fertilizer field experiments. The N fertilizer management practices had
been maintained since 2009, and our data were collected in the year 8 (2016) and 10
(2018) of the experiment. Notably, we also explored N and DM reallocation and its
contribution to grain DM and N during the reproductive phase of a crop both at the
whole plant and its vertical distribution across leaves in the canopy.

Crop canopy photosynthesis is the product of light capture, which is largely deter-
mined by LAI and photosynthesis per unit of intercepted light (so-called radiation-use
efficiency, RUE) which is strongly determined by leaf content (SLN). When crop N
availability is limiting, negative effects on canopy photosynthesis can either be due
to reductions in light capture through a lower LAI or reductions in RUE through SLN
(note that for a given amount of N in the canopy a higher LAI automatically entails
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a lower SLN, there hence being a trade-off). Chapter 3, explores how maize deals
with this trade-off, through responses to different N availabilities in (SLN) and, LA,
and their underlying traits during vegetative and reproductive growth. In order to do
s0, the same long-term N-fertilizer field experiment was conducted, and temporal and
spatial distribution of SLA is also discussed in this study.

Breeding has increased yields during the past decades of breeding history, and the
genetic yield improvement has been associated with changes in morphological and
physiological traits. Further exploration of these associations can give insight into the
mechanisms of yield improvements. However, to what extent yield-based selection
indirectly affected canopy architecture, and the vertical distribution of light and
nitrogen within the maize canopy has not been reported. In Chapter 4, the canopy
architecture, the vertical distribution patterns of light and nitrogen, and grain yields
of maize cultivars, released between 1950 and 2004, were hence quantified and
analysed in this study.

The vertical distribution of leaf area is an important determinant of light capture in
canopy. In order to further address questions on maize N use and productivity using
plant simulation models, this distribution of leaf area needs to be well represented in
such models. Therefore, we set out to make simple and robust mathematical descrip-
tions of leaf dimensions (i.e., leaf length, leaf width, and leaf area) that can be imple-
mented in plant models. In Chapter 5, the vertical distribution of leaf dimensions
are described quantitatively by an empirical equation for which all parameters can
be interpreted in a biological meaningful way. By analysing the characteristics of the
equation combined with the growth and development of maize plants, four key leaf
positions were need be used to build the equation.

In the General Discussion (Chapter 6), the main findings in this thesis are put in a
broader context, and the information about the vertical distributions about canopy
architecture, light and nitrogen distribution, and how they response to N availability

within the canopy are discussed.

1.7 Study area

The basis for this thesis was a long-term field experiment with maize grown under
different nitrogen (urea) fertilizer levels that was started in 2009 at the Gongzhul-
ing Experimental Station (43°53'N, 124°81'E) of Chinese Academy of Agricultural
Sciences, Jilin Province, Northeast China. This study was conducted in a long-term
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N-fertilized (urea) field, in which the N fertilizer management practices had been
maintained since 2009 (Fig. 1.2).

Fig. 1.2. The aerial view of the drone in the field experiment showing one replicate of the N
fertilizer field maize experiment. NO, N1 and N2 denote the low, intermediate and high treatments
respectively. This experiment has been run from 2009 and the data presented in this thesis reflect
years 7-10 of the experiment.

The total N amount and application stage of the three N fertilizer management practices
were as follows: no N fertilizer was applied throughout the whole growth period
(NO); 150 kg N /ha was all applied as base fertilizer before sowing (N1), and 150 kg
N / ha was applied as described for the N1 treatment, and an additional 150 kg N /
ha split equally at V6 and silking stages (N2). The weeds, diseases, and pests were
chemically controlled. The cultivars used in this study were Baihe (BH) released in
1950, Jidan 101 (JD101) in 1967, Zhongdan 2 (ZD2) in 1972, Yedan 13 (YD13) in
1998, Zhengdan 958 (ZD958) in 2000, and Xianyu 335 (XY335) in 2004 together
spanning a 54-year range in release years. All of the cultivars are successful, widely-
grown cultivars, representative of the elite germplasm of the period in which they
were released. Individual cultivars were selected because they were known to be well-
adapted to the agro-ecological conditions of the study area and seeds of proprietary
parental lines were available, which allowed the creation of new F1 hybrid seeds.
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Chapter 2

Abstract

Context or problem: The reallocation of dry matter (DM) and nitrogen (N) from
vegetative tissues to the grains are critical for both yield quantity and protein content
of cereal crops. However, it is unclear to which extent the dynamics in DM and N
reallocation depend on N availability, and how individual leaves within the maize

canopy respond to different N availabilities in terms of these processes.

Objective or research question: This study aimed to quantify DM and N accumula-
tion, partitioning, and reallocation from vegetative to reproductive parts in maize in

relation to soil N availability.

Methods: A long-term N fertilizer trial was conducted in Jilin province, Northeast
China, growing maize at three N fertilizer levels (low N availability, NO; intermediate
N availability, N1; and high N availability, N2). The accumulation, partitioning, and
reallocation of DM and N were quantified at the whole-plant, organs, and single-leaf
scales in 2015 and 2016.

Results: Although both post-silking DM accumulation and post-silking N uptake
increased in response to higher N availability, 8.3-38.8% of grain N still needed to be
reallocated from vegetative organs with a larger fraction coming from leaves (10.5-
36.5%) than from stems (4.4-11.6%). This dependency of grain N on N reallocation
from vegetative parts increased at lower soil N availability. Furthermore, the vertical
patterns of reallocated leaf DM and reallocated leaf N changed with N availabilities.
While in general leaves in the middle part of the canopy tended to reallocate more
DM and N to the grains than leaves from the upper or lower canopy parts, these

most-contributing leaves were higher in the canopy at low than at high N availability.

Conclusions and implications: Grain N relies on reallocation more than does grain
DM. At lower N availability, more grain DM and grain N need to be reallocated from
vegetative organs. Furthermore, the leaf ranks from which most DM and N were
reallocated, gradually increased from the bottom to upper ranks as N availability
decreased. Together, our results on the dynamics of N and DM uptake and reallocation
during the reproductive phase are important for plant and crop models that require

these processes for accurate predictions of maize performance.

Keywords: Dry matter; Leaf N content; Leaf rank; N availability; Reallocation
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Vertical patterns of leaf N reallocation

2.1 Introduction

Yields in cereal crops are determined both by dry matter (DM) accumulation through
photosynthesis and by the reallocation of photosynthates from vegetative organs to
grain during the reproductive stage (Olmedo Pico and Vyn, 2021; Yang et al., 2021).
Meanwhile, maize grain quality is associated with grain protein content, which is
closely linked to grain nitrogen (N) content (Cliquet et al., 1990; Kumar et al., 2019).
Grain N content in turn is the sum of N uptake from soil and N reallocation during
the reproductive phase. Hence, understanding the accumulation, partition, and real-
location processes of DM and N is essential to meet the grain demand for both high
yield and high quality.

Grain DM production is contributed by leaf area, photosynthesis duration and pho-
tosynthetic rates per unit leaf area (Li et al., 2022; Wang et al., 2018). Many studies
pointed out that increasing the total DM accumulation or the proportion of post-
silking DM is vital for achieving higher grain DM since more than half of the total
aboveground DM was accumulated through photosynthesis at the post-silking stage
(Cliquetetal., 1990; Liu et al., 2022; Wei et al., 2019). Grain DM may come from either
current assimilation allocated directly to grains or from the reallocation of assimilates
derived from pre-silking photosynthesis that were temporarily stored in vegetative
organs (Liu et al., 2017; Molla et al., 2019). However, the relative contributions of
photo-assimilations and reallocated DM to grain may differ between maize genotype
and depends on soil N availability (Chen et al., 2015; Evans, 1989). For instance,
compared to older cultivars, modern stay-green cultivars typically show higher post-
silking DM accumulation, with much less DM reallocation from vegetative parts to
grains (Liu et al., 2017; Zhang et al., 2022). In addition, at high N availability leaf
senescence is typically postponed allowing plants to maintain high LAI longer, and
thus to increase post-silking canopy photosynthesis and post-silking DM accumulation
(Olmedo Pico and Vyn, 2021; Zhang et al., 2010; Zhao et al., 2019).

Grain N in turn is derived from either post-silking root N uptake or from reallocation
from vegetative organs (Molla et al., 2019; Wang et al., 2018). For a given N content,
there is a trade-off between leaf N reallocation and leaf photosynthesis rate during post-
silking stages, because as more N is reallocated from leaves to grains, less N remains
in leaves to support photosynthesis (Brown et al., 2019; Liu et al., 2022; Ning et al.,
2017). Although higher N reallocation is important to support grain growth, it may
concomitantly result in lower leaf N content which in turn speeds up leaf senescence,
leading to reduced leaf' N contents, green leaf area and canopy photosynthesis (Evans
and Clarke, 2019; Hikosaka, 2016). This trade-off is mediated by the amount of N
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absorbed from the soil and hence by N fertilizer application. Higher N availability
entails that more N needed for grain growth can be taken up from the soil reducing
the need for N reallocation such that more N remains in leaves and leaf longevity is
prolonged (Boomsma et al., 2009; Li et al., 2022).

Previous studies mostly focused on N distribution, and reallocation during the grain-
filling stage at the whole plant level (Chen et al., 2019; Liu et al., 2022). However, it is
well known that leaf N distribution is uneven among leaves; the upper leaves generally
have higher N contents and specific leaf N than the lower leaves (Archontoulis et
al., 2011; Bertheloot et al., 2008; Hirose and Werger, 1987). This entails that more
N could be reallocated from upper leaves during the grain-filling stage. However,
the upper leaves receiving more light generally have higher photosynthetic rates and
nitrogen-use efficiency and thus contribute more to canopy photosynthesis than do
lower shaded leaves (Anten et al., 1995; Hikosaka, 2016; Li et al., 2019). Therefore,
plants tend to reallocate relatively more N from lower leaves partly through shade-
induced senescence (Archontoulis et al., 2011; Liu et al., 2022). The vertical pattern
of N reallocation and its effects on post-silking canopy photosynthesis is also affected
by N availability from the soil, due to the fact that N availability affects leaf area and
thus canopy shading, leaf N content as well as the amount of grain N that can directly
be derived from the soil (Li et al., 2022; Perez et al., 2019).

The accumulation, partitioning, and reallocation of dry matter (DM) and nitrogen (N)
affect the metabolic processes of the crop and are intricately linked to plant physiologi-
cal events (Fournier and Andrieu, 1999; Zhao et al., 2019). Although aboveground
DM or N accumulation, partitioning, and reallocation have been well documented in
maize plants (Liu et al., 2022; Molla et al., 2019), little information is available about
the vertical distribution and reallocation patterns of DM or N across leaf ranks and
the extent to which this distribution is modified by changes in N availability. In this
study the objectives were to: (1) quantify the DM and N accumulation, partitioning,
and reallocation at the whole plant and organ scales during the reproductive phase,
and (2) improve our understanding of the dynamic responses of vertical DM and N
reallocation within the maize canopy to different N availabilities. These questions
were addressed in a long-term field N fertilizer trial with maize.
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2.2 Materials and methods

2.2.1 Experimental Site

A long-term field experiment with maize grown under different nitrogen (urea)
fertilizer levels was started in 2009 at the Gongzhuling Experimental Station of the
Chinese Academy of Agricultural Sciences (43°53N, 124°81E) in Jilin province,
Northeast China. The meteorological data for 2015 and 2016 at the experimental site
were recorded daily during the maize growing season (from 1 May to 30 September).
The average daily temperature varied from -1.5°C to 28.0°C in 2015 and from 1.1°C
to 28.6°C in 2016 respectively (Fig. 2.1). The total precipitation was 433.6 mm in
2015 and 652.0 mm in 2016.
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Fig. 2.1. The mean daily maximum and minimum temperature, and daily precipitation during the
experimental years. Red arrows indicate key growth stages in maize.

2.2.2 Experimental design

The data in this study was collected in 2015 and 2016, which were the year seven
and eight in this long-term trial. Soil samples from the 0 to 20 cm soil layers were
taken before fertilizer application during each growing season at the beginning of
the field experiments (Table 2.1). The total N amount and application stage of the
three N fertilizer management practices were as follows: no N fertilizer was applied
throughout the whole growth period (NO), 150 kg N ha™! was all applied as base
fertilizer before sowing (N1), and 150 kg N ha™! was applied as described for the
N1 treatment, and an additional 150 kg N ha™! splits equally at V6 and silking stages
(N2). The chemical fertilizer phosphorus (superphosphate) and potassium (potassium
chloride) were applied before sowing at a rate of 42.5 kg P,O, ha/year and 42.5 kg
K,O ha/year to all treatments. As the N treatments had already been maintained for
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6-7 years before that start of the experiment, soil N at the start of the experimental
years was already different and these differences were increased by current-year N
fertilizer application (Table 2.1).

Table 2.1. The soil N content (g/kg) before sowing, the N fertilizer applications, and the different
N availabilities in this study

Year Treatments Soil N content N fertilizer application N availability
(g/kg) (kg/ha) (g/kg)
2015 NO 1.09¢ 0 1.09¢
N1 1.25b 150 1.29b
N2 1.40 a 300 1.49a
2016 NO 1.08 ¢ 0 1.08 ¢
N1 1.29b 150 1.33b
N2 1.46 a 300 1.55a

Note: Different letters in the same column indicate significant differences at P < 0.05 (n=10). The
soil bulk density was 1.68/cm? in this study, and the nutrient availability of P and K were applicated
the same for all N management treatments.

The experiments used a random block design with three replications each. Individual
plots were 45.5m?, and each contained seven rows of maize, 10 m long with 0.65 m
distance between rows. The seeds of widely grown maize hybrid XY335 were sown
by hand at 6.75 plants/m? on 1 May in 2015 and 29 April in the year 2016. All weeds,
diseases, and pests were controlled.

2.2.3 Plant sampling

Adjacent plants from the same inner row were tagged by applying a dot of red paint
to their leaves at the V3 stage. Leaf rank was counted from the bottom (leaf 1) to the
top, and tags were placed on leaves 4, 8, and 12 to avoid confusion as lower leaves
senesced (Fan et al., 2020). Maize plants were randomly selected among tagged plants,
and the whole plant shoots were cut down from the soil surface at silking (R1) and at
physiological maturity (R6). Plant samples were separated into individual leaves (leaf
blades), stem (including leaf sheath), grain, cob, bracts, and tassels. The dry weight
of each sample was determined after drying for 72 h at 85°C in a forced-air drying
oven. The samples were then weighed, ground into a fine powder, and analyzed the
N concentration based on the Kjeldahl method (Bremner, 1960). The post-silking DM
accumulation and N uptake were calculated at the whole-plant level, and the DM and
N allocation to different organs was quantified. The absolute reallocated amounts
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and the fractions of the reallocated leaf DM and leaf N, and the contributions of both
to grain DM and grain N were calculated at organ scale (leaf or stem sections) and
individual leaf scale (individual leaf rank), respectively.

2.2.4 Measurements of accumulation, partitioning, and reallocation processes
of dry matter and nitrogen

2.2.4.1 Whole-plant dry matter and N accumulation during post-silking stage
The post-silking DM accumulation Eq. (1) and N uptake Eq. (2) were calculated as:

Post-silking DM (g/plant) = whole plant DM, ~whole plant DM )

Post-silking N uptake (g/plant) = whole plant N, -whole plant N 2)

where DM, | and DM, , represent the whole-plant DM in R1 (silking) and R6 (maturity)
stages, and N, and N, represent the whole-plant N content in the R1 and R6 stages.

2.2.4.2 Harvest index

Harvest index (HI) and N harvest index (NHI) were calculated as follows:

HI=Grain DM/ whole-plant DM, 3)
NHI=Grain N /whole-plantN_ 4)

where Grain DM and Grain N are the grain dry matter (g plant™') and grain N (g plant™)
content at the R6 stage, respectively.

2.2.4.3 DM and N partitioning

DM partitioning (%) = DM of specific vegetative organ /whole-plant
DM x100% )

N partitioning (%) = N of specific vegetative organ /whole-plant

N x100% (6)

DM partitioning and N partitioning were defined as the fractions of DM or N of each
organ to whole-plant DM or N. Where the specific vegetative organs represent of leaf,

stem, cob, brace, tassel, and grain, respectively.
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2.2.4.4 The reallocated amount and reallocation fraction of DM and N

Reallocated DM amount (g) = DM, -DM, @)
Reallocated N amount (g) = N -N,, (8)
DM reallocation fraction (%) = Reallocated DM amount /DM, 9)
N reallocation fraction (%) = Reallocated N amount /N, (10)

We calculated the reallocated amount and fraction of DM and N at organ level (leaf
or stem) and leaf level (individual leaf rank) in this study, respectively. When calcu-
lating at the organ level, the DM, , N, , DM, , and N represent the dry matter or N
contents of the leaf or stem fractions of the plant at the R1 and R6 stages, respectively.
When calculated at leaf level for individual leaves, the DM, , N,,, DM, and N
represent the dry matter or N contents of individual leaves at each leaf rank at the R1

and R6 stages, respectively.

2.2.4.5 Contribution of DM and N reallocation to grain

Contribution of reallocated DM to grain DM (%) =
Reallocated DM amount/Grain DM (11)

Contribution of reallocated N to grain N (%) =
Reallocated N amount/Grain N (12)

Where DM, and DM, represent the dry matter of each leaf rank at the R1 and R6
stages. Grain DM represents the dry matter of grain at the R6 stage. N, and N,
represent the N content of each leaf rank at the R1 and R6 stages, and Grain N rep-
resents the N content of grain at the R6 stage.

2.2.5 Statistical analysis

Statistical analysis was performed using R software (version 3.6.1). One-way analysis
(ANOVA) was used to evaluate the effect of N availability on the accumulation, parti-
tioning, and reallocation of dry matter and N content. Differences were compared using
the least significant difference test at a 0.05 level of probability. Due to substantial
year-by-treatment interactions for most of the assessed variables, the treatment effect
was evaluated separately for each year.
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2.3 Results

2.3.1 Whole-plant dry matter and N content accumulation

The whole-plant DM and N increased with N availability in both years regardless of
developmental stage, and the effect of N availability on whole-plant N content was
stronger than the effects on whole-plant DM (Table 2.2). The post-silking DM increase
was slightly larger than the grain DM, in all cases including the NO treatment. This
indicates that net assimilation during the reproductive phase was consistently more
than sufficient to meet DM demand for grain filling. However, the N uptake from the
soil during the post-silking stage was not sufficient for the amount of N in grains, as
indicated by post N/grain N values being < 100%. This fraction increased with the
level of fertilizer. This indicates that part of the N in grains must have been made
available through reallocation from vegetative organs to grain and that this realloca-

tion requirement was larger at low N availability (Table 2.2).

Atthe R1 stage, the largest fraction of DM was in the stem (60%) followed by leaves
(30%) and the remaining organs (cob, bract, and tassel) together accounting for about
10%. This DM distribution pattern was not significantly affected by N fertilizer treat-
ments. At the R6 stage, maize plants tended to allocate less DM to grains and more
to vegetative parts at low than at high N availability. For instance, the proportions of
grain DM to whole-plant DM decreased from 0.49 in the N2 treatment to 0.42 in the
NO treatment (Fig. 2.2a). The distribution pattern of N was different. At the R1 stage,
around 50% of N was in leaves and 40% in the stem, without a significant effect of N
availabilities. At the R6 stage, about two-thirds of the total N was in the grains, with
a nitrogen harvest index (NHI) of 0.61-0.67. Increased N availability decreased N
allocation to the grains, but caused a considerable increase in the N allocation to other
organs (Fig. 2.2b). Overall, the soil N availability did not affect partitioning of DM and
N among organs at the R1 stage. However, at the R6 stage, more DM was allocated
to leaf and stem, and more N was allocated to grain in response to low N availability.

2.3.3 Reallocation of DM and N in leaf versus stem organs

Overall plants reallocated relatively more N than DM from leaves to grains and grain
N hence also depended relatively more on this reallocation than gain DM (Table 2.3).
More specifically, leaves reallocated up to 60% of their N, but only 15% of their DM.
The reallocated N from both leaf and stem contributed 10.5-35.6% to grain N, but the
reallocated DM only account for 1.6-10.9% to grain DM. Furthermore, the amount
of N reallocation from leaves was larger than that from stem, and this was consistent
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Fig. 2.2. The proportion of DM (a) and N (b) in different plant organs to total DM and total N of
the whole plant under different N availabilities at the R1 and R6 stages in 2015 and 2016. Different
letters indicate significant (P < 0.05) difference between N treatments.

across all treatments. N availability significantly influenced DM and N reallocation,
reallocation fractions, as well as the contribution of reallocation to grain DM and N
(Table 2.3). Notably, in absolute terms, the highest DM and N reallocation amounts
were obtained under the intermediate N1 treatment. The reallocation fractions of
reallocated DM or N and their contributions to grain DM or grain N however were
greater as N availability became less. This indicates that in terms of relative contribu-
tions, the accumulation of DM and N in grains becomes increasingly dependent on
DM and N reallocation from vegetative parts when external N availability goes down.

2.3.4 Distribution and reallocation of DM and N from individual leaves

Leaf DM and leaf N content (i.e., the total amounts of DM or N in a leaf) of individual
leaves increased with leaf rank up to the ear leaf (rank 14) and then decreased towards
the top leaf (Fig. 2.3). The maximum leaf DM was around 6 g/leaf at the R1 stage,
whereas the maximum leaf N content was 0.15g N/leaf. N deficiency significantly
reduced DM and N content particularly for the leaves closer to the ear. The reduction
in leaf N content with decreasing N availability was much greater than the reduction
in leaf DM (Fig. 2.3). Furthermore, the differences of leaf N among N availabilities
became greater at the R6 stage.

The amount of reallocated DM from individual leaves increased with leaf rank up to
the ear leaf and then decreased towards the top leaf (Fig. 2.4a). The negative value
of the reallocated DM in the upper leaves indicates there was net DM accumulation
rather than reallocation between the R1 and R6 stages in these leaves (Fig. 2.4a).
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Fig. 2.3. The vertical distribution patterns of leaf DM (a) and leaf N content (b) at each leaf rank
under different N availabilities during the R1 and R6 stages in 2015 and 2016. The dashed red line
represents the rank of the ear leaf within the maize canopy.
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Fig. 2.4. The amount of leaf DM (a) and leaf N (b) reallocated from individual leaves under
different N availabilities. The dashed red line represents the rank of the ear leaf within the maize

canopy. Negative values (< 0) indicate that on-balance leaves had accumulated DM or N between
the R1 and R6 stages.

By contrast, the reallocation of leaf N content was largely from middle and upper
leaves within the canopy, especially near the ear leaf. This indicates that the leaf N
reallocation was largely from living leaves via re-translocation of N reserves and
less from senescing leaves (Fig. 2.4b). The reallocation of DM and N was affected
by N availability, with the highest amount of DM and N reallocation occurring in
the N1 treatment. The maximum reallocation values of leaf DM and leaf N content
were 0.9 g and 0.05 g, respectively (Fig. 2.4). The general pattern of N accumulation
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across leaf ranks was an initial increase with leaf rank at low leaf ranks and a decline
at higher ones, with the highest values being at somewhat intermediate leaf ranks.
But this maximum shifted upwards with decreasing N availability, indicating that

as plants are more N limited, N reallocation occurs progressively more from upper
leaves (Fig. 2.4b).

The lower the N availability, the higher the reallocation fraction (the ratio of reallocated
DM or N per leaf to whole leaf DM or leaf N) of leaf DM or leaf N. For instance,
the average value of reallocated leaf DM fractions during the two experimental years
were 5%, 17%, and 16% (N2, N1, and NO), and the reallocated leaf N fractions were
23%, 46%, and 53% (Fig. 2.5). Individual leaves reallocated up to 60% of their own
N but only up to 30% of their DM. The reallocation fractions of leaf DM and leaf N
differed among leaf ranks and these distribution patterns were affected by N avail-
ability (Fig. 2.5). The lowest-ranked leaves at the bottom of the canopy exhibited the
highest reallocated leaf DM fraction, and the decline in fractions with leaf rank was
strongest in the N2 treatment (i.e., where values became negative at the top) (Fig.
2.5a). The reallocated leaf N fraction under NO and N1 treatments was much bigger
than that in N2 treatments, but the range difference among leaf ranks within the maize
canopy was much smaller compared with N2 treatments (Fig. 2.5b).
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Fig. 2.5. The reallocation fraction of leaf DM (%) and leaf N content (%) (i.e., the net percentage
of DM and N in leaves that were retranslated) at individual leaves under different N availabilities
in 2015 and 2016. The dot red line represents the rank of the ear leaf within the maize canopy.
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2.3.5 The contribution of DM and N reallocation from individual leaves to
grain DM and N

The DM and N reallocated from individual leaves under lower N availabilities con-
tributed more to grain DM and grain N than that under high N availability (Fig. 2.6).
For instance, the average contributions of total leaf DM reallocation during the two
experimental years under NO, N1, and N2 treatments were 5.7%, 4.6%, and 0.9%,
respectively (Fig. 2.6a). Grain N depended more on the reallocation from vegetative
organs compared with grain DM. The leaf N reallocations in 2015 and 2016 under NO,
N1, and N2 treatments averaged to account for 22.7%, 16.2%, and 6.7%, respectively
(Fig. 2.6b). Furthermore, the vertical distribution of individual leaf contributions of
DM and N was affected by N availability, shifting from it coming more from bottom
leaves at N2 treatment via middle leaves at N1 to top leaves at NO (Fig. 2.6).
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Fig. 2.6. The contribution (%) of reallocated leaf DM and leaf N to grain DM or grain N at
individual leaves under different N availabilities in 2015 and 2016. The dashed red line represents
the rank of the ear leaf within the maize canopy.

2.4 Discussion

2.4.1 Grain N relies on reallocation more than grain DM.

A high post-silking DM accumulation is vital for achieving high maize grain yields,
since the majority of the grain DM was found to come from the photosynthates
produced during the post-silking stage (Liu et al., 2023; Ning et al., 2013; Parco et
al., 2022). In this study, the post-silking DM accounted for 107.7-116.7% of the grain
DM regardless of the N availability (Table 2.2), which was probably because the
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accumulated post-silking DM derived by canopy photosynthesis provides sufficient
assimilates for grain DM (Koutroubas et al., 2012; Liu et al., 2023). The situation
was different for nitrogen, where 8.3-38.8% of grain N was reallocated from veg-
etative organs during the post-silking stage, and this dependency on N reallocation
increased with decreasing N availability (Table 2.2). Since N uptake depends on the
continuous carbohydrate supply from shoot to roots, longer duration of post-silking
photosynthesis is beneficial for post-silking N uptake of the maize plants, which in
turn increases canopy photosynthesis duration and final grain DM (Gallais et al.,
2007; Liu et al., 2023; Winterhalter et al., 2012). The delayed leaf senescence, larger
leaf area, and longer photosynthesis duration under high N availability contribute
to improving canopy photosynthesis capacity and ultimately, greater post-silking N
uptake (Liu et al., 2022; Riha et al., 2013). However, as we found, increasing N avail-
ability may simultaneously decrease the N reallocation fraction of the N accumulated
at the pre-silking stage (Table 2.3), and therefore increase the amount of residual N
in vegetative organs, since less reallocated N is needed to meet grain N requirements
with increasing N availability (Chen et al., 2015; Ning et al., 2013).

2.4.2 Trade-off between post-silking photosynthesis and N reallocation in
leaves in response to N availability

Leaf and stem are the main organs from which DM or N is reallocated to grains, when
the accumulated post-silking DM or post-silking N uptake cannot meet the grain
requirements (Chen et al., 2015; Liu et al., 2021). The largest amount of DM and N
reallocation was at intermediate N availability (Table 2.3), indicating both N deficiency
and very high N availability can restrain the DM and N reallocation from vegetative
organs to grain (Wei et al., 2019). On the other hand, the relative contribution of DM
or N reallocation from stems and leaves to the total accumulation of DM and N in
grains increased with decreasing N availability (Liu et al., 2022; Molla et al., 2019).
The amount of N reallocated from leaves was larger than the amount reallocated from
stems consistent across all three treatments (Table 2.3). Since the reallocated leaf N
mainly comes from the breakdown of proteins and chlorophyll (Evans and Clarke,
2019; Ma et al., 2022), there is a trade-off between N reallocation and leaf photosyn-
thesis rate. The more N is reallocated from leaf to grain during post-silking stage, the
less N will be left to support photosynthesis (Li et al., 2020; Onoda et al., 2017). This
trade-off was mediated by N availability (Chen et al., 2015; Ning et al., 2013). A high
N availability entails that more N needed for grain growth can be taken up from the
soil reducing the need for N reallocation such that more N remains in leaves and leaf
longevity is prolonged (Boomsma et al., 2009; Li et al., 2022).

44



Vertical patterns of leaf N reallocation

2.4.3 N availability determines the vertical N reallocation patters within
maize canopy

Increasing N availability does not necessarily result in a proportional increase in the
distribution and reallocation of DM and N from individual leaves (Fig. 2.3 and 2.4).
It is well-known that the N distribution and photosynthetic rate N are uneven among
leaves at different positions in the canopy (Anten et al., 1995; Archontoulis et al.,
2011). Leaf DM and leaf N content of individual leaves increased with leaf rank up to
the ear leaf and then decreased towards the top leaf, roughly following a bell-shaped
function of leaf rank (Fig. 2.3), which was consistent with previous findings (Archon-
toulis et al., 2011; Ciganda et al., 2008; Winterhalter et al., 2012). The largest amount
of reallocated leaf DM and leaf N came from the middle part of the canopy (Fig. 2.4).
This is mainly because the middle leaves have higher N concentration and bigger leaf
area, which entails more DM and N could be reallocated (Fan et al., 2022; Li et al.,
2022). However, the bottom leaves reallocated the largest fraction of their DM and
N to grains (Fig. 2.5). Furthermore, the vertical N reallocation pattern across leaves
within the canopy was affected by N availability. On the one hand, N reallocation
from lower leaves has the smallest opportunity costs in terms of photosynthesis as
these leaves are shaded. On the other hand, leaf N contents in upper leaves are higher,
hence there being more N available for reallocation. When N availability is limited,
maize plants tend to reallocate N to the upper leaves to maximize light interception
and photosynthesis, while reducing investment in lower leaves (Fig. 2.4b). The upper
leaves have a higher N concentration and photosynthetic rates than the lower leaves,
and this distribution pattern positively affects canopy photosynthesis (Ellsworth and
Reich, 1993; Yao et al., 2016). However, when N availability is high, the plants also
reallocate more N to lower leaves to increase N uptake and maximize DM production
(Fig. 2.4b). As N availability from the soil declines, N uptake during the reproductive
stage supports a smaller fraction of grain N accumulation and thus plants progres-
sively needed to reallocate from upper leaves even if that entailed a relatively large
opportunity cost in terms of photosynthesis.

2.4.4 Implications for N fertilizer management practice and crop models

Increasing grain yield and grain quality, especially protein content, are important for
meeting food demand, improving human nutrition, and ensuring a sustainable food
system (Duvick, 2005; Ray et al., 2019; Tokatlidis and Koutroubas, 2004). Proper
N management can help to ensure that crops receive adequate N for optimal growth
and yield, maintain high grain protein content (Hou et al., 2012; Van Oosterom et al.,
2001), while preventing losses of N to the environment. In practice, farmers often
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apply N at excessive rates to ensure a good maize yield (Li et al., 2022; Ning et al.,
2013). An N supply in excess of that required for the highest grain DM may increase
grain N to an extent (Table 2.2), but also lead to high levels of residual N in straw at
maturity, since less reallocated N from vegetative organs to grain (Table 2.3). Previous
studies also demonstrated that postponed N fertilizer topdressing could enhance yields,
nitrogen-use efficiency and effectively avoid the environmental problems caused by
excessive fertilization during field production (Xu et al., 2023; Zhai et al., 2022).
However, we suggest to pay attention to the soil N availability, and pre-silking N
fertilizer application, since a relatively high pre-silking DM accumulation provides a
strong base for post-silking growth, which in our study contributed to lower DM real-
location and high grain yield. Moreover, the pre-silking N accumulation in vegetative
organs contributed to grain N, which has a positive effect to grain quality.

The current crop models, while rather good at simulating yield amounts (Van Ittersum
et al., 2003; Wang et al., 2019) are much less capable of simulating yield quality.
This is in part because the physiological processes underlying yield quality are not so
well understood and quantified. For instance, as pointed out in this paper, the balance
between post-silking N reallocation to support grain N demand and canopy photo-
synthesis to support assimilate supply is mediated by variation in soil N availability,
which is not well described yet in crop models. (Van Ittersum et al., 2003; Vos et al.,
2010). In this paper, we focused on DM and N reallocation which is an important
process driving the balance between post-silking canopy photosynthesis (supporting
yield quantity) and N reallocation (mostly, grain protein content). We showed how
the balance between N uptake and N reallocation is mediated by N availability, and
how this dynamic plays off across different leaves in the canopy providing important
data to develop plant models (Barillot et al., 2016; Faverjon et al., 2019). Such models
could be used to explore the extent to which vertical DM and N reallocation patterns
in maize plant canopies can be optimized in terms of both high grain DM and grain N.

2.5 Conclusion

Adequate soil N availability is essential to ensure higher DM and N accumulation
and higher yield in maize. While post-silking leaf photosynthesis was capable of
providing sufficient assimilates for grain DM, 8.3-38.8% of grain N were reallocated
from vegetative organs accumulated during pre-silking stage. Moreover, the lower
the N availability, the higher the contribution of reallocated N to grain N. The vertical
patterns of reallocated leaf DM and leaf N within the maize canopy was mediated by
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N availability. With decreasing N availability, N reallocation comes increasingly from
upper leaves in the canopy and hence comes at a relatively greater cost in terms of
photosynthesis. This is important information to improve N management in precision
farming and to provide data support for the plant and crop models N treatment effect

assessments.
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Abstract

Nitrogen (N) utilization for crop production under N deficiency conditions is subject to
a trade-off between maintaining specific leaf N content (SLN) important for radiation-
use efficiency (RUE) versus maintaining leaf area (LA) development, important for
light capture. This paper aims to explore how maize deals with this trade-off through
responses in SLN, LA, and their underlying traits during the vegetative and reproduc-
tive growth stages. In a ten-year N fertilization trial in Jilin province, Northeast China,
three N fertilizer levels have been maintained: N-deficiency (NO), low N supply (N1),
and high N supply (N2). We analyzed data from years 8 and 10 of this experiment for
two common hybrids. Under N deficiency, maize plants maintained LA and decreased
SLN during vegetative stages, while both LA and SLN decreased comparably during
reproductive stages. Canopy SLA (specific leaf area, cm?/g) decreased sharply during
vegetative stages and slightly during reproductive stages, mainly because senesced
leaves in the lower canopy had a higher SLA. In the vegetative stage, maize maintained
leaf area at low N by maintaining leaf biomass (albeit hence having N content/mass)
and slightly increasing SLA. These responses to N deficiency were stronger in maize
hybrid XY335 than in ZD958. We conclude that the main strategy of maize to cope
with low N is to maintain leaf area, mainly by increasing SLA throughout the plant
but only during the vegetative growth phase.

Keywords: Leaf area; leaf N content per unit leaf area; maize strategy; N deficiency;
N management practices; specific leaf area
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3.1 Introduction

Nitrogen (N) deficiency is one of the most important abiotic factors reducing plant
growth and crop yield because N plays a vital role in photosynthesis and crop produc-
tivity (Tollenaar and Lee, 2002; Zhang et al., 2020). In agriculture, the amount and
efficiency of use of N fertilizer in crops is an issue of intense scientific and societal
debate. When the supply of N does not meet the potential demand of the crop, plants
exhibit responses in leaf traits such as changes in leaf area production and senescence,
specific leaf area (leaf area/mass SLA) and N reallocation, which in turn influence
crop growth and yield (Ellsworth and Reich, 1993; Riha et al., 2013). Analyzing
these responses is important to elucidate the drivers of crop nitrogen-use efficiency.

Canopy-level response to reduced N uptake and implications for canopy photosyn-
thesis can be viewed by considering that canopy photosynthesis is the product of light
absorption and radiation-use efficiency (RUE, canopy photosynthesis/light capture)
(Bonelli and Andrade, 2020; Haxeltine and Prentice, 1996). Plants can thus respond
to low N uptake through maintenance in leaf area (LA) but reducing specific leaf
N content per unit area (SLN). This results in light capture being maintained but a
reduction in RUE, given the positive relationship between SLN and leaf photosynthesis
(Drouet and Bonhomme, 2004; Field and Mooney, 1986). Conversely, SLN and RUE
can be maintained, if LA and consequently in light capture are reduced (Bonelli and
Andrade, 2020; Grindlay, 1997). An optimal balance in these two responses helps
plants maximize photosynthesis for a given amount of canopy nitrogen (Anten et al.,
1995). The strategies followed by plants to cope with N deficiency may differ both
among and within plant species (Lemaire et al., 2008; Massignam et al., 2009). For
instance, wheat, potato, and canola have predominantly been found to reduce LA and
associated light capture, thereby maintaining SLN and RUE (Lemaire et al., 2008;
Vos and Van Der Putten, 1998). By contrast, maize and tall fescue respond to N defi-
ciency by a reduction in SLN (Massignam et al., 2011; Vos et al., 2005). Sunflower
and sorghum have an intermediate response strategy, showing an almost equal decline
in both LA and SLN (Lemaire et al., 2008; Oosterom et al., 2010). Although broad
trade-offs among LA and SLN have been demonstrated, both LA and SLN typically
decrease with crop development since leaf senesces and N reallocation to grain for
protein synthesis during reproductive stages (Bertheloot et al., 2008; Li et al., 2022).
We do not know how these responses are mediated by underlying plant traits and the
extent to which they are dependent on the developmental stage of the plants. The
extent of intraspecific variation in these responses is also not known.
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Plants can alter their intraspecific morphological and physiological traits to acquire and
use limited available resources through phenotypic plasticity in response to external
environment change (Legner et al., 2014; Poorter et al., 2009; Zhu, 2015). An important
leaf trait in this respect is specific leaf area (SLA, cm?/g), as it reflects the trade-off
between light capture (leaf area) and mass (and hence photosynthetic compounds) per
unitarea (Liu etal., 2017; Wilson et al., 1999). For instance, plants typically respond to
drought conditions by decreasing SLA, keeping smaller but thicker leaves to decrease
water loss (Pérez-Ramos et al., 2013). The acclimation to shade is characterized by
increased SLLA because higher SLA provides more leaf area for light harvesting (Evans
and Poorter, 2001). The interception and spatial distribution of light within the canopy
thus induce SLA adjustments, which in turn change the light environment within plant
canopies (Archontoulis et al., 2011; Liu et al., 2017; Yao et al., 2016). Furthermore, SLA
influences the amount of nitrogen per unit area (specific leaf nitrogen content, SLN)
and hence the SLN profile in the canopy and it affects the N allocation between leaf
structural components and leaf photosynthesis (Mu et al., 2016; Wilson et al., 1999).
Therefore, the plasticity in SLA is crucial in determining canopy photosynthetic capacity
and the photosynthetic utilization efficiency of light and N (Reich et al., 1998; Yao et
al., 2016). The dynamics in canopy SLA are also affected by leaf age and plant size
(Evans and Poorter, 2001; Poorter et al., 2009). In most herbaceous species, canopy
SLA increases during leaf expansion, after which there is a decline presumably because
of a build-up of cell wall material and chloroplasts (Milla and Reich, 2007; Simioni et
al., 2004). Hence, capturing temporal and spatial distribution in leaf SLA has been a
long-standing goal of ecological research and is also a crucial part of advancing crop
models (Archontoulis et al., 2011; Serbin et al., 2019).

Maize (Zea mays. L) is one of the most extensively cultivated cereal crops worldwide
and plays an important role in ensuring food security. However, maize is very sensitive
to N deficiency under field conditions (Bonelli and Andrade, 2020; Massignam et
al., 2009). Therefore, identifying how maize plants respond and adapt to N-limited
conditions in terms of leaf traits is critical to enhancing crop productivity and resource-
use efficiency. Plants respond to N fertilizer only when soils have low N availability.
Long-term field experiments, in which fertilizer treatments are maintained for 5-10
years are therefore most suitable to test the effect of N fertilization. The general
objective of this study was to quantify maize response to N deficient conditions at the
leaf- and canopy level and in relation to plant ontogeny. Specifically, we address the
following questions: (i) what is the trade-off strategy between LA and SLN to adapt to
N deficiency in the maize canopy, (ii) does this strategy differ during vegetative and
reproductive stages? (iii) How does specific leaf area (SLA) respond to N deficiency
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in leaf- and canopy scale? To this end, our study focused on the comparative analysis
of leaf traits at the plant and canopy levels for vegetative and reproductive stages in
a long-term N fertilized maize field.

3.2 Materials and methods

3.2.1 Site and experimental design

This study was conducted in a long-term N fertilized (urea) field, in which the N ferti-
lizer management practices had been maintained since 2009. Our data were collected
in years 8 (2016) and 10 (2018) of the experiment. The experiment was carried out at
Gongzhuling Experimental Station of the Chinese Academy of Agricultural Sciences
(43°53N, 124°81E), which is located in Jilin province, Northeast China. Two of the
most widely-grown maize hybrids in China, XY335 and ZD958, were used in this
study. Individual plots were 45.5 m? in size and comprised seven rows of 10 m in length
separated by 0.65 m distance. The plant population density was 6.75 plants/m?. The
plots were arranged in a randomized block design with three replications each. The
seeds were sown on 29" April in both years. Weeds were controlled with herbicides.
The experimental site received 602.3 and 635.2 mm of precipitation during the maize
growing season (from 1" May to 30" September) in 2016 and 2018 and had a mean
daily air temperature of 19.9 and 20.4°C, respectively (Table 3.1).

Table 3.1. Mean temperature and precipitation during the growing season in the years 2016 and
2018 at the experimental station

Month Year 2016 Year 2018
Temperature Precipitation Temperature Precipitation
0 (mm) (°C) (mm)
May 16.3+4.3 173.0+13.8 17.143.5 87.1£7.5
June 20.8+2.7 102.2+8.1 22.3+2.7 121.948.3
July 23.842.1 62.5+6.2 25.542.5 128.1+10.2
August 22.5+3.9 132.549.1 21.6£2.5 246.7+17.6
September 16.4+3.4 132.1£7.9 15.543.7 51.4+3.1

3.2.2 N fertilizer treatments

The total N amount and application stage of the three N fertilizer management
practices on the long-term N fertilized field were as follows: no N fertilizer was
applied throughout the whole growth period (NO), 150 kg N /ha was all applied as
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base fertilizer before sowing (N1), and 150 kg N /ha was applied as described for the
N1 treatment, and an additional 150 kg N /ha split equally at V6 and silking stages
(N2). P,O; (super phosphate) 42.5 kg/ha and K,O (potassium sulfate) 42.5 kg/ha
were applied as the base fertilizer for all treatments. The fertilizer was applied in the
middle of two rows through traditional broadcasting. The topsoil (0-20cm) at the
experimental site was classified as chernozem, and the fundamental soil fertility of
each growing season was measured before sowing (Table 3.2). Total nitrogen content
was determined using an automatic meter (Kjeltec 8400, FOSS, Denmark) according
to the Kjeldahl method (Bremner, 1960).

Table 3.2. Total soil N content in the upper 0-20 cm before sowing

Total N content Year NO N1 N2
2016 1.08 ¢ 1.29b 1.46 a
(gkgh 2018 0.82¢ 1.11b 1.24 a

Note: Different letters in the same row indicate significant differences at P<0.05 (n=10). Nutrient
availability of P and K were applicated the same for all N management treatments.

3.2.3 Plant sampling and measurement

Plants in the three central rows (considering the border effect) were tagged. Leaf rank
was counted from the bottom to the top, and tags were placed on leaves 4, 8, and
12 to avoid confusion as lower leaves were senesced (Fan et al., 2020). Focal plants
were randomly selected among tagged plants and the whole plants were cut down
at soil-surface level at the six-leaf stage (V6), twelve-leaf stage (V12), silking stage
(R1), milking stage (R3), and at physiological maturity (R6) (Broeske, 2017). After
cutting the fully-expanded leaves from the tagged plants, the maximum length (Z,
cm) and maximum width (W, cm) of each leaf was measured with a ruler. The leaf
area of every single fully-expanded blade was calculated by Eq.(1) with a coefficient
of 0.75 (Fan et al., 2020; Zhen et al., 2018), and the leaf area at the plant level was
calculated as the sum of every single fully-expanded green leaf area.

LA; =075 X LXW (D

Individual leaves were dried at 85°C to a stable weight, weighed, and ground to a fine
powder. N concentration of each sample was determined using the Kjeldahl method
(Bremner, 1960).
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3.2.4 Calculations and statistical analysis

Canopy SLA was defined to be the ratio between green leaf area to the dry weight
of leaf biomass Eq.(2), and canopy SLN was calculated as the amount of leaf N per
unit of green leaf area Eq.(3).

SLA =¥z, LA;/¥i=1 LB, 2)
SLN = Y1, TLN; /Y1, LA, 3)
TLN; = LNC; X LB; (4)

where LA is green leaf area (cm?), LB is leaf biomass (g), LNC is the leaf N concen-
tration (mg/g), TLN is the total leaf N amount (g), and in Eq.(2) and Eq.(3), n is the
total number of green leaves of the maize plant and the suffix i indicates an individual
leaf value (e.g. L4, LB, is the leaf area and leaf biomass of the leaf rank i ,while LA
and LB are the leaf area and leaf biomass of the whole plant).

Specific leaf area (SLA, cm?/g, the leaf area per unit leaf dry biomass) is an essential
indicator for estimating plant strategies in response to environmental changes (Legner
et al., 2014; Zhou et al., 2020). Hence, the relationship between leaf area (LA) and
leaf biomass (LB) at the whole plant level was examined by a power function in this
study, as it shows how SLA scales with canopy size (Milla and Reich, 2007).

A power function LB = a * LA (by In-transforming form)
In(LB) = In(a) + BIn(LA) 5)

£ > 1 indicates that LB increases disproportionately with increasing LA and SLA
decreases as LA increase; £ < 1 means the opposite, and 5 = 1 represents that SLA is
unaffected by LA (Milla and Reich, 2007; Zhou et al., 2020).

A three-way ANOVA test was used to evaluate the effect of N application (at levels
NO, N1, and N2), hybrids (ZD958 and XY 335), and growth stages (V6, V12, R1, R3,
and R6) on leaf traits. A two-way ANCOVA test was used in Table 3.3 to analyze the
effects of hybrids and N application on the relationship between leaf area and leaf
biomass. The least significant difference (LSD) was used to determine treatment dif-
ferences at a P < 0.05 level of probability (R software, version 3.6.1). The “ggplot2”
package of R programming language (Wickham, 2009) was used to produce figures.
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3.1 Results

3.1.1 Leaf area and canopy SLN variations under the N deficiency regime

Green leaf area per plant (LA) and canopy average leaf N content per unit area
(SLN) differed between the N application rate, stages, and between both hybrids. In
most cases, the effects of the three factors depended on each other [see Supporting
Information-Table S3.1]. LA reached a maximum value at the R1 stage and then
decreased as leaves senesced. There was no difference in LA among N treatments
during vegetative stages. However, from the R1 stage LA values in NO were lower
than in N1 and N2, and in N1 were lower than in N2 from the R3 stage (Figs. 3.1A;
Fig. 3.2). Compared with the N2 treatment, the LA difference increased with growth
stages in NO and N1 treatments. For NO this difference increased to 60-78% at the
R6 stage, and for the N1 this difference became 19%-26% (Fig. 3.2). Canopy SLN
decreased gradually during growth stages in NO. However, at the other two higher
N levels, SLN increased up to the V12 stage and then decreased during reproductive
stages (Fig. 3.1B). Thus, SLN at the NO level was consistently lower than SLN at the
other two N levels, and the difference between NO and N2 increased from 20-30% at
the V6 stage to 60-70% at the R6 stage. In N1 this difference increased from 12-15%
at the V6 stage to 19-23% at the R6 stage (Fig. 3.2). These differences in overall
responses to N treatments were associated with differences in initial soil N (Table 3.2).

Therefore, in response to low N, the maize plants tended to maintain or sometimes
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Fig. 3.1. Green leaf area per plant (A) and the canopy leaf N per unit area SLN (B) at five growth
stages among three N application rates of XY335 and ZD958 during the 2016 and 2018 growing
seasons.
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even slightly increase LA and decrease the SLN during vegetative stages to adapt to
N deficiency. However, both LA and SLN decreased at reproductive stages, and the
proportional reduction was similar for both traits (Fig. 3.2).

Year 2016 (A)
XY335 ZD958
V6
V124
R1 =
R3
R6
V6 - 22.3* -12* -3.4ns -14.8*
V124 11.7 ns -16 * 252 -1.6ns
R1- 0.8 ns -16.2 * -13.5* -13.8* =
25
LA SLN 0
Year 2018 (B) -25
XY335 ZD958 -50
V6 -75
V124
R1 =
R3
R6
V6 A Ons -4.4 ns -4.1ns -8.9*
V121 -5.5ns -6.5* 8.2ns -6 ns
R1- 1.5ns -11* 3.1ns -8* =
R3- -16 * -145* -13.5* -89*
LA SLN LA SLN

Fig. 3.2. Heatmap of the differences between N applications NO and N1 compared with N2
application for XY335 and ZD958. Canopy SLN (g/m?); leaf area per plant (LA, m?); * P <0.05,
ns = non-significant.
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3.3.2 Leaf biomass and total leaf N content variation

At different N levels, maize plants had similar leaf biomass (LB) during vegetative
stages, except for the V12 stage of ZD958 in 2016 (Fig. 3.3A). The leaf area in N1 was
higher than the other two N levels leading to this exception (Fig. 3.1A). During the
reproductive stages, there was an increase in LB with increasing levels of N supply.
As of the R1 stage, leaves in NO had significantly lower biomass than N1 and N2,
and the LB difference between N1 and N2 mainly started from the R3 stage (Fig.
3.3A). The total leaf N content per plant (TLN) increased from V6 to R1 stage and
decreased thereafter. However, the TLN difference between NO and other N treatments
was significant throughout the whole growth cycle, and the TLN difference increased
further with the growth stages (Fig. 3.3B). The TLN difference between N1 and N2
started at the R3 stage, except for ZD958 in 2016.
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Fig. 3.3. Leaf biomass per plant (A) and the leaf N content per plant (B) at five growth stages
among three N application rates of XY335 and ZD958 during the 2016 and 2018 growing seasons.

3.3.3 The scaling relationship between LA and LB

For both ZD958 and XY335, B values in Eq.(5) were greater than 1 in both years,
which suggested that LB tended to increase disproportionally faster than LA (Fig.
3.4). Consequently, canopy SLA decreased with increasing leaf size at the plant
level, because SLA was defined as the ratio between LA and LB. The  mean values
of XY335 were higher than that of ZD958 in 2016 (1.13 vs 1.11) and 2018 (1.19 vs
1.13), which implied that in XY335 SLA declined more strongly with LA than in
ZD958, suggesting XY 335 invested more photosynthetic products into leaf structure
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building (Fig. 3.4). When correcting for differences in plant size, the N application rate
did not affect the scaling relationship between LA and LB, given the whole growth

stages (Table 3.3).
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Fig. 3.4. Relationship of leaf biomass (LB, g) and leaf area (LA, cm?) per plant of XY335 and
ZD958 under three N treatments in 2016 and 2018. LA and LB were In-transformed. Statistical fits
of the power function In(LB) = In(a) + BIn(LA). a and B are fitted parameters.

Table 3.3. Two-way ANCOVA (Analysis of Covariance) results in variance

Effect Year 2016 Year 2018

DFn DFd Fvalue P value DFn DFd Fvalue P value
LA 1 83  217766.8 3.14e-102*% 1 83  14537.95 5.46¢-95*
Hybrids (H) 1 83  20.88 1.69¢e-05* 1 83 16.73 9.93e-05*
N application (N) 2 83 229 1.08¢-01ns 2 83 0.03 9.72¢-01 ns
HxN 2 83  3.08 5.10e-02ns 2 83  0.005 9.95e-01 ns

For both ZD958 and XY335, B values in Eq.(5) were greater than 1 in both years, which suggested
that LB tended to increase disproportionally faster than LA (Fig. 3.4). Consequently, canopy SLA
decreased with increasing leaf size at the plant level.

3.3.4 The dynamic characteristics of SLA within maize canopy

SLA of individual leaves within maize canopy changed with leaf rank, growth stages,
N application, and hybrids [see Supporting Information-Table S3.2]. SLA decreased
with increasing leaf rank during vegetative stages, indicating an increase in SLA from
the top canopy towards the bottom of the canopy (note that leaf ranks were contented
from the bottom canopy to the top canopy). During reproductive stages, SLA decreased
with leaf rank and then slightly increased in the top canopy (Fig. 3.5).
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3.3.5 Canopy SLA response to N deficiency

Hybrids, N application rate, growth stages, and their interactions had a significant
effect on canopy SLA [see Supporting Information-Table S3.2]. Canopy SLA sharply
declined during vegetative stages, and declined further but less steeply during the
reproductive stage (Fig. 3.6), and this was associated with the vertical SLA distribution
within the maize canopy (Fig. 3.5). Leaves with lower ranks in the part of the lower
canopy had higher SLA but senesced faster, leading to the sharp decline of canopy
SLA during the vegetative stage as it were the lower-canopy higher-SLA leaves that
were dropped. The SLA of the middle and upper leaves in the canopy were relatively
stable, hence, the canopy SLA decreased slightly over time during reproductive stages
[Fig. 3.6; see Supporting Information-Fig. S3.2].

Among N applications, both individual leaf area and leaf lifespan were significantly
smaller under NO treatment than in the other two N treatments in both hybrids [see
Supporting Information-Figs. S3.1 and S3.2]. The two hybrids tended to increase SLA
in response to N deficiency regardless of the growth stages. In 2016 for XY335, SLA
in the NO treatment was higher than in the other treatments but this was not the case
in ZD958 as indicated by the significant difference between hybrids and N applica-
tion interaction in 2016. In 2018 there was a trend towards higher SLA values in both
hybrids. In 2018 the decline in SLA with growth stage was larger in XY335 than in
ZD958 as indicated by the interaction effect between hybrids and stage in that year
[see Supporting Information Table S3.2].
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Fig. 3.5. Relationship between specific leaf area (SLA cm*g) and leaf rank among three N
application rates and five stages of XY335 and ZD958 in 2016 and 2018.
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Fig. 3.6. Canopy SLA (specific leaf area, cm?/g) at five growth stages among three N application
rates of XY335 and ZD958 during the 2016 and 2018 growing seasons. Different lowercase letters
indicate significant differences between treatments at P < 0.05. The vertical dot lines indicate the
shift from vegetative to reproductive growth.
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V6 747 6.69 * 13.27 8.05 *
V121 12.08 * 0.87 ns -2.27 ns
R1 7.8* 1.41ns 4.19 ns g Difference
R3 6.22 * 719~ 1.77 ns -1.19ns 20
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Fig. 3.7. Heatmap of the differences in canopy-specific leaf area (SLA, cm?/g) between N
applications compared with N2 application of XY335 and ZD958 in 2016 and 2018. Significance
level: * P <0.05, ns = non-significant.
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3.4 Discussion

3.4.1 Trade-off between LA and SLN in response to N deficiency

At the canopy level, crops can respond to N deficiency through a reduction in either
leaf area (reducing light capture), specific leaf N content (reducing photosynthetic
radiation use efficiency, RUE), or both (Hammer et al., 2011; Lemaire et al., 2008).
Different response patterns to N deficiency have been associated with different crop
species (Lemaire et al., 2008), whereby maize was denoted as a species that tends to
maintain its leaf area at the expense of SLN under N deficiency (Vos et al., 2005).
Previous research mainly focused on the vegetative growth stages (Lemaire et al.,
2008; Massignam et al., 2011; Oosterom et al., 2010). Our findings confirm that
maize responds to N stress by the maintenance of LA at the expense of SLN during
vegetative stages, but extend this by showing that maize reduced both LA and SLN
about equally during the reproductive stages (Fig. 3.2). This suggests that part of the
photosynthetic assimilates and N stored in the vegetative organs were translocated
and used for grain filling during reproductive stage (Liu et al., 2022; Wei et al., 2019).
In general, increasing N supply to the crop might improve LA, prolong leaf lifespan,
and boost photosynthesis (Antonietta et al., 2019; Li et al., 2022), however, in our
study, there was no remarkable difference in LA across N treatments throughout the
vegetative stages (Fig. 3.1). This was primarily caused by the specific leaf area (SLA)
of the NO treatment being higher than that of other N-fertilized treatments (Figs. 3.1
and Fig. 3.2). Probably the higher SLA leaves could capture more light by spreading
a given amount of leaf N over a greater area and allocating a greater fraction to pho-
tosynthesis, than by overlapping it in a given area (Knops and Reinhart, 2000). As
a result, maize plants tended to increase SLA to maintain LA when N was scarce.

3.4.2 Leaf morphological plasticity in response to N deficiency

Individual leaf area and leaf lifespan within plant canopies determine the temporal
and spatial distribution of green leaf area and the ability of the crop to intercept light
at the canopy level (Perez et al., 2019; Simioni et al., 2004). N supply affects both
leaf area development and leaf senescence [as shown in Supporting Information-Fig.
S3.1 and S3.2], and consequently the leaf area distribution in the canopy (Bonelli and
Andrade, 2020; Vos et al., 2005). However, the negative effect of N deficiency on
individual leaf areas was apparent only in the middle to upper leaf ranks, i.e. upwards
of leaf rank 10-12 [see Supporting Information-Fig. S3.1]. This explains why the
canopy leaf area was not affected by N deficiency at the V6 and V12 stages, and the
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results agree with previous studies under field conditions (Dwyer et al., 1992; Fan
et al., 2020). Smaller upper leaves allow more light to penetrate the maize canopy,
which improves photosynthesis of middle and lower leaves and enhances RUE, as
photosynthesis of leaves lower in the canopy is often strongly light limited (Boomsma
etal., 2009; Kant et al., 2011). Such an increase in RUE could thus be a positive effect
of the upper leaf size reduction under low N found here. Additionally, the onset of
leaf senescence begins earlier when N uptake and allocation to leaves is insufficient,
and senescence of leaves below the ear leaf (leaf rank 9-12) was most sensitive to N
availability [see Supporting Information-Fig. S3.2]. Accelerating the senescence of
lower leaves allows more resources (e.g. nitrogen and carbohydrates) to be re-invested
in the production of younger leaves and later on in reproduction, and such remobili-
zation and translocation become more important at low N (Massignam et al., 2011).

3.4.3 The relationship between LA and LB

Specific leaf area (SLA, cm/g) is an essential functional trait since it indicates the
amount of light-capturing surface area that leaves have invested per unit of dry mass
(Liu et al., 2017; Milla and Reich, 2007; Pérez-Ramos et al., 2013). LB scaled dis-
proportionately faster than LA, as indicated by the scaling exponents > 1 in Eq.(5)
in XY335 and ZD958 (Fig. 3.4). However, the scaling exponent 3 of XY335 was
somewhat larger than that of ZD958, indicating that for a given canopy size, XY335
tended to have lower SLA and that LB typically increased faster with increasing LA
in XY335 than in ZD958 (Fig. 3.4). These findings suggest that the biomass costs
(associated with developing and maintaining leaf structure) of deploying light-absorb-
ing leaf area are greater for XY335 than ZD958 (Chen et al., 2014; Li et al., 2019).
Lower SLA (thicker leaves) is typically correlated with longer or more palisade cells
and larger bundle-sheath cells. This provides space for more or larger chloroplasts
and hence a greater amount of photosynthetic enzymes, increasing photosynthetic
capacity per unit of leaf area (Evans and Poorter, 2001; Mu et al., 2016; Yao et al.,
2016). This is supported by the finding that XY335 has a greater net photosynthetic
rate and higher photosynthetic N-use efficiency (PNUE) compared to ZD958 (Chen
etal., 2014, 2016). ZD958 displayed stay-green characteristics throughout the grain-
filling stage, due to higher leaf number and lower leaf N remobilization efficiency
in comparison to XY335 (Chen et al., 2014; Liu et al., 2021). Intriguingly, there
appears to be no difference in yield potential between these two hybrids, suggesting
that positive effects of the stay-green behaviour of ZD958 compensated for its lower
photosynthetic capacity (Li et al., 2022). The connection between LA and LB at the
plant level was not substantially different between N treatments after accounting for
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the impact of canopy size (Table 3.3). This is most likely because N treatments had
minimal impact on LA during vegetative phases due to the maize adaptation strategy,
and the LB was driven by LA build-up (Oosterom et al., 2010; Vos et al., 2005).

3.4.4 Spatial and temporal distribution of SLA within maize canopy

Capturing spatial and temporal variability in SLA is crucial in crop growth simulation
models. However, many modeling studies use a fixed SLA value even though SLA
varies as a function of leaf size, leaf age, growth rate, and climate conditions (Liu et
al.,2017; Serbinetal., 2019; Yao et al., 2016; Zhou et al., 2020). SLA within the maize
canopy varied with leaf rank (Fig. 3.5), leaves in the lower canopy had larger SLA,
while the middle and upper leaves’ SLA stayed the same or even increased somewhat
with leaf rank, indicating that they may be thicker than lower leaves (Knops and
Reinhart, 2000; Yao et al., 2016). This higher SLA of lower leaves allows more light
to be captured in the lower part of the canopy, and as leaves there are light limited,
possible reductions in SLN and associated photosynthetic capacity will not have a
large negative effect (Knops and Reinhart, 2000). We observed that canopy SLA
significantly decreased during the vegetative stages and slowly decreased during the
reproductive stages across all N treatments (Fig. 3.6). However, the NO treatment had
a slightly higher canopy SLA during the vegetative stage (Fig. 3.7). This probably
because leaves in the lower part of the canopy have a shorter leaf lifespan [see Sup-
porting Information-Fig. S3.2] and higher SLA (Serbin et al., 2019; Zhou et al., 2020).
Faster leaf senescence in NO plants should negatively affect canopy SLA as it is the
lower canopy leaves that were dropped [see Supporting Information-Fig. S3.2], which
generally had relatively high SLA values (Fig. 3.5). These two contrasting leaf sizes
and senescence effects may explain why canopy SLA in the reproductive phase no
longer differed between N treatments.

3.5 Conclusion

The current study confirmed and extended the trade-off in maize plants’ response to
N deficiency in terms of leaf area (LA) and specific leaf N content (SLN). At low
N availability, maize tended to maintain LA and decrease SLN during vegetative
stages, while both LA and SLN declined comparably during the reproductive stage.
Individual leaf size, lifespan, and SLA within maize canopy contribute to shaping
canopy SLA. Canopy SLA decreased with time mainly because leaves that senesce
are lower canopy leaves that have higher SLA than upper leaves that remain. Maize
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plants tend to increase SLA to adapt to N deficient conditions, and this could partly
offset the negative effects of N deficiency.
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Supporting information

Table S3.1. ANOVA analysis of leaf area per plant (LA) and canopy-averaged SLN of XY335 and
ZD958 under different N treatments during the two experimental years

Year 2016 Year 2018

LA SLN LA SLN
Hybrids (H) kK ns skakok sk
N application (N) ook *rk ook oo
Stage (S) ok ok ®%% sk
HxN EE L *% ns ok
HxS sokk *k sk stk
NxS EETS EEES EEES EET
HxNxS KKk *k ns *

LA = leaf area per plant (m?); SLN = canopy-averaged leaf N content per unit leaf area (g/m?).
Significance level: * P <0.05, ** P <0.01, *** P <(.001, ns = non-significant.

Table S3.2. Analysis of variance results for canopy SLA

Variance Canopy SLA
Year 2016 Year 2018
Hybrids (H) ok ok
N application (N) ok ok
Stage (S) skokok skekok
HXN sksksk ns
HxS ns ok
NxS Rk EE
HXNXS sk *

Significance level: * P <0.05, ** P <0.01, *** P <0.001, ns = non-significant.
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Fig. S3.1. Individual leaf area (cm?) of fully expanded leaves versus leaf rank among three N
application rates of XY335 and ZD958. The dataset of individual leaf areas in 2018 was published
and cited by Li et al. (2022).
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Chapter 4

Abstract

Context: Canopy architecture and associated light distribution, nitrogen distribution,
and leaf physiological characteristics drive canopy photosynthesis, and ultimately
determine grain yields. Breeding has increased those yields during the past decades
of breeding history but it is not clear if this also improved efficiency in nitrogen

allocation for optimal light use.

Research questions: To what extent has selection for yields affected maize canopy
architecture and the vertical distribution of light and nitrogen?

Methods: A 2-year field experiment was conducted in Jilin province, Northeast
China, involving six maize cultivars released between 1950 and 2004. The canopy
architecture, the vertical distribution patterns of light and nitrogen, and grain yields

of these cultivars were quantified and analysed.

Results: The genetic gain in grain yield through breeding was 109 kg ha! year.
Modern cultivars had steeper leaves compared to older cultivars, especially the leaves
above the ear leaf, showing a decrease of 0.31° year!. The changes in leaf area index
(LAIJ) and leaf angle contributed to the improved light distribution within the canopy
over generations of selection, as the light extinction coefficient K| decreased signifi-
cantly by 0.67% year! since 1950. The canopy nitrogen content increased by 0.09 g
N m? ground year!, but the average canopy specific leaf nitrogen (canopy N/LAI)
tended to decrease. The relationship between light and nitrogen distribution within the
canopy differed among cultivars but did not relate to year of release (YOR), indicat-
ing that breeding of maize cultivars from the 1950 to 2004 primarily led to changes
in the canopy architecture and did not improve the coordination between light and
nitrogen in maize canopy.

Conclusion: Yield gain from older to newer cultivars was strongly associated with
changes in canopy architecture, which improved light distribution and increased light
interception by higher LAI and steeper leaf angle. In contrast, the coordination of light
and nitrogen was not changed much through breeding history from 1950 to 2004. We
conclude that the higher yields that are obtained with modern cultivars do not appear
to rely on a coordinated light and N distribution within the canopy.

Keywords: Canopy architecture, light distribution, nitrogen distribution, breeding
selection.
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4.1 Introduction

Maize is cultivated across a wide range of environments and delivering one-third of
the total global grain production (Duvick, 2005; Liu et al., 2021). Maize grain yields
per unit area have increased gradually over time due to improvements in both genetics
and management practices such as higher population densities (Duvick, 2005; Qin et
al., 2016). Specifically, the genetic improvements through breeding have contributed
to increased maize yields worldwide, including China (Liu et al., 2021; Qin et al.,
2016), USA (Tollenaar and Lee, 2002), Europe (Perez et al., 2019; Welcker et al.,
2022), and Argentina (Cagnola et al., 2021; Lacasa et al., 2022). This genetic yield
improvement has been associated with changes in morphological and physiological
traits improving tolerance to high densities, and further exploration of these associa-

tions can give insights into the mechanisms of yield improvements.

Several morphological traits have changed in newly released genotypes over the past
several decades (Ma et al., 2014; Perez et al., 2019). The leaf area increased with the
year of release (YOR), and the modern cultivars tend to show a markedly different
vertical leaf area distribution compared with older cultivars (Liu et al., 2023; Perez et
al., 2019). For instance, modern cultivars tend to have more erect leaves and relatively
more leaf area located at lower relative positions in the canopy (Lacasa et al., 2022;
Liu et al., 2021). These morphological traits reduce the photosynthetically active
radiation (PAR) absorbed by upper leaves in the canopy and increases the amount of
PAR reaching lower leaves (Ma et al., 2014; Qin et al., 2016). The changes in vertical
distribution of leaf area over generations of selection allowed optimizing the utiliza-
tion of light in the different layers and a better interception by the layer containing
the leaves that mainly supply carbon to the ear (Cagnola et al., 2021; Welcker et al.,
2022). The middle leaves are the main functional leaves for dry matter production,
and they capture more solar radiation when the leaves in the upper canopy are more
upright (Fan et al., 2023; Li et al., 2019). The more compact plant type of modern
maize suits high planting densities better, allowing higher whole-stand light capture
and preventing of lodging (Cagnola et al., 2021; G. Liu et al., 2022). Moreover,
modern cultivars tend to have delayed leaf senescence and thus longer duration of
photosynthesis (Li et al., 2022; Valentinuz and Tollenaar, 2006).

The process of light attenuation within the canopy is responsible for determining the
vertical distribution of light and nitrogen (N). The vertical distribution of light capture
can be described quantitatively using the extinction coefficient K, , which relates the
fraction of intercepted photosynthetically active radiation (iPAR) to the leaf area index
(LAI) (Monsi and Saeki, 2005). Ata given plant density, lower values of K| correspond
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to more vertically-inclined leaves and a more uniform vertical distribution of light.
This enhances radiation-use efficiency (RUE) (Huang et al., 2017; Liu et al., 2021).
The RUE was found to increase by about 31% from the oldest cultivar to modern
cultivar from 1980 to 2010 under an optimal environment (Liu et al., 2021). However,
a too low K| value can result in too much light reaching the soil, not contributing to
crop productivity. The optimal K| value also depends on other canopy traits such as
nitrogen distribution in the canopy (Anten et al., 1995b; Hikosaka, 2016).

Similar to light capture in the canopy, the N distribution among leaves in both natural
vegetations and in crop stands declines with depth, i.e. the upper sunlit leaves have
a higher nitrogen content than the lower shaded leaves (Anten et al., 1995b; Hirose
and Werger, 1987). This distribution positively affects canopy photosynthesis and
nitrogen-use efficiency, compared to a uniform distribution, as the greater illumination
of upper leaves allows them to use N more efficiently for photosynthesis (Evans, 1993;
Hirose and Werger, 1987). Hence, the canopy N distribution is an important crop trait
for canopy photosynthesis (Dreccer et al., 2000; Stewart et al., 2003). Typically, the
vertical N distribution within the canopy can be described by an exponential function
of the downwards cumulative leaf area index (Chen et al., 2019; Hirose and Werger,
1987; Liu et al., 2020). However, in maize, a more quadratic N distribution pattern
has been observed, with specific leaf N (SLN, g N m?) of middle-canopy leaves
being similar or even higher than those of the top leaves (Chen et al., 2016; Ciganda
et al., 2008; Li et al., 2019). This difference probably depends on species, cultivar,
environmental conditions and field management strategies.

At a given canopy N content, canopy photosynthesis is maximized when the nitrogen
distribution exactly follows the light distribution within a canopy (Evans, 1993; Field,
1983). However, the N gradients in the actual canopy have been found to be less steep
compared with the optimal gradients, leading to a reduction in canopy photosynthesis
by over 20% (Yin and Struik, 2015). Moreover, the gradient of both light and nitrogen
show a strong degree of genotypic variation and environmental conditions (Chen et
al., 2019; Zhou et al., 2023). The modern cultivars may make it possible to close the
gap between light and nitrogen profiles because of the erect canopy architecture and
the more uniform light distribution (Lacasa et al., 2022; Ma et al., 2014), but whether
this is the case and how breeding may have resulted in changes in terms of the vertical

distributions of light and nitrogen is not clear.

Although some studies have assessed performance of a time series of maize cultivars to
identify the morphological and physiological traits associated with resource-use efficiency
(Liu et al., 2021; Mueller et al., 2019; Welcker et al., 2022), information is also limited
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regarding the maize genetic improvement from the viewpoint of vertical distributions
of light and nitrogen within the canopy. Thus, the primary objectives of this work were
to: (1) evaluate how key morphological and physiological traits have been changed over
six decades of maize breeding; and (2) how this in turn may have resulted in canopy
architecture changes and the vertical light and nitrogen distributions within the canopy.
Studying these changes for maize cultivars released across different breeding eras is
relevant for assessing the benefit of future modifications aimed at improving yield gain.

4.2 Materials and methods

4.2.1 Experimental design and management

The field experiments were conducted at the Gongzhuling Experimental Station, Jilin
Province, China (43°30 N, 124°50 E) in 2016 and 2018. The soil at the site is classi-
fied as black soil. Relevant physical and chemical properties for the top 0-20cm soil
layer were as follows: organic matter content 26.3g kg!; total N, 1.5 g kg!; available
N, 124.9mg kg'; Olsen P, 28.5mg kg'!; and available K, 184.5 mg kg!. The cultivars
used in this study were Baihe (BH) released in 1950, Jidan 101 (JD101) in 1967,
Zhongdan 2 (ZD2)in 1972, Yedan 13 (YD13) in 1998, Zhengdan 958 (ZD958) in 2000,
and Xianyu 335 (XY335) in 2004 together spanning a 54-year range in release years
(Table 4.1). All of the cultivars are successful, widely grown cultivars, representative
of the elite germplasm of the period in which they were released. Individual cultivars
were selected because they were known to be well-adapted to the agro-ecological
conditions of the study area and seeds of proprietary parental lines were available,
which allowed the creation of new F1 hybrid seeds.

Table 4.1. The maize cultivars were used at the experimental sites in this study

Cultivars  Pedigree Year of Institutions that developed the cultivar
release
BH OPC 1950 Gongzhuling farm of Jilin province, China
JD101 Ji63xM14 1967 Maize institute of Jilin AAS, Gongzhuling, China
ZD2 Mo17xZi330 1972 Chinese AAS, Beijing, China
YD13 Ye478xDan340 1998 Lanzhou AAS of Shandong province, Lanzhou,
China

ZD958 Zheng58%Chang7-2 2000 Luohe AAS of Henna province, Luohe, China
XY335 PH6WCxPH4CV 2004 The Tieling Pioneer limited company, Tieling,
China

BH was popularly used in maize production in the 1950s; # AAS, Academy of Agricultural
Sciences; OPC: open-pollinated cultivar.
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The experiments were arranged in a randomized design with three replications.
Individual plots were 45.5 m? in size and comprised seven rows of 10 m in length
separated by 0.65 m distance. The plant population density was 6.75 plants per m2.
Each plot was fertilized with 150 kgha™ N (urea), 42.5 kg ha™ PO, (superphosphate),
and 42.5 kg ha™ K O (potassium sulphate) before planting each year. Additional urea
was applied at the jointing (75kg ha') and flowering (75kg ha™') stages. The weeds,
diseases, and pests were chemically controlled.

4.2.2 Morphological traits

At emergence, ten successive plants were tagged in the central row of each plot. Plants
were tagged and the 4%, 8%, and 12" leaves were marked with red labels to avoid
confusion as lower leaves senesced. The leaf rank was counted from the bottom leaf
(rank 1) to the top leaf. For each tagged plant, the position of the ear leaf was recorded.
Five plants per cultivar treatment in 2016 and 10 plants per cultivar treatment in 2018
were observed as representative plants to measure the morphological traits at silking
stage. Leaf angle (i.e., the declination angle between the leaf and stalk), leaf length
and leaf width of each leaf blade were recorded when the leaf ligule appeared. Leaf
area (cm?) and leaf area index (LAI) were calculated as (Fan et al., 2020):

Leafarea=leaflength x maximum width x 0.75 €))]
LAI=)TLeafarea X planting density )

where # is the leaf rank of green leaves. Progression of senescence of each leaf was
recorded twice weekly from emergence to harvest in tagged plants. Senescence
was visually estimated in terms of the percentage of leaf yellowing or drying. Leaf
lifespan was considered the time between leaf expansion and 50% leaf surface area
senescence (Li et al., 2022).

4.2.2.2 Vertical light and N distribution within the canopy

At silking stage, the instantaneous photosynthetically active radiation (PAR) was
measured between 12:00 and 15:00 AM local time on clear days, using a 1-m line
quantum with 64 sensors (SUNSCAN, Delta, UK) in 2016 and 2018. PAR measure-
ments were taken at each leaf rank from the ground upwards and above the canopy,
with three repeated measurements in each leaf position for each plot. The measured
datapoint was at the middle hight between adjacent leaves on the same side. The light
attenuation within the canopy was described following the Beer-Lambert law as:

I; = Iye KilAl 3)
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Where /, and / are PAR at the leaf rank / and above the canopy, respectively. K| is
the light extinction coefficient; LA/, (m* green leaves m™ ground) is the cumulative
surface area of green leaves per unit ground area from the top layer of the canopy
(Hirose, 2005; Monsi and Saeki, 2005). Since maize leaves are long and curved, one
leaf may actually be present in multiple layers. In our study therefore, LA/ is the
cumulative LAI at the leaf rank i counted from the top of the canopy downwards.
Both the absolute and relative values of cumulative LAI were used in this study to
eliminate differences in the total LAI among cultivars, and in the relative cumulative
LAI 0 represents the top of the canopy and 1 the bottom.

After the light distribution was measured, three representative plants selected were
cut from the shoot base and separated into sections at each leaf rank to assess the
green leaf area (LA) and leaf nitrogen per unit area (specific leaf area, SLN, g N m?).
Individual leaves were dried at 85 °C to a stable weight, weighed and ground to a fine
powder. Nitrogen concentration of each sample was determined using the Kjeldahl
method (Bremner, 1960).

4.2.2.3 Grain yield and biomass

At physiological maturity, three rows of each cultivar were hand harvested to measure
yield. All plants in the central three rows of each plot, excluding those on the end of
each row, were hand-harvested. Ears were harvested, counted, and weighed, then the
mean weight of each ear was calculated. Kernel moisture content was determined
with a portable moisture meter (PM8188, Kett Electric Laboratory). The grain yield
of each subplot was weighted and adjusted to 14% moisture for analysis.

4.2.3 Statistical analyses

Linear regression was used to test the relationship between the year of release
(YOR) and grain yield, yield components, biomass before silking, leaf angle, the
light extinction coefficient K , total canopy N content and canopy SLN. A quadratic
equation was used to fit the relationship between YOR and maximum leaf area index
(maximum LAI) at silking. Nonlinear fitting was carried out using the “nls” package
of R software (version 3.6.1) to estimate K| in Eq.(3). Comparisons among different
cultivars were performed with Duncan’s multiple range test only when the ANOVA
indicated significant difference.
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4.3 Results

4.3.1 Yield and genetic gain

The grain yield, biomass before silking (biomass from emerge to silking stage),
kernel weight, and kernel number per ear significantly increased with year of release
(YOR). Among the six cultivars, the cultivar XY335, released in 2004, had the highest
yield, with 12.4 and 13.7 t/ha in 2016 and 2018, respectively (Fig. 4.1A). Grain yield
increased linearly with YOR at the rate of 109 kg ha! year', resulting in an 88%
increase from 1950 to 2004 (Fig. 4.1A). The increase of grain yield was driven by a
combination of both higher kernel number per ear and kernel weight. The significant
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Fig. 4.1. Yield and yield component changes in maize hybrids over time. Variables are grain yield
(A), 100-kernel weight (B), Kernel number per ear (C) and canopy biomass before silking (D).
canopy biomass before silking is the biomass accumulation from emerge to silking stage. Red and
blue symbols represent experimental years 2016 and 2018, respectively. Linear regression lines
were for overall data in the two years.
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increase in kernel number per ear was greater over time compared with grain kernel
weight (Fig. 4.1B and 4.1C). Specifically, the 100-kernel weight and kernel number
per ear increased at a rate of 0.08 g year' (0.24% YOR™) and 3.87 year' (1.23%
YOR), respectively (Fig. 4.1B and 4.1C). Similar with grain yield, the total canopy
biomass of modern cultivars was higher than older cultivars at silking stage, resulting
in an overall increase of 29.1% at a rate of 3.8 g m? ground year! across the evaluated
cultivars in this study (Fig. 4.1D). Additionally, the grain yield and yield components
in 2018 were higher, possibly due to higher average temperature and precipitation
during June and July compared to 2016 (Table 4.2).

Table 4.2. Monthly accumulated air temperature, and monthly total rainfall during the three grow-
ing seasons at the Gongzhuling experimental station

2016 2018

Month Averaged Temperature  Precipitation  Averaged Temperature  Precipitation
(°C) (mm) °C) (mm)

May 16.3 173.0 17.1 87.1

June 20.8 102.2 223 121.9

July 23.8 62.5 25.5 128.1

Aug. 22.5 132.5 21.6 246.7

Sept. 16.4 132.1 15.5 51.4

4.3.2 Canopy architecture

The maximum LAI at silking versus YOR fit well into a significant quadratic function
(Fig. 4.2A). The maximum LAI of modern cultivar XY335 released in 2004 was
average 65% higher than that of oldest cultivar BH released in 1950, and the cultivar
7D958 released in 2000 had the highest LAI during the two experimental years (Fig.
4.2A). From 1950 to 2004, breeding had reduced the leaf declination angle (Fig.
4.2B). The leaf angles above and below the ear leaf of modern cultivars were both
significantly smaller (i.e., leaves being more vertically inclined) compared with old
cultivars, which decreased by 0.31° year! and 0.09° year’, respectively (Fig. 4.2B).
The mean leaf angle of above and below the ear leaf changed from 17.8° to 37.5
°and from 27.7° to 36.0° in a time series of cultivars (Fig. S4.1). Furthermore, from
the bottom to the top leaf, the changes in leaf angle were smaller for the old cultivar
than for the modern cultivars, determining by the difference in leaf angle between
above and below the ear (Fig. 4.2B). For instance, the difference between the mean
leaf angle of leaves above and below the ear leaf for ZD958 and XY335 (modern
cultivars) were 10.2° and 11.8° in both experimental years compared to 0.95° and
2.0° for BH and JD101 (older cultivars) (Fig. S4.1).
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Fig. 4.2. The effect of maize cultivar release of years (YOR) on maximum LAI at silking (A) and
leaf angle (B). Leaf angle (°) above or below the ear was averaged value from all the leaves above
or below the ear leaf. Solid lines indicate that the linear fitted models were significant. Linear
regression lines were for overall data in the two years.

4.3.3 The vertical light distribution within the canopy

Among cultivars, the relative photosynthetically active radiation profile (PAR)
decreased negative exponentially with increasing cumulative LAI counted from the
top of the canopy (Fig. 4.3). At a given cumulative LAI, the modern cultivars ZD958
and XY335 had higher relative PAR values compared with older cultivars (Fig. 4.3).
When comparing relative light levels at the same LAI, the two most modern varieties
had the highest values while ZD2 and YD13 (released in 1972 and 1998) had the lowest
values (Fig. 4.3). Moreover, the variation in K, among cultivars was from 0.61 to 0.39,
leading a decrease at a rate of 0.0044 year! or 0.67% YOR! from 1950 to 2004 (Fig.
4.4). Lower values of K| corresponded to more upright leaves. Specifically, relatively
more light penetrated into the lower layers of the canopy for modern cultivars due to
them having more vertically-inclined leaves, as reflected by an average of 36% lower
K, for modern cultivar X'Y335 than for the oldest cultivar BH (Fig. 4.4).
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2016 2018
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0.00-

0

Cumulative LAI

Fig. 4.3. Vertical light distribution in the canopies of maize cultivars in the two experimental
years. The canopy relative photosynthetically active radiation profile (iPAR) are plotted against
cumulative leaf area index (LAI) counted from the top of the canopy of the six maize cultivars at
silking stage. In the relative cumulative LAI, 0 represents the top of the canopy and 1 represents
the bottom. Each data point represents the mean of six replicates. Curves for light profile are drawn
from Eq. (3) with parameter KL fitted.
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Fig. 4.4. Relationships between canopy light extinction coefficient (K, ) and year of release in the
two experimental years. The canopy light extinction coefficient (K| ) was derived from the vertical
profile of relative values of photosynthetically-active radiation with Eq. (3). Linear regression lines
were for overall data of the two experimental years. Solid lines indicate that the linear fitted models
were significant.
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4.3.4 Canopy nitrogen content

The total canopy N content increased 34% between 1950 and 2004 at a rate 0of 0.09 g
N m? ground year, indicating that modern cultivars allocated more N to the canopy
(Fig. 4.5A). However, there was a negative trend between canopy SLN with YOR
albeit not significant (p=0.138) (Fig. 4.5B), indicating both canopy N content and
LAI increased with YOR and the increase in canopy nitrogen content tended to be
less than the increase in LAI. For instance, the canopy nitrogen content of the most
modern cultivar XY335 was 23% and 46% higher compared with the oldest cultivar
BH in the two experimental years respectively, but the differences in LAI were 37%
and 64% (Fig. 4.5A and Fig. 4.2A).
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Total aboveground N (g N m™ ground)

25+

20

154

10 1

Canopy leaf— SLN (g N m™ leaf)

w
f

(¢)]
)

2-

1950 1960 1970 1980 1990 2000
Year of release

1950 1960 1970 1980 1990 2000
Year of release

Year
2016
2018

Fig. 4.5. Relationships between total canopy N content (g N m? ground) (A) and canopy specific
nitrogen (canopy SLN, g N m? leaf) (B) and year of release in the two experimental years. Linear
regression lines were for overall data of the two experimental years. Solid lines indicate that the
linear fitted models were significant.

4.3.5 The vertical nitrogen distribution within the canopy

The relationship between specific leaf nitrogen (SLN) and the cumulative LAI from
the top to the bottom within the maize canopy was generally unimodal (i.e., hump-
shaped). Across cultivars, the upper-middle leaves often had the highest SLN, and

88



Coordinated light and nitrogen distribution

then the SLN decreased sharply towards the bottom of the canopy (Fig. 4.6). At a
given cumulative LAI the modern cultivars ZD958 and XY335 had higher SLN
values than other older cultivars. However, the relationship between SLN and relative
cumulative LAI differed with cumulative LAI, as the different total LAI and vertical
distribution patterns among cultivars (Fig. 4.6). Specifically, the oldest cultivar BH
released in 1950 had similar SLN with modern cultivars ZD958 and XY335 during
the two experimental years, and all of them were higher than other cultivars released
from 1967 to 1998 (Fig. 4.6).

2016 2018

Cultivar

-~ 1950 (BH)
--1967 (JD101)
--1972 (ZD2)
--1998 (YD13)
-»-2000 (ZD958)
--2004 (XY335)

Specific leaf nitrogen (SLN_g N m™2)

SLN (gNm™)

0 2 4 6 0 2 4 &
Cumulative LAl Cumulative LAI

000 025 050 075 100 000 025 050 075  1.00
Relative cumulative LAl Relative cumulative LAl

Fig. 4.6. The vertical specific leaf nitrogen (SLN, g N m™ leaf) distribution in the canopies of
maize cultivars in 2016 and 2018. The cumulative LAI counted from the top canopy at silking
stage. In the relative cumulative LAIL, 0 represents the top of the canopy and 1 the bottom. Each
data point represents the mean of three replicates.
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4.3.6 Relationship between SLN and PAR distributions

Although both light and SLN values generally decreased with cumulative LAI from
top to bottom in the canopy, the patterns in which they did so were quite different
(Fig. 4.3 and 4.6). Across cultivars, the relative PAR (I/10) decreased 51% from the
top canopy 0.97 to the middle canopy (the ear leaf) 0.47, but the SLN increased 9%
over the same part of the canopy. Both PAR and SLN decreased more strongly in
the lower canopy (from the ear leaf to bottom leaf), compared with the top canopy
(Fig. 4.7). For instance, the relative PAR decreased 85% from the ear leaf 0.47 to the
bottom leaf 0.07, and the average leaf SLN decreased 62% over the same part of the
canopy. Additionally, the relationship between PAR and SLN distributions differed
significantly between cultivars. The oldest cultivar BH and modern cultivar XY335
tended to have higher leaf SLN at the same relative light intensity in the canopy,
compared with other cultivars. Moreover, the cultivar ZD2 released in 1972 tended
to have higher SLN than other cultivars in the 2018, especially in the lower canopy
(Fig. 4.7).

2016 2018

1.00 1

Cultivar
1950 (BH)
—- 1967 (JD101)
—e— 1972 (ZD2)
—+— 1998 (YD13)
(
(

0.75+
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= 2000 (ZD958)
s 2004 (XY335)

PAR penetrated (I/10)

0.25+

0.00 -

10 15 20 10 15 20
Specific leaf nitrogen (SLN_ g N m™)
Fig. 4.7. The relationship between light (PAR penetrated, 1/1 ) and specific leaf nitrogen (SLN, g

N m leaf) within the canopy among different cultivars in 2016 and 2018. The black dashed lines
represent the average location of the ear leaf within maize canopies.
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4.4 Discussion

4.1.1 Grain yield improved linear with year of release

The genetic gain in grain yield (i.e., the slope of the regression between yield and
year of release) was about 109 kg ha™! year! or 1.63% YOR'! among maize cultivars
released in China from 1950 to 2004 (Fig. 4.1), being similar to reported increase in
Europe, i.e., about 100 kg ha! year' among 60 maize cultivars, ranging from 1950
to 2015 (Perez et al., 2019; Welcker et al., 2022). Over 50 years of genetic improve-
ment in China represented by the 10 cultivars evaluated, grain yield increased at a rate
of 86 kg ha'! year! from 1950s to 2000s (Ma et al., 2014), which is lower than that
in our study. This difference may be due to the optimal planting density, as modern
cultivars yield better at higher planting densities than older cultivars, which tend to
yield better at lower densities typical of the cultivation practices during their years of
release (Liuetal., 2021; Maetal., 2014; Tollenaar and Lee, 2002). Since the cultivars
were cultivated in the same and relatively low plant density in this study, we have
likely underestimated the yield gains with year of release as modern varieties tend to
do particularly well at high density (Hammer et al., 2009; Ma et al., 2014).

4.4.2 Genetic progress in canopy architecture

Genetic improvements have contributed to increased maize yield, and that mainly results
from an increase in plant density tolerance, and from changes in maize morphological
traits in response to breeding (G. Liu et al., 2022; Mueller et al., 2019; Perez et al.,
2019). The breeding of maize cultivars primarily focused on the leaf area index (LAI)
and leaf angle, which influence the light distribution in the canopy (Huang et al., 2017;
Liuetal., 2017; Monsi and Saeki, 2005). The indirect crop trait selected for by breeders
was the vertical distribution of leaf area that appreciably contributed to light penetration
in the canopy, and the largest fraction of leaf area being located at the middle of the
canopy, near the ear leaf (Fan et al., 2020; Li et al., 2022). This is in agreement with the
possible yield enhancement through optimizing the utilization of light in the different
canopy layers, especially a better interception by the middle leaves that mainly supply
carbon to the ear (Chen et al., 2016; Li et al., 2019; Perez et al., 2019). Compared with
older cultivars, newer cultivars have higher LA per plant (Ci et al., 2012; Ma et al.,
2014). The maximum LAI (LAImax) increased by 65% from the oldest cultivar BH to
newest cultivar XY335 in this study (Fig. 4.2A). Moreover, modern cultivars tend to
be “stay-green” with faster leaf growth and longer lifespan, ultimately contributing to
higher yield (Bonelli and Andrade, 2020; Li et al., 2022; Liu et al., 2023).
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The leaf angle above the ear leaf decreased significantly by 0.31° year! from 1950
to 2004, and the leaf angle below the ear also decreased by 0.09° year! (Fig. 4.2B).
Previous studies have shown that high-yielding cultivars should have a more compact
plant type with steeper leaves, and that was consistent with our results (G. Liu et al.,
2022; Ma et al., 2014). As the plant type changed to a more erect stature for modern
cultivars over the time, light distribution in the canopy improved since increased leaf
erectness allows lower leaves to receive more light (Ouyang et al., 2021; Perez et al.,
2019). This traits is particularly beneficial to improve tolerance of modern cultivars
under higher planting density (Maddonni et al., 2001; Sher et al., 2017). The vertical
light distribution throughout the canopy was relatively more uniform in modern
cultivars (Fig. 4.3) as indicated by a decreased extinction coefficient (K, ) from 0.61 in
1950t0 0.39 in 2004 at a rate of 0.67% year" (Fig. 4.4). Consistently, the variation in K
across breeding decreased at arate of 1.1% year' since 1989 in Argentina regardless of
plant density (Lacasa et al., 2022). Moreover, there is a positive correlations between
K, and the average leaf angle (Ouyang et al., 2021). Erect architectures in modern
cultivars prevent upper leaves from receiving supra-saturating light and allow lower
leaves in the canopy to receive more light, therefore, resulting in a more even vertical
light distribution and lower K, (Li et al., 2019; Ouyang et al., 2021). Furthermore,
modern hybrids presented improved light penetration and distribution in the canopy,
thereby increasing the amount of light absorbed in the canopy layer where the ears
are located, hence, maize cultivars with more upright leaves were selected through the
yield-driven breeding process (Ci et al., 2011; Lacasa et al., 2022; Liu et al., 2021).

4.4.3 The vertical distributions of light and nitrogen

Total canopy nitrogen content (canopy N) increased with year of release (YOR) (Fig.
4.5A), mainly due to the modern cultivars have higher nitrogen uptake from the soil
(Gallais et al., 2007; Yan et al., 2014). However, the canopy-averaged nitrogen per
leaf area (canopy SLN) tended to be lower for modern cultivars compared with older
cultivars (Fig. 4.5B), as the increase in LAI is proportionally greater than the increase
in canopy N (Fig. 4.2A). However, studies using optimality models, predict that canopy
photosynthesis and associated nitrogen-use efficiency would increase if crops stands
would have relatively lower LAIs for a given canopy N, and hence higher average
SLN (canopy N/LAI), and they argued that crop selection should be for higher SLN
values (Anten, 2002; Anten et al., 1995a).

The development of vertical nitrogen distribution in the canopy is a strategy to
optimize nitrogen utilization with respect to canopy carbon assimilation (Bertheloot
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et al., 2008; Fan et al., 2022). The non-uniformity of N within the canopy has been
reported for many crops (Anten et al., 1995b; Archontoulis et al., 2011; Ouyang et al.,
2021). However, the largest specific leaf nitrogen (SLN, g N m?) in maize canopies
are in the upper-middle leaves (Fig. 4.6), rather than the top leaves as it is in most
other herbaceous plants (Anten et al., 1995b; Archontoulis et al., 2011; Hikosaka,
2016). Another study shows the SLN revealed a good fit with a quadratic function
rather than an exponential function in maize, also indicating higher N was distributed
in the upper canopy (Li et al., 2019). The middle-upper canopy layer had larger leaf
photosynthetic capacity and larger leaf area, which play a more important role in
deciding the grain yield (Li et al., 2019; N. Liu et al., 2022). Hence, the optimized
canopy architecture by breeding selection improved light penetration and distribu-
tion in the canopy, this potentially increased the carbon availability to ears, via the
amount of light absorbed by the intermediate canopy layer (Li et al., 2022; N. Liu
et al., 2022; Ouyang et al., 2021). Although selection for increased yield in maize
has improved nitrogen-use efficiency over time (Mueller et al., 2019; Noor, 2017), it
does not appear to be associated with a consistent change in N distribution (Fig. 4.7).

Optimization theory studies indicated that canopy carbon gain could be maximized
when the vertical nitrogen distribution is matching the light gradient in the canopy
(Anten et al., 1995b; Field, 1983; Hirose and Werger, 1987). However, the vertical
distribution of nitrogen is more uniform than of light, and far from optimized for
the actual canopy (Hirose and Werger, 1987; Ouyang et al., 2021). Previous studies
prove there is a positive correlation between the extinction coefficient for light (K)
and nitrogen (K, ) both across species (Anten et al., 1995b) and e.g. within rice, and
their ratio (K :K, ) as main determinant of canopy photosynthesis and daily growth
rate (Ouyang et al., 2021; Zhou et al., 2023). However, the changes in the relation-
ship between nitrogen and light have been related to LAI and nitrogen status, and the
gradients of both light and nitrogen are strongly affected by genotypic variation (Zhou
et al., 2023). For modern cultivars, more light penetrated into the lower layers of the
canopy, as reflected by lower K| values compared with older cultivars (Fig. 4.4) with
as noted a potentially more favorable light distribution for canopy photosynthesis (G.
Liuetal.,2022; Maetal., 2014). However, the light and nitrogen distribution patterns
were quite different within the maize canopy (Fig. 4.3 and 4.6). The inconsistency
between light and nitrogen distribution was also found within wheat canopies during
grain filling stage (Bertheloot et al., 2008). Furthermore, the relationships between
light and nitrogen distribution within the canopy differed among cultivars. Specifi-
cally, the oldest cultivar BH and modern cultivar XY335 tended to have higher leaf
SLN at the same relative light intensity in the canopy, compared with other cultivars.
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Moreover, the cultivar ZD2 released in 1972 tended to have higher SLN than other
cultivars in the 2018, especially in the lower canopy (Fig. 4.7). The results showed
the relationships between light and nitrogen distribution within the canopy was not
significantly related to YOR, indicating the coordination between light and nitrogen
in maize canopy was not a consequence of maize breeding history from the 1950 to
2004 in Chinese cultivars.

Apparently, the predictions from optimality models regarding the balance between
canopy N and LAI and the vertical SLN distribution seem inconsistent with our
findings. This suggests that optimization of nitrogen distribution and associated coor-
dination with light distribution may not be critical for yield improvement in maize.
However, as far as we know this is the first study that explores the association between
breeding history and canopy nitrogen traits and more work is needed in this regard
including for instance different nitrogen treatments and crop species other than maize.

4.5 Conclusion

The rate of yield gain increase with YOR was 109 kg ha! year! or 1.63% YOR! for
the cultivars released from 1950 to 2004 in China. By selecting for yield, breeders
indirectly selected maize cultivars with higher leaf area index (LAI) and upright archi-
tecture, which were responsible for the variation in light profile among cultivars over
generations selection. Conversely, the coordination of light and nitrogen distributions
showed no signatures of selection. Together, the current higher yields apparently rely
on canopy architecture rather than the coordinated light and N distribution, during
the breeding history from 1950 to 2004 in China.
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Supplementary data
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Fig. S4.1. Changes of leaf declination angle at individual leaf ranks within the maize canopy
among different cultivars from old to new in both experimental years 2016 and 2018.
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Chapter 5

Abstract

The characteristic traits of maize (Zea mays L.) leaves affect light interception and
photosynthesis. Measurement or estimation of individual leaf area has been described
using discontinuous equations or bell-shaped functions. However, new maize hybrids
show different canopy architecture, such as leaf angle in modern maize which is
more upright and ear leaf and adjacent leaves which are longer than older hybrids.
The original equations and their parameters, which have been used for older maize
hybrids and grown at low plant densities, will not accurately represent modern hybrids.
Therefore, the aim of this paper was to develop a new empirical equation that captures
vertical leaf distribution. To characterize the vertical leaf profile, we conducted a field
experiment in Jilin province, Northeast China from 2015 to 2018. Our new equation
for the vertical distribution of leaf profile describes leaf length, width or leaf area
as a function of leaf rank, using parameters for the maximum value for leaf length,
width or area, the leaf rank at which the maximum value is obtained, and the width of
the curve. It thus involves one parameter less than the previously used equations. By
analyzing the characteristics of this new equation, we identified four key leaf ranks
(4, 8, 14 and 20) for which leaf parameter values need to be quantified in order to
have a good estimation of leaf length, width and area. Together, the method of leaf
area estimation proposed here adds versality for use in modern maize hybrids and
simplifies the field measurements by using the four key leaf ranks to estimate vertical
leaf distribution in maize canopy instead of all leaf ranks.

Keywords: Leaf length, leaf width, leaf area, leaf rank, new empirical equation
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5.1 Introduction

Maize shows great diversity in canopy architecture (Maddonni et al., 2001; Stewart
et al., 2003), the arrangements of leaves in space and time affects light distribution
and the way in which plants make use of the intercepted light for photosynthesis
(Ellsworth and Reich, 1993; Wang et al., 2007). Leaf architecture traits that include
leaf size and leaf orientation. Specifically, the number of leaves, leaf shape, leaf
area, leaf angle and leaf azimuth in maize canopy (Perez et al., 2019). The vertical
distribution of leaf area is an important factor to influence light capture in canopy,
which is an essential part of the development of plant and crop models (Fournier and
Andrieu, 2000; Vos et al., 2010).

Several approaches have been used to describe the distribution of leaf area of a maize
plant. A direct method is to measure individual leaf area by an electronic planimeter
(LI-COR, Lincoln, USA) or by calculating leaf area based on leaf length and maximum
leaf width (Stewart and Dwyer, 1999; Zhu et al., 2009). However, these direct methods
are usually time-consuming, labor-intensive, and may cause canopy damage. Indirect
methods are gap-fraction estimation, remote sensing or three-dimensional (3D) point
clouds of plants, but they are less precise because indirect methods always use the
top of canopy foliar samples to represent the whole plant architecture (Jiang et al.,
2018; Tang et al., 2014). Non-destructive and mathematical approaches of modeling
present a potential alternative for describing the vertical profile of leaf size, that may
avoid these issues.

Previous studies used discontinuous equations to describe the relationship between
leaf rank and leaf area, but the results were unsatisfactory because the area of leaves
above the 12" leaf is often underestimated (Carberry et al., 1993). Another approach
used a continues equation to predict leaf area by using a skewed, bell-shaped function
and its deformation equations (Stewart and Dwyer, 1999; Zhen et al., 2018). The bell-
shaped function is more generally applicable because it needs less parameters than the
discontinuous equations and gives good predictions of leaf area for a large of hybrids
with modified parameters (Dwyer and Stewart, 1986; Valentinuz and Tollenaar, 2006).
The equation of the original bell-shaped function is

y = yoe[a(x—x0)2+b(x—x0)3] (1)

where y is the fully expanded leaf area of each individual leaf, x is the leaf rank
(leaves are numbered from the bottom to the top), y, is the maximum individual leaf
area, x, is the leaf rank that corresponds to the maximum of leaf area, and a and b are

103



Chapter 5

dimensionless empirical constants (Dwyer and Stewart, 1986). Studies focused on
parameters of the original bell-shaped function [Eq.(1)]. Specifically, y, and x, could
be simply estimated from total leaf number (Muchow and Carberry, 1989). In addition,
nonlinear relationships were also found to exist between total leaf number and the
parameters a and b [Eq.(1)] (Keating and Wafula, 1992). However, the regression
functions are developed by using plants varying in total leaf number from 12 to 17
with the maize hybrids released before 1990 (Zhen et al., 2018). The average total leaf
number of modern high yielding maize hybrids is beyond the scope of the original
leaf area model, and is strongly affected by genetic improvement and environmental
conditions (Liu et al., 2013; Tsukaya, 2005). Although the coefficients of determina-
tion (R?) were too low to justify the use of total leaf number to estimate the function
parameters (Valentinuz and Tollenaar, 2006; Zhen et al., 2018), the original bell-shaped
function [Eq.(1)] is still a robust way to predict the fully-expanded leaf area of maize
with modified parameters and fitted empirical constants (Zhen et al., 2018).

The common equation of estimating maize fully-expanded leaf area was calculated as
length x maximum width x coefficient (Bosi and Struikl, 2000; Stewart and Dwyer,
1999). This equation is still widely used, although there is a slight modifications of
the constant coefficient (Keating and Wafula, 1992; Zhen et al., 2018). Research of
leaf length and width could lead to a better understanding of the distribution of leaf
area. In addition, these geometrical variables of leaf length and width determine leaf
shape, and leaf shape is of critical important in mathematically characterizing the
two-dimensional structure of maize. Modelling the morphology of leaves is helpful
for designing optimal plant shape and modelling plant growth (Archontoulis et al.,
2011; Fournier and Andrieu, 1999; Zhu et al., 2009).

The first objective was to develop and test a new equation that captures vertical leaf
area distribution and describe the morphology of the various leaves of maize based on
a series of observations and analyses of the length and width of leaves at individual
leaf ranks. The second objective was to find the key leaf ranks based on the constitu-

tive equations, which could simplify the field measurement process.

5.2 Materials and Methods

5.2.1 Experimental site and design

The field experiments were conducted during the growing seasons (from 1 April to
30 September) from 2015 to 2018 at the Gongzhuling Experimental Station, Jilin
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province, China (43°30N, 124°50E). This area is typical of the rain-fed spring maize
regions in Northeast China. We used maize hybrids ZD958 and XY335 in the same
field for this 4 years, and this two hybrids were the most widely cultivated in China
at the time of the current study. Maize hybrid ZD958 was developed by the Luohe
Academy of Agricultural Science of Henan province, and XY335 was developed by
the Tieling pioneer limited company. Normally, the total leaf number of ZD958 is 22
and the rank of ear leaf is 16. The total leaf number of XY335 is 21 and the rank of
ear leaf is 14 (Huang et al., 2017; Ma et al., 2014). Maize seeds were sown by hand
on 1 May 2015, 29 April 2016, 27 April 2017, and 29 April 2018. Prior to sowing,
the plots were fertilized with 150 kg N/ha (urea), 42.5 kg/ha P O (super phosphate),
and 42.5 kg/ha K O (potassium sulfate). Row orientation was east-west, row spacing
was 65cm, and population density was 6.75 plants/m?. Individual plots measured
about 45.5 m?, comprised 7 rows and 10 m long. The experiments were arranged in a
randomized design with three replications. Plots were kept free of weeds, insects and
diseases with chemicals based on standard practices. Monthly meteorological data
of mean air temperature and total precipitation during the maize growing seasons in
the years from 2015 to 2018 at the experimental site are shown in Table 5.1. Total
precipitation during 2015 growing season was significantly lower than in other years,
particularly during June and July.

Table 5.1. Monthly mean air temperature and total precipitation during the maize growing seasons
in the years from 2015 to 2018 at the Gongzhuling experimental station

Month Mean air temperature (°C) Precipitation (mm)

2015 2016 2017 2018 2015 2016 2017 2018

Apr 10.6 8.5 10.2 10.4 24.0 49.7 4.06 12.5
May 16.6 16.3 16.5 17.1 77.1 173.0 533 87.1
Jun 21.6 20.8 20.8 223 87.9 102.2 62.8 121.9
Jul 24.0 23.8 24.7 25.5 424 62.5 190.8 128.1
Aug 22.7 22.5 21.8 21.6 149.4 132.5 239.5 246.7
Sep 15.1 16.4 16.2 15.5 52.8 132.1 37.1 514

At the emergence period, ten successive plants were tagged in the central row of each
plot. Red paint spray was applied on leaf 4, 8 and 12, which ensured the identification
of leaf ranks (Fig. 5.1a). For each tagged plant, the rank of the ear leaf was noted
as soon as it was identified. The appearance of the leaf collar at the base of a leaf
signaled the termination of individual leaf area growth, which means the leaf was
fully expanded (Fournier and Andrieu, 1998). The length and width of each leaf was
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manually measured in tagged plants using a non-destructive method by ruler when
a leaf was considered fully expanded. The leaf length was defined as the distance
from the base of the ligula to the tip of the leaf, and the leaf width was defined as the
widest part of the leaf (Fig. 5.1b). The fully expanded leaf area was calculated as leaf
length x leaf width x 0.75, and length-width ratio was calculated as length divided
by width (Keating and Wafula, 1992; Stewart and Dwyer, 1999).

Leaf 6 ‘

» Leaf5

(a)

Leaf4 <+—

—» Leaf3

Leaf2 <«——
— Leaf 1

|« Leaf length >

(b)
Leaf width

Fig. 5.1. Diagram of leaf rank (a) and leaf morphological traits of leaf length and width (b).

5.2.3 New empirical equation of leaf size distribution

Bell-shaped functions are widely used in mathematical models, for example, in crop
growth model (Yin et al., 2003) and plant morphology model (Zhu et al., 2009). The
original equation used to describe the vertical distribution of leaf area (Dwyer and
Stewart, 1986) is [Eq.(1)]. Factoring out (x —x,)* gives

y = yoex0)*[(@+b(x=xo)] )
The parameter b that controls the degree of skewness ranges from —0.007 to 0.001
and varies little with total leaf number (Keating and Wafula, 1992; Zhen et al., 2018).

In other words, the polynomial b (x —x,) is small and has little effect on the output of
the equation. Removing the polynomial factor in the exponent results in:
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y = yped*—xo)’ 3)

The parameter a is a dimensionless empirical constant. Then the form of this equation
also can be expressed as:

y = yped*—xo)’ (4)

where y, is the maximum value of y, which is reached at leaf rank x,. The new empirical
equation [Eq.(4)] in this study was thus a simplified form of the original bell-shaped
function [Eq.(1)] by omitting the limited effect from parameter b. An advantage of
the simplicity of this new equation is that it can be easily evaluated because it only
has three parameters, one parameter less than previous bell-shaped function.

The shape of the new empirical equation [Eq.(4)] is similar to the normal distribution
which is widely used in plant modelling (Lizaso et al., 2003; Matsunaga et al., 2016),
and it has three parameters. The effects of different parameters on the output are shown
by varying the parameter values (Fig. 5.2). Parameter y determines the height of the
curve and gives the maximum value y

max

the center of symmetry on the x axis and corresponds to y

of the curve [Fig. 5.2(a)]. Parameter x,, is
e LF1g. 5.2(b)]. Parameter
a is the width of the curve and low values of « result in a curve that rise sharply and
fall sharply [Fig. 5.2(¢c)].

e y0=15 e X0=8 o =
—y0=20 x0=10 a=5

25 o~ 25 25
‘ ----y0=25 ----x0=12 soo-asb

y value

x value x value x value

Fig. 5.2. Characteristics of variations in parameters variations of the new empirical equation [Eq.
(4)]. Parameters are common to all curves unless stated below: y0=20, x0=10, a=5. (a) Effects of
varying y0: y0=15 ...... ;20 ——; 25 ----. (b) Effects of varying x0: x0 =8 ...... ;10 —— ;5 12 -—--.
(c) Effects of varying a: a=4...... 35— 6 -
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5.2.4 Comparison with existing bell-shaped function

The leaf morphological data (leaf length, width and area) obtained from 2015 to
2017 of all leaf ranks were used to fit the new equation [Eq.(4)] and the original bell-
shaped function [Eq.(1)] to determine parameters using the nonlinear least squares
algorithm. The independent data from 2018 of all leaf ranks were used to evaluate
this two equations.

5.2.5 Derivatives of the new empirical equation

To obtain the key leaf ranks determining the shape of the curve, the first, second and
third derivative equations of this new equation were derived (Table 5.2). The key
points were obtained when these derivatives were set to zero. The first derivative is
the slope of a tangent line through a given point on the curve, and the point where
the first derivative is zero is the maximum of the primitive of the new equation [Fig.
5.3(a) and 5.3(b)]. The point where the second derivative is zero is the extreme point
of the first derivative, also the inflection point of the primitive new equation [Fig.
5.3(¢)]. Finally, the point where the third derivative is zero is the extreme point of
the second derivative [Fig. 5.3(d)].

Table 5.2. Derivative equations and key points of the new equation

Equations Key points

New A
equation ~ f() =Yoxe 2a

First _ —(—xg)? G =0 X = x,
, Y (x x) o Flx

derivative )= % X e za?
Second w Yol(xo — %)% —a?] =-x)? f)'=0 x=x-a,
derivative ("= s

Xy = Xo +a
Third FOO" = Yo(xg — x) X [(xg — x)* — 3a?] . e_(,;;,go)z fO" =0 x=x—3a
derivative = A 24

a -
X3 = X + \/§ a

The first, second and third derivative equations were obtained by taking the derivative of the new
equation. The key points were got when the first derivative, the second derivative and the third
derivative were equal to zero.
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Five key points are obtained in total by the derivatives equations of the new equation,
and they are determined by parameters x and parameter a (Table 5.2). When the
derivative equations are equal to zero, the number of key point is one, two and three,
respectively, but one of the points obtained by the third derivative is the same with
the results of first derivative (Fig. 5.3). Therefore, key leaf ranks are selected among
these five key points (Table 5.2).

Ymax (0, ¥o)

o
o 2
IS =
'§ .% f'(x)=0
o < 0
(5] -
Z

(®)
0 (a)
X = Xg X = Xp
o
= o
s B
E \x=x0—a /\ = x=x0—\/§a
30 2
< 5 0
2 xX=xp+a o
S =
b4 g x = % +V3a
% =
(¢) (d
X = Xp X = Xo

Fig. 5.3. The shape of the new equation (a) and its first (b), second (c¢) and third (d) derivatives. The
key points were obtained when these derivatives were set to zero.

5.2.6 Data analysis

The key leaf ranks were obtained by substituting the value of parameters x, and a
into the derivative equations of this new equation. The obtained key leaf ranks were
rounded value of calculated key points of this new equation because leaf rank is
integer number, and the rounded key points were deleted if they beyond the scope
of the leaf rank of ZD958 and XY335. Leaf area was calculated by leaf length and
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width in this study, then the rounded average values of leaf length and width were
assigned as the key leaf ranks of the entire leaf morphological traits distribution. The
data from 2015-2017 of the key leaf ranks were used to establish the same equation,
and the data from the remaining leaf ranks (except for the key leaf ranks) were used
to test the feasibility of the simplified approach.

The root mean square error (RMSE), normalized root mean square error (NRMSE),
and coefficient of determination R? were used to verify the accuracy of fit between
observed values and estimated values (Zhen et al., 2018; Zhu et al., 2009).

5.3 Results

5.3.1 Leaf morphological traits based on individual leaf rank

The relationship between leaf morphology (length, width, and area) and leaf rank
can be described quantitatively by the new empirical equation [Eq.(4)] [Fig. 5.4].
The length and width of individual leaves increased with leaf rank up to leaf 14
and then decreased for leaf 15 and above [see Fig. 5.4(a-d)]. The maximum length
and width all occurred around leaf 14 both in ZD958 and XY335. The distribution
of individual leaf area was similar to that of leaf length and width [Fig. 5.4 (e and
)], whereas the distribution of the length-width ratio differed because the changes
from the bottom leaf to the top leaf were small [Fig. 5.4 (g and h)]. The relationships
between leaf length, width, area and length-width ratio and leaf rank were the same
for maize hybrids ZD958 and XY335 (Fig. 5.4). The results showed a high consist-
ency between estimated and observed values (Fig. 5.5). Overall, the predictability of
the new equation [Eq.(4)] in estimating the changes in leaf morphological traits (leaf
length, width and area) at different leaf ranks was good.

Each parameter of the new equation [Eq.(4)] can be interpreted in a biologically
meaningful way (Fig. 5.2).The parameter y, defined as the maximum length, maximum
width or maximum area of one plant [Fig. 5.2(a)]. For ZD958, it was 103.2 cm, 11.3cm,
or 846.0 cm?, respectively, and for of XY 335, it was 94.7 cm, 11.9 cm, or 811.6 cm?,
respectively (Table 5.3). The parameter x, defined as the leaf rank corresponding
to these maximum leaf morphological traits, and the leaf ranks of both ZD958 and
XY335 were all around leaf 14. From the bottom leaf to the top leaf, the changes in
leaf length were greater than the changes in leaf width, and the change in leaf area
was highest because it had the smallest value for the parameter a [Fig. 5.2(c)].
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Fig. 5.4. Leaf length (a and b), leaf width (c and d) and leaf area (e and f) of ZD958 and XY335
were simulated by the new empirical equation. The length-width ratio at individual leaf rank of
ZD985 (g) and XY335 (h).
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5.3.2 Comparison with original bell-shaped function

The new equation [Eq.(4)] was evaluated by comparing with original bell-shaped
function [Eq.(1)]. The observed leaf morphological data (leaf length, width and area)
from 2015 to 2017 were used to fit the new equation [Eq.(4)] and original bell-shaped
function [Eq.(1)] respectively, and the parameter values of ZD958 and XY335 were
listed in Table 5.3 and Table 5.4. Eq.(1) and Eq.(4) along with their parameter values
were estimated using the independent data from 2018. The R? values of both ZD958
and XY335 for leaf length, width and area using Eq.(4) were higher than Eq.(1),
especially for leaf width (Table 5.5). The RMSE and NRMSE of ZD958 using Eq.(4)
were similar with that using equation Eq.(1), but the RMSE and NRMSE of XY335
using Eq.(1) were much smaller. Therefore, leaf length and leaf area were simulated
well by using both Eq.(1) and Eq.(4), but Eq.(4) gave the better estimations for leaf
width than Eq.(1) (Table 5.5).

Table 5.3. Values of parameters y,, x, and a of the new equation

Hybrids Morphology traits Y x, a

ZD958 Leaf length 103.2 13.5 5.7
Leaf width 11.3 14.3 6.8
Leaf area 855.0 13.8 4.5

XY335 Leaf length 94.7 132 5.5
Leaf width 11.9 14.7 6.2
Leaf area 811.6 13.9 43

The observed individual leaf morphology (length, width and leaf area) data from 2015 to 2017
were used to fit the new equation [Eq.(4)] to determine the values of parameters y, x, and a of
ZD958 and XY335.

Table 5.4. Values of parameters y,, x,, a and b of original bell-shaped function

Hybrids Morphology traits Y x, a b

ZD958 Leaf length 103.3 13.5 -1.5E-2 1.9E-5
Leaf width 11.2 14.1 -1.0E-2 1.3E-4
Leaf area 845.1 13.7 -2.5E-2 1.5E-4

XY335 Leaf length 94.3 13.0 -1.6E-2 2.5E-4
Leaf width 12.1 15.0 -1.5E-2 2.7E-4
Leaf area 810.9 13.9 -2.7E-2 1.1E-4

The observed individual leaf morphology (length, width and leaf area) data from 2015 to 2017
were used to fit the original bell-shaped function [Eq.(1)] to determine the values of parameters y,,
x, a and b of ZD958 and XY335.
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5.3.3 Key leaf ranks of the new empirical equation for leaf morphological
traits

The rounded average values of key leaf ranks of leaf length and width were assigned
as the key ranks of the entire leaf morphological traits distribution (Table 5.6). The
leaf area was ignored in this study because it was calculated by individual leaf length
and width instead of being observed. Finally, the rank of leaf 4, 8, 14 and 20 were
defined as the key leaf ranks for the new equation Eq.(4) and the key leaf ranks of
7D958 and XY335 were the same (Table 5.6).

The relationships between leaf morphological traits (i.e. length, width and area) and
leaf rank were established based on the four key leaf ranks (leaf 4, 8, 14 and 20)
instead of on all leaf ranks (Fig. 5.6). The new equation Eq.(4) were validated by
using the data in the remaining leaf ranks except for the four key leaf ranks from the
year 2015-2017, and the estimated fit the observed data well (Fig. 5.7). The NRMSE
values of ZD958 for leaf length, leaf width and leaf area, were 0.075, 0.092, and
0.137, respectively, and the NRMSE values of XY 335 were 0.084, 0.111, and 0.132,
respectively (Fig. 5.7). Therefore, the morphological data of the four key ranks (leaf
4, 8, 14 and 20) were used to estimate leaf length, width and area at individual leaf
rank were acceptable.

5.4 Discussion

Leaf'size together with leaf orientation are important components of leaf architecture,
influencing the leaf morphological traits distribution in maize canopy (Fournier and
Andrieu, 1999; Huang et al., 2017; Maddonni et al., 2001). However, most previous
studies focused only on leaf area of fully-expanded leaves as a function of leaf rank
and neglect the more fundamental measurements of leaf length and width (Keating
and Wafula, 1992; Muchow and Carberry, 1989; Su et al., 2018). The new empirical
equation Eq.(4) describes the distribution of leaf length, width, and area in a quan-
titative way that remain similar in shape from year to year (Fig. 4). Specifically, the
individual leaf length and width of ZD958 and X'Y335 for the year 2015 were smaller
than that for the years 2016 and 2017, mainly because the year 2015 had the least
precipitation, particularly during June and July (Table 5.1). Water shortage limited
elongation and expansion growth, moisture content and photosynthesis of leaves,
which influences on the growth and development of maize plant (Duvick and Cassman,
1999; Zhang et al., 2019).
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Fig. 5.6. The new empirical equations for leaf length (a and b), leaf width (c and d) and leaf area
(e and f) for hybrids ZD958 and XY335. Estimated leaf length, width and area based on four key
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117



Chapter

5

120
ZD958 /
/
RMSE=4.70 w
80 T+
9 NRMSE=0.075  o$fils%8
= 00w ©
g /
= o}ﬁw
= 0 LB,
T Om
/
/
-
®, (@
0 } }
0 40 80 120
Observed
16 ~
ZD958 /
/
s/
/
12 T RMSE=0.69 7
8 NRMSE=0.092
é 8 + <00 250-am>
3
m %
000>
4 4+ onboo
/
3 c
) ©
0 . } }
0 4 8 12 16
Observed
1200 y;
ZD958 y
/
1000 + /
RMSE=59.11 i
800 + b0 O
NRMSE=(.137 ~ompdmsco o
2 OUMIPIBOO GO
T 600 T @0«;‘0&%
£ %
A7 O AP O
0= 400 + /
/
200 T oo
o )
0o £— } } } }
0 200 400 600 800 1000 1200
Observed

120
XY335
RMSE=4.89
80 T+
= NRMSE=0.084
Q o
5]
£ e
% [co 0]
T o
/
wc—b
° ()
0 : }
0 40 80 120
Observed
16
XY335
12 RMSE=0.84
8 NRMSE=0.111
= 8+
= 0 cocamwa
2 /
m ’ﬁv
4t o
o
7/
s
JB3 @
0 } } }
0 4 8 12 16
Observed
1200
XY335 il
1000 + //
/
RMSE=53.92
800 +
3 NRMSE=0.132 :"
s
g 600 + _n
@ ;-oo
400 + G;'IIIUD
/
200 + ?‘v
H
Y - : : : :
0 200 400 600 800 1000 1200
Observed

Fig. 5.7. Estimated versus observed leaf length (a and b), leaf width (c and d) and leaf area (e and
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The morphological changes are observed in maize hybrids released over different
generations in American (Duvick and Cassman, 1999), European (Perez et al., 2019)
and Chinese (Ma et al., 2014) projects. The number of leaves per plant increased and
the leaf area index tend to be higher for modern hybrids than older ones. The leaf
orientation became more upright, the length of the middle leaves increase, and modern
hybrids have a lower ear and ear leaf position than old hybrids (Ma et al., 2014; Perez
etal., 2019). These changes affect the light interception in maize canopy, and also lead
to the different architecture of modern maize hybrids, especially for high-yielding
modern maize hybrids (Liu et al., 2017). Therefore, the previous mathematical models
need to be modified (Zhen et al., 2018).

A great deal of effort has been devoted to measuring and characterizing leaf morphol-
ogy (Fournier and Andrieu, 1998; Sher et al., 2017). Mathematical approaches with
modeling can thus be very convenient and useful for estimating plant growth. The
original bell-shaped function [Eq.(1)] is still a robust way to predict the fully-expanded
leaf area of maize with modified parameters (Keating and Wafula, 1992; Zhen et al.,
2018), and the empirical constants parameters (a and ») were simply estimated from
total leaf number (Keating and Wafula, 1992), but the total leaf number of modern
hybrids were still beyond the scope of equations calibrated and affected by climate
factors, such as thermal time and photoperiod duration of vegetative growth (Muchow
and Carberry, 1989). For instance, field experiments are conducted across 34 sites in
seven provinces located in China, using maize hybrid ZD958, the total leaf number
increased from 18.7 to 23.7 with an average of 21.0 (Liu et al., 2013). The value of
parameter b in Eq.(1) were small enough, ranging from 1.9E-5 to 2.7E-4 (Table 5.4)
in this study. Previous studies also clarified parameter b had less effects on the output
of the function (Keating and Wafula, 1992; Zhen et al., 2018). Then, the Eq.(4) was
a simplified form of the Eq.(1) by removing the parameters b [See equation (1)-(4)].
There are some advantages that using the new equation [Eq.(4)] to describe the vertical
leaf distribution profile of maize, for example, the prediction accuracy, the number
of parameters, the computational complexity and the speed of computer program-
ming. Therefore, the new equation would contribute to more accurate simulation of
light capture in relation to phenotype and management, and also lay a foundation for
further research into comprehensive simulation systems to produce virtual expres-
sions of leaf growth for maize. Since the morphological characteristics of leaves are
complex and difficult to obtain in the field, four key leaf ranks were found by the a
method of using derivation equations, because the morphology of any leaf'is strongly
influenced by the morphology of previously emitted leaves (Fournier and Andrieu,
1999; Stewart and Dwyer, 1993).
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This study only focused on the geometrical properties of fully expanded leaf mor-
phology and simplifies field measurements by four key leaf ranks. Further research
is needed to test the flexibility of the new equation and the stability of this derivation
method with more independent dataset from different hybrids, ecological sites and

growing conditions.

5.5 Conclusion

The relationships between leaf length, width, and area and leaf ranks were established
by a new empirical equation and the biological meaning of each parameter in this
equation is valuable. The use of the new equation reduces the number of parameters
required to characterize the leaf morphology, and reduces the workload of computer
program. According to the characteristics of this new equation, a method of using
derivation formulas to determine key leaf ranks to simplify mathematical equations
was proposed in this study. The four key leaf ranks (4%, 8", 14 and 20") were identi-
fied using maize hybrids ZD958 and XY 335, that could simplify the process of data

acquisition in the field.
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General discussion

Maize (Zea mays L.) is one of the world’s three major cereal crops. As human popu-
lation and per capita consumption of animal products increase, ensuring a stable and
abundant maize supply is essential to meet the demand for food and animal feed is
urgent (Huang et al., 2002; Tian et al., 2021). The improvement of crop breeding and
management practices play important roles in increasing maize yields (Rizzo et al.,
2022). In many growth environments, nitrogen (N) application in the form of either
synthetic or organic fertilizer is one of the most effective means to increase yields,
since N plays a key role in crop growth (Hou et al., 2012). But this has also down
sides. In many parts of the world, farmers apply excessive amounts of N fertilizers,
resulting in environmental pollution which in turn results in losses in biodiversity,
as well greenhouse gas emissions (Zhang et al., 2015). In order to limit the amount
of N applied to crops while maintaining high yields, nitrogen-use efficiency (NUE,
defined here as the amount of N harvested per unit nitrogen applied) would have to
increased, and higher NUE would be associated with a high canopy photosynthetic
nitrogen-use efficiency (Dimkpa et al., 2020; Yan et al., 2022). However, because of
the complexity of maize canopy and the plasticity of maize plants, it is still a challenge
to clarify how maize plants respond to N availability within the canopy.

The main aim of this thesis was to explore the morphological and physiological trait
responses of maize plants to N availability and to explore how these traits may have
changed as a result of crop breeding. First, in the General Introduction (Chapter 1),
I introduced the general challenge of the need to increase NUE in maize crops and
introduced the different ways by which plants can respond to changes in N avail-
ability in terms of leaf area and leaf nitrogen dynamics, associated changes in leaf
photosynthesis capacity, and yield formation. Then, in Chapter 2, we quantified the
responses in the accumulation, partitioning and reallocation patterns of biomass and
nitrogen within the canopy in relation to N availability. We investigated how maize
plants adapt to N-deficient conditions as plants can respond plastically to the environ-
ment (Chapter 3). The vertical distribution patterns of canopy architecture, light, and
nitrogen within the maize canopy were also explored among cultivars from old to
new (Chapter 4). Moreover, a new empirical equation was established to describe the
vertical leaf distribution profile of maize (Chapter 5). The results of this thesis will be
important to understand the performance of maize plant in relation to N availability,
but can also help guide breeders how to select suitable traits by analysing the genetic
gains between old and new cultivars.
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In this final chapter, I will place the main findings of this thesis in a broader context
and discuss how the findings increase our understanding of the effects of N availability
on maize canopy, the vertical distribution patterns of light and nitrogen, biomass and
grain formation in section 6.1. Thereafter, the current state and the potential implica-
tions of these findings for future research will be discussed in section 6.2 and 6.3,
followed by several concluding remarks in section 6.4.

6.1 Overview of the main findings

6.1.1 N availability determines the vertical patterns of N reallocation within
the canopy

Typically, plants rely on two primary sources of nitrogen for growth and reproduction.
The first is the nitrogen uptake from the soil through their roots, while the second
involves the re-translocation of N from aging organs (Ciampitti and Vyn, 2012). If
the N uptake rate from the soil is low, sink organs (i.e., organs to which N is trans-
ported) may expedite the senescence process in (older) leaves (which are hence N
sources) to fulfil their nitrogen requirements (Gallais et al., 2007; Liu et al., 2022).
In cereal crops such as maize with a determinate flowering habit (i.e., a complete
shift from vegetative to reproductive growth after flowering), developing reproduc-
tive organs and their seeds will be the N sink and leaves the main N source during
the reproductive growth phase (Molla et al., 2019). Consequently, such plants face
a trade-off between reallocating resources to support grain growth or maintaining
these resources in the canopy to facilitate additional photosynthesis. This trade-off
holds particular significance for N due to its crucial role in both photosynthesis and
grain protein content, a vital grain quality trait. Yet, in research on N reallocation in
relation to crop photosynthesis this trade-off is rarely considered.

In Chapter 2, we quantified the accumulation, partitioning, and reallocation of N at
both the individual leaf and plant scales during the reproductive phase, examining their
responses to varying N availabilities resulting from long-term N fertilizer treatments in
a field experiment. The results revealed that, regardless of N availability, a portion of
grain N comes from reallocation processes from the vegetative organs. Furthermore, it
was observed that as N availability decreased, the demand for reallocated N in the grain
increased, that is, a relatively larger fraction of seed N was derived from reallocation
and a smaller fraction from the soil. However, the absolute quantity of N reallocated
was found to be highest under intermediate soil N availability (N1). This suggests
that the balance between the demand for reallocated N (which is highest under low N
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conditions, NO) and the supply of N (which is highest under high N conditions, N2)
tend to co-limit N reallocation at intermediate N levels. When considering the vertical
pattern of N reallocation across leaves in the canopy, we noted that a larger fraction of
N in leaves was reallocated from lower leaves than from higher ones. But in absolute
terms, the largest amounts of N were reallocated from middle-canopy leaves compared
to both top and bottom leaves. This suggests that lack of N limits N reallocation from
lower leaves while high opportunity costs may have selected for less N reallocation
from upper leaves resulting in most N being reallocated from middle leaves.

6.1.2 Maize plants tend to maintain leaf area rather than SLN under N
deficient conditions

Crop canopy photosynthesis is the product of radiation interception and radiation-use
efficiency (RUE), and both are therefore crucial factors affecting canopy photosyn-
thesis and overall plant productivity (Lemaire et al., 2008). Light interception in
turn is strongly determined by the leaf area index (LAI, amount of leaf area per unit
soil area) while RUE is strongly determined by specific leaf N contents (SLN, leaf
N per unit leaf area) (Massignam et al., 2011). The latter is because of the positive
relationship between SLN and leaf photosynthetic capacity (Evans, 1989; Hirose
and Werger, 1987). This means that a given amount of nitrogen in the canopy can
be used to produce either a large LAI and light capture but with relatively low SLN
and associated RUE or the opposite: less light capture but high RUE (Gaudin et al.,
2011). When faced with nitrogen deficiency, crop plants are thus faced by a trade-off
between maintaining LAI and radiation capture or maintaining SLN and thus RUE
(Gaudin et al., 2011; Lemaire et al., 2008).

Chapter 3 aimed to investigate how maize manages this trade-off by examining the
responses to different soil N availabilities in terms of specific leaf nitrogen (SLN), leaf
area (LA), and their underlying traits during both vegetative and reproductive growth
stages. Our findings demonstrate that maize plants employ a strategy of maintaining
LA while decreasing SLN during the vegetative stages. But during the reproductive
phase, both LA and SLN exhibited comparable reductions. These results characterize
maize’s response to nitrogen deficiency, giving resource capture takes precedence over
resource-use efficiency. The spatial and temporal distribution of specific leaf area
(the ratio of leaf area and leaf biomass, SLA, g/m?) were also explored in Chapter 3.
Canopy-SLA (i.e., the canopy leaf area divided by the canopy leaf mass) decreased
sharply during vegetative stages and slightly during reproductive stages across all N
treatments. This was mainly because leaves in the lower-canopy had a shorter leaf
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lifespan and higher SLA. In the vegetative stage, maize maintained LA at low N avail-
ability by maintaining leaf biomass (hence having lower N content/mass) and slightly
increasing SLA, indicating maize plants tend to increase SLA in order to adapt to
nitrogen-deficient conditions while maintaining efficient light capture.

6.1.3 The coordination of light and nitrogen distribution within the maize
canopy

In maize, during the last decades breeding has contributed considerably to increased
yields, and this genetic yield improvement has been associated with changes in
morphological and physiological traits (Welcker et al., 2022). For instance, modern
maize hybrids typically exhibit reduced plant height, ear height, and ear-to-stalk ratios,
resulting in improved resistance to lodging. Additionally, their more upright leaves,
enhance their ability to tolerate high-density planting, and improves light penetra-
tion in the canopy which can benefit canopy photosynthesis especially at high plant
densities and associated high LAIs (G. Liu et al., 2021). Moreover, the process of light
attenuation within the canopy is responsible for determining the vertical distribution
of light and nitrogen, which ultimately affects the nitrogen-use efficiency (NUE),
as the greater illumination of upper leaves allows them to use N more efficiently
for photosynthesis (Hirose and Werger, 1987; Mueller et al., 2019). As noted, this is
because Amax (leaf-level light saturated leaf photosynthesis) is strongly related to
leaf nitrogen content per unit area (SLN, g N/ m?), and it can be theoretically derived
that canopy photosynthesis for a given canopy N (and thus canopy photosynthetic
NUE) can be maximized if plants distribute their N such that Amax follows the light
gradient in the canopy (Anten et al., 1995; Hirose and Werger, 1987). Putting the latter
in simple terms, the SLN distribution should be such that if a given leaf receives say
50% of the light that a leaf at the top of the canopy receives its Amax should also be
half the value of that at the top of the canopy. It is known that the vertical canopy N
profile is at least partly driven by the light gradient, but there is still much unexplained
variation in N distribution across different growth environments (Archontoulis et al.,
2011). Optimizing the relationship between light and nitrogen in the maize canopy
could thus be an effective way to improve NUE and plant productivity (Chen et al.,
2016). However, to what extent yield-based selection during the last ~70 years of
crop breeding indirectly affected canopy architecture, and the vertical distribution of
light and nitrogen within the maize canopy has not been reported.

The canopy architecture, the vertical distribution patterns of light and nitrogen, and
grain yields of maize cultivars, released between 1950 and 2004, were hence quan-
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tified and analysed in Chapter 4. We found that the yield gain from older to newer
cultivars was strongly associated with changes in canopy architecture, which increased
light interception through a higher LAI and improved light distribution in the canopy
through steeper leaf angles. In contrast, the coordination of light and nitrogen was
not affected much throughout breeding. That is, there was no significant relationship
between the shape of the nitrogen distribution in the canopy and the date at which a

cultivar was released (Chapter 4).

6.1.4 A new empirical equation to describe the vertical leaf distribution
profile of maize

The vertical distribution of leaf area is an important factor to influence light capture
in canopy, which is an essential part of the development of plant and crop models
(Fournier and Andrieu, 1999; Vos et al., 2010). Mathematical approaches with
modelling can be very convenient and useful for estimating plant growth, in order to
address questions on maize performance. The popular bell-shaped function is a robust
way to describe the fully expanded leaf area of maize (Keating and Wafula, 1992;
Zhen et al., 2018). However, new maize hybrids show different canopy architecture,
for example, the ear leaf and adjacent leaves of modern hybrids are longer than that
of older hybrids (G. Liu et al., 2021; Zhang et al., 2018). Earlier equations and their
parameters, which have been used for older maize hybrids that were grown at low
plant densities, will thus not accurately represent modern hybrids (Zhen et al., 2018).
Therefore, the previous mathematical models need to be modified.

The modern hybrids ZD958 and XY335 were used to develop a new empirical
equation that captures vertical leaf distribution (Chapter 5). The leaf dimension data
(leaf length, width and area) obtained from 2015 to 2017 of all leaf ranks were used
to fit the new equation and the original bell-shaped function to determine parameters
using the nonlinear least squares algorithm. The independent data from 2018 of all
leaf ranks were used to evaluate these two equations, resulting in improved accuracy
with fewer parameters. Moreover, each parameter of the new equation can be inter-
preted in a biologically meaningful way. According to the characteristics of this new
equation, a method of using derivation formulas to determine key leaf ranks to simplify
mathematical equations was proposed in this study, that could simplify the process
of data acquisition in the field.
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6.2 The identified targets for improving nitrogen-use
efficiency (NUE) and yield

As noted above, crop nitrogen-use efficiency (NUE) is defined as the ratio between
the amount of N output in harvested products and the amount of N input applied
with fertilisers and available from other sources (e.g., manure, synthetic fertilizer,
symbiotic fixation and atmospheric deposition). A physiological framework for the
analysis of NUE considers two components: how much N is taken up by the crop
(N recovery efficiency) and how efficiently N is transformed into grain yield once it
has been accumulated in the crop (N internal efficiency). NUE is a useful measure
to assess the effectiveness of N fertilizers and the overall N management in agricul-
tural systems (Noor, 2017). High NUE indicates that plants are able to optimize N
uptake, minimize losses through leaching or volatilization, and efficiently allocate N
to support their growth (Bonelli and Andrade, 2020; Yan et al., 2022) (though very
high NUE values can be indicative of soil mining, taking more out than comes in and
hence depleting soil N). By contrast, low NUE indicates that a significant amount
of applied N is lost to the environment, wasting the resource, producing threats to
air, water, soil and biodiversity, and generating additional greenhouse gas emissions
(Zhang et al., 2015). Therefore, improving NUE is an important goal in agriculture
as it can contribute to sustainable and environmentally friendly farming practices.

6.2.1 Nitrogen-use efficiency in different parts of the world

Crop NUE varies across different countries and regions worldwide (Lassaletta et al.,
2014). Certain countries and regions like the USA and Europe exhibit high NUE levels
(between 0.5 and 0.9 kg N kg'N, defined as ‘high’ by the EU Nitrogen Expert Panel
(EUNEDP, 2015)). In contrast, countries like China but also African countries tend to
have low NUE (Lassaletta et al., 2014; Yan et al., 2022). Specifically, there are two
primary factors that contribute to the low NUE in different regions: (1) in Africa, the
low NUE is associated with both low N application rates and low yields. Often basic
agronomic practices such as pest, disease and weed management or water supply are
inadequate inhibiting yield responses to fertilizers (Asante et al., 2022; George, 2014).
This means that NUE could be increased primarily by improving general agronomic
practices; (2) In countries like China and India, the low NUE is primarily caused by
excessive N fertilizer application and poor management practices. For instance, the
synthetic N fertilizer application rate in China was 256 kg N ha! in 2016 (China is
currently globally the largest user of N fertilizers with 27.8% of the global N use)
(Liu et al., 2020). Therefore, in these countries the key objective should be to attain
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high yields while maintaining a reasonable and sustainable NUE. Research efforts
that could help make this possible have been made. For instance, a 212 site-year field
experiments at two planting densities of 60000 and 75000 plants/ha with the same
inputs of N were conducted in China. The maize yield increased about 5.6% and the
reactive N loss intensity and greenhouse gas emissions (GHG) intensity reduced by
2.2% to 10.2% across different regions of China indicating that yield increase could
be achieved without extra N inputs and further negative environmental impacts if
planting density was increased by 15000 plants/ha under the current condition of
excessive N surplus in China (Hou et al., 2020). But given the urgency of having to
reduce the input of reactive nitrogen into environment, it is imperative to develop
further strategies that optimize N management, enhance crop productivity, and ensure
sustainable agricultural practices. The potential ways to improve NUE were explored

in Chapters 2-4 through a long-term N fertilization experiment.

6.2.2 Enhancing efficient N uptake and effective N reallocation

Enhancing NUE requires both efficient N uptake and effective N allocation and real-
location (i.e. high N harvest index, NHI) in maize (Kant et al., 2011; Ma et al., 2020).
Regarding the latter, the delayed senescence of leaves under higher N availability
allows for an extended period of photosynthetic activity by the canopy (Ciampitti and
Vyn, 2012; Tollenaar and Lee, 2002), which contributes to a higher seasonal canopy
photosynthesis and associated assimilate supply. This, in turn, leads to an increased
efficiency of nitrogen utilization for biomass production. Put simply, the photosynthetic
nitrogen taken up by the plants stays longer in the leaves and contributes longer to
photosynthesis thus increasing assimilate production per unit nitrogen (Borrell et al.,
2001; Martin et al., 2005). But there is also potentially a negative side to this stay-green
(leaves staying green because senescence is delayed) phenomenon. Typically, during
the reproductive stage, N compounds are broken down and released from senescing or
older leaves. These released N compounds can be reallocated to the grain, where they
are utilized to efficiently support grain production during the grain-filling stage and,
quite importantly, contribute to the grain’s protein content and associated nutritional
value (Li et al., 2020; Peng et al., 2006). Therefore, in cereal crops such as maize, a
trade-off exists between the “stay-green” trait and N reallocation, since when more N
is reallocated to the grain, less N remains available to sustain leaf photosynthesis at a
given N level. This rate of N reallocation from leaves and associated stay-greenness
in turn varies genetically, i.e., there being so-called stay-green varieties, but is also
affected by environmental conditions such as N availability (Abeledo et al., 2008;
Kliopova et al., 2016).
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The reallocation of N from vegetative tissues assumes significant importance for grain
growth, especially under abiotic stress conditions such as drought or nitrogen deficiency,
which can trigger leaf senescence (Liu et al., 2022; Molla et al., 2019). Not just the
magnitude but also the vertical pattern of N reallocation across leaves within the canopy
(i.e., the extent to which N is reallocated from upper or lower leaves) is influenced by
the N availability, as I showed in Chapter 2. Notably, leaves positioned higher up in the
canopy become increasingly important sources of N reallocation when N availability
from the soil is limited. As the availability of N from the soil decreases, the proportion of
N uptake during the reproductive stage that contributes to grain N accumulation dimin-
ishes. Consequently, plants progressively rely on N reallocation from upper leaves, even
if it entails a relatively larger opportunity cost in terms of photosynthesis (Chapter 2).
However, further research is needed to determine how the balance between dry matter
yield and grain protein content are mediated by the N reallocation and its effects on
canopy photosynthesis, potentially through plant simulation modelling, since the physi-
ological processes underlying yield quality are not so well understood and quantified.

6.2.3 Improving canopy photosynthesis

Canopy photosynthesis is influenced by the interplay of light capture and the efficiency
with which captured light is used for carbon assimilation (Evans, 1993). In maize
production, optimizing canopy structure has practical implications for increasing
canopy light interception and improving productivity. Application of N fertilizers is
one of the most powerful measures to regulate canopy structure by influencing leaf
expansion, leaf lifespan and leaf orientation (Luo et al., 2020). For instance, N-deficient
plants tend to have smaller and narrower leaves, stunted growth, and shorter canopies
compared to N-sufficient plants (Hammer et al., 2009; Ouyang et al., 2021). These
factors strongly influence the plant’s capacity to intercept light, the uniformity of
light distribution within the canopy, and the efficiency of light-induced photosynthe-
sis (Evans and Clarke, 2019). In addition, when N is limited, plants may adaptively
adjust their canopy architecture by modifying leaf angles, or reallocating resources
(Ma et al., 2014). These responses in turn affect canopy photosynthesis. Erect archi-
tectures (i.e., smaller leaf angles and upright leaves), for example, increase the light
transmittance to lower leaves, resulting in more light interception in the lower canopy,
reducing the degree of shading of lower leaves. This increased light penetration may
also delay leaf senescence, which is partly driven by shading (Boonman et al., 2006).
Furthermore, canopy architecture varies among maize hybrids. For instance, modern
maize varieties tend to be taller than older varieties but have a lower ear position,
along with a more upright leaf orientation (G. Liu et al., 2021).
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At the canopy level, the canopy N profile, the light profile and their relationship play
a crucial role in determining canopy productivity (Anten et al., 1995; Hirose and
Werger, 1987). As noted earlier in this chapter, due to the strong relationship between
light saturated photosynthesis and leaf N content, the gradient of leaf N content in the
canopy contributes to the NUE at the whole-plant level (Chen et al., 2016). Vertical
light and nitrogen distributions in a canopy can be described by an exponential function
of the downward cumulative leaf area index with an extinction coefficient for light
(K, ) and for photosynthetically active leaf nitrogen (K, ) (Anten et al., 1995; Hirose,
2005). As noted, theoretical studies have suggested that canopy photosynthesis would
be maximized if a vertical nitrogen distribution follows the light gradient within the
canopy, i.e. K: K =1 (Field, 1983; Hirose and Werger, 1987). However, the ratio
between K and K| was found to be around 0.34 in rice canopies, and 0.37 in wheat
canopies (Gu et al., 2017; Hikosaka et al., 2016). Interestingly, a positive relationship
between K /K| and RUE was found across different rice varieties, indicating that the
coordination of light and nitrogen distribution is conducive to the improvement of
RUE and yield (Gu et al., 2017; Ouyang et al., 2021). Studies that compared K, and
K, values across species found a positive relationship; species with high K, values
tended to have higher K values and this correlation held both across crops and wild
herbaceous plants (Anten 2016; Hikosaka et al. 2016). This suggests there might be
selective advantage to coordinating the nitrogen and light distributions. However, few
studies have reported the K, and K| ratios in maize canopies. The vertical distribution
patterns of light and nitrogen of six cultivars released between 1950 and 2004 were
quantified and analysed in Chapter 4. In contrast to results for other herbaceous species,
the nitrogen distribution within maize canopies could not be described with a negative
exponential function (i.e., one that is similar to the light distribution in the canopy
(Monsi and Saeki, 2005), because the upper-middle leaves rather than the top-most
leaves had the highest SLN. Moreover, the coordination between light and nitrogen
in maize canopy was not associated with maize breeding history from the 1950 to
2004 in Chinese cultivars. This lack of an association raises an intriguing question:
does the coordination of light and nitrogen distribution in the canopy represent an
unutilized breeding target to further enhancing yield and NUE in maize or is it less
important than what theoretical studies assume? This question could be addressed
through a combination of a combination of crop (systems biology) modelling and
further experiments like the one conducted in Chapter 4.
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6.3 Implications and future perspective

6.3.1 The genotype X environment x management (GXExM) interactions

One of the complexities that need to be considered in developing agronomic strate-
gies and/or breeding targets comes from what has been denoted as genotype x envi-
ronment X management (GXExM) interactions. Crop management practices such
as fertilizer application (M) affect crop performance through modifications of the
environment (MxE) (Chapter 2). The implications of these changes in environment
(E) in turn depend on plant traits (ExG) which changes as a consequence of artificial
selection and breeding (Chapter 4). Plants respond to these environmental changes
through plasticity. The phenotypic plasticity is the capacity of a plant to produce a
diversity of phenotypes to adjust their phenotype under different environmental con-
ditions (Chapter 3). Thus, to develop strategies to increase maize yields in China, it
is important to quantify the key factors contributing to the genotype x environment
x management (GxExM) interactions.

To understand the relationship between maize canopy architecture and function, and
the genotype x environment X management interactions, it is necessary to integrate
the collected field data and crop modelling (Fournier et al., 2005; Yin et al., 2022).
However, the theoretical studies on optimization of canopy nitrogen use have tended
to be static (e.g. they treat N distribution or LAI as a static phenomenon while in
reality these arise from a dynamic process of leaf production, senescence and loss),
and they do not always consider explicit architecture (Hikosaka, 2005). Using plant
simulation modelling such as functional-structural plant (FSP) modelling the growth
and development of the three-dimensional (3D) plant structure based on physiologi-
cal mechanisms can be simulated, integrating knowledge on plant functioning and
morphology as modulated by the environment (De Vries et al., 2021; Vos et al., 2010).
This makes FSP models ideal tools to address questions on the mechanisms behind
the distributions of leaf properties and light capture in maize plants. In this thesis,
the observed data from the experiments could be used to calibrate the parameters
and evaluate such FSP models (Chapter 5). The plant architecture data (leaf area,
leaf angle, internode length, internode width) and leaf N contents were collected on
individual leaf position. The simulated data combined with measured plant architecture
data (Chapter 5) could be used to quantify the interaction between plant architecture
and light capture in maize canopies under different N availabilities across leaf, plant
and canopy scales. We expect that our results will be important for evaluating the
performance of maize plant plasticity under different environment conditions, but
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also can guide breeders how to choose suitable cultivars by analysing the difference
of GXExM between old and new cultivars.

6.3.2 Coordination of grain quantity and quality

While much of the crop physiological research has focussed on yield quantity (usually
the amount harvested biomass), yield quality might be at least as important. For food,
yield quality largely entails the content of nutritional elements, such as proteins, vitamins
or minerals per unit harvested product, though other e.g. aesthetic aspects such as size,
colour and shape may also matter. As global living standards are on average increas-
ing, emphasis on having enough nutritious food rather than simply having enough
food, becomes increasingly important, emphasizing the need for crop physiology to
pay more attention to quality. For instance, China has achieved an impressive status
as the world’s second-largest producer and consumer of maize in recent times (FAO,
2020). However, improvement of maize quality aspects has not received the widespread
attention it deserves. Therefore, exploring the factors that influence corn quality and
comprehending the physiological mechanisms that affect its yield are of utmost impor-
tance. This research topic holds great significance in establishing a robust theoretical
foundation for achieving high-yield and high-quality specialized maize production.

The assimilates and proteins associated with photosynthesis are accumulated and stored
in the endosperm and scutellum of the embryo through reallocation and grain filling
during the growth and development stages, playing a pivotal role in the formation of
maize yield and quality (Jobling, 2004; Sabelli and Larkins, 2009). The formation
of maize yield and quality is influenced by various factors, including genotype,
environment, and production management (Duvick, 2005; Ray et al., 2019). For
instance, the grain protein content decreased while starch content increased when
maize crops were grown at higher planting density, due to the assimilation ability
of carbon and nitrogen affected by intra-plant competition (Maddonni and Otegui,
2006). Moreover, enhancing N nutrition during the grain-filling stage has a signifi-
cant impact on promoting the synthesis and accumulation of proteins and amylose
(Kaplan et al., 2019; Nasielski et al., 2019), thereby influencing the process of grain
yield and quality formation.

During the past several decades, maize grain yield has increased dramatically, while
grain nitrogen concentration has declined in modern hybrids (Chen et al., 2014; Scott
et al., 2006). The decline in grain N could at least partly be attributed to the leaves
tending to stay-green at maturity in high-yielding hybrids (Mueller et al., 2019). This
stay-green characteristic relies on increased post-silking N absorption from the soil and
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decreased N reallocation from vegetative organs (Borrell et al., 2001). As discussed
earlier in this chapter and in Chapter 2, there is a trade-off between leaf N reallocation
and leaf photosynthesis rate during post-silking stages. Maintaining N in the canopy
through delayed senescence ensures higher canopy photosynthesis, but at the same
time entails that less N is reallocated to grain. Previous studies demonstrated a strong
negative association between N reallocation and post-silking N uptake (Z. Liu et al.,
2021; Wei et al., 2019). However, the plant traits related to the coordination between
grain yield and grain nitrogen concentration, and between post-silking N uptake and
N remobilization are largely overlooked. It is supposed that higher N reallocation
together with higher N and DM accumulation are the target traits to improve the
modern stay-green cultivars to increase grain N without penalty in grain yield (Chen
et al., 2015; Ray et al., 2020).

6.4 Concluding remarks

In this thesis I explored how maize plants respond to N availability. The aim was
to obtain crop physiological understanding of the morphological and physiological
traits that are responsible for differences in adaptive abilities to N availability and
to determine how these traits may have changed through the course of breeding.
Ultimately, I hope that the knowledge thus obtain can contribute to increasing yields
and especially nitrogen-use efficiency (NUE) in maize. The following conclusions

can be drawn:

(1) Nitrogen availability determines the vertical patterns of accumulation,
partitioning, and reallocation of dry matter and nitrogen in maize.

(2) Maize plants tend to cope with low N by maintaining leaf area, and they
achieve this by increasing specific leaf area (SLA) throughout the plant
but only during the vegetative growth phase.

(3) The higher yields that are obtained with modern cultivars do not appear
to rely on a coordinated light and N distribution within the canopy.

Moreover, the findings of this thesis may provide insight for both farmers and maize
breeders to enhance NUE and yields. For farmers, the appropriate N fertilizer (i.e.
N1 treatment in this thesis, 150kg N /ha) can maintain high-yield and decreasing the
environmental impact. Breeders intentionally selected for erect architecture so that
grain yield per unit land area could increase along with increased planting density
tolerance. However, the maize breeding goals should not only include high yields,
but also high grain quality (grain N concentration) that meet production demands.
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Population growth, shortage of water and land resources, and impacts of climate
change all make the situation of world food security more and more acute. In order
to meet the growing demand for food, agronomic management practices and breeding
are the two main important avenues to increase production per unit area of maize, a
prime food crop species. Nitrogen (N) application is one of the most effective means
to increase yields in maize, since N plays a key role in the physiological processes that
determine crop growth and seed production. However, the application of N fertilizer
has several negative effects on the environment, agriculture, and human health as
well, and thus high nitrogen-use efficiency (NUE, high yields per unit of N applied)
becomes important. To enhance NUE and yields while limiting N fertilization, the
response of maize morphological and physiological traits needs to be explored. On
the basis of background and research questions presented in Chapter 1, in this thesis,
we focused on quantifying plant architecture, nitrogen and biomass distribution across
leaf positions, stems, and other organs in maize. The main objective was to understand
the spatial and vertical distribution of light and nitrogen in relation to N availability
in terms of the morphological and physiological traits within the canopy, and how
these traits may have changed by maize breeding.

In Chapter 2, the accumulation, partitioning, and reallocation of dry matter (DM) and
nitrogen (N) under different N availabilities at both the single leaf and plant scales
were quantified. The findings revealed that grain N relies on reallocation more than
grain DM. Regardless of N availability, a portion of grain N has been obtained through
reallocation from vegetative organs. Moreover, this dependency of grain N on N real-
location from vegetative parts (i.e., the fraction of grain N coming from reallocation)
was higher at lower soil N availability. But the absolute amount of N reallocated to
grains was highest at intermediate N availability. The leaf ranks from which most
DM and N were reallocated, gradually increased from the bottom to upper ranks as
N availability decreased. This could reflect a balance between N availability for real-
location, being higher in upper than in lower canopy leaves and opportunity costs in
terms of losses in photosynthesis of reallocating N also being highest in upper canopy
leaves. Together, our results on the dynamics of N and DM uptake and reallocation
during the reproductive phase are important for plant and crop models that require
these processes for accurate predictions of maize performance. The observations in
this study provide opportunities to improve N management in precision farming and
provide data support for crop models to simulate N treatment effect assessments.
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In Chapter 3, a trade-off strategy in terms of radiation capture and radiation-use
efficiency (RUE) under nitrogen- deficient conditions was explored in maize plants.
Specifically, how maize deals with this trade-off, through responses in specific leaf
nitrogen (SLN), leaf area (LA), and their underlying traits during vegetative and
reproductive growth. Maize plants tended to maintain LA and decrease SLN during
vegetative stages (i.e., favouring maintaining light capture over maintaining RUE),
but both LA and SLN decreased comparably during reproductive stages. Moreover,
individual leaf size, lifespan and specific leaf area (SLA) within maize canopy
contribute to shaping canopy SLA. Canopy-SLA decreased sharply during vegeta-
tive stages and slightly during reproductive stages, mainly because senesced leaves
in the lower canopy had a higher SLA than upper leaves that remain. Maize plants
tended to increase SLA to adapt to N-deficient conditions, and this could partly offset
the negative effects of N deficiency on LA. However, the faster leaf senescence in
N-deficient plants negatively affected average canopy SLA as it were the lower canopy
leaves had high SLA values. These two contrasting effects - producing higher SLA
leaves but also dropping high SLA leaves faster - may explain why canopy SLA in
the reproductive phase no longer differed among N treatments.

In Chapter 4, the canopy architecture, vertical light and nitrogen distribution patterns,
and grain yields of maize cultivars released between 1950 and 2004 were analysed.
The genetic gain in grain yield (i.e., the slope of the regression between yield and
year of release) was about 109 kg ha'! year! across these cultivars. The yield improve-
ment from older to newer cultivars was strongly associated with changes in canopy
architecture, resulting in increased light interception through higher leaf area index
(LAI) and improved distribution of light in the canopy due to steeper leaf angles.
The vertical light distribution throughout the canopy was relatively more uniform in
modern cultivars, as indicated by a decreased extinction coefficient (K ) from 0.61
in 1950 to 0.39 in 2004 at a rate of 0.67% year'. However, the coordination of light
and nitrogen in the canopy did not differ among old and new cultivars. The shape of
nitrogen distribution in the canopy showed no relationship with the release date of
the cultivars. These results showed that breeding has increased yields during the past
decades of breeding history, and the genetic yield improvement has been associated
with changes in morphological and physiological traits. Understanding these relation-
ships can lead to more targeted breeding strategies to optimize canopy architecture
and enhance RUE and overall plant productivity in maize.

In Chapter 5, to improve plant modelling tools that would allow us to analyse maize
growth and production in relation to distributions of light, nitrogen and leaf angle, we
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developed a new empirical equation to quantitatively describe the vertical distribu-
tion of leaf dimensions within the maize canopy. All parameters in the new empirical
equation can be interpreted in a biological meaningful way. Compared with previous
bell-shaped functions, the new equation reduces the number of parameters required
to characterize the leaf morphology, which simplifies numerical calculations. The
equation was fitted with leaf morphological data and evaluated against independ-
ent data, showing higher prediction accuracy than earlier models. Furthermore, by
analysing the characteristics of the new equation with the growth and development
of maize plants, we found that, instead of using all leaf positions, only four key leaf
positions need be used to build the equation, greatly simplifying data acquisition in
the field. The results should help develop maize plant models more efficiently to
improve our understanding of leaf-growth dynamics and the consequences for maize

productivity.

Chapter 6 addresses the research objectives of this thesis (Chapter 1) and reflects on
the new insights presented in this thesis. This chapter summarized and discussed the
main findings obtained in Chapter 2-5 and the current scientific challenges and future
perspectives. In conclusion, the vertical distribution of leaf area, canopy architecture,
light and nitrogen distribution under N availability lead to the identification of several

traits that can be exploited for enhancing maize production and nitrogen-use efficiency.
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