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Propaositions

. Increasing biomass production during the critical period of grain number
determination can help to increase the yield potential both in wheat and oilseed
rape (this thesis).

. Yield formation in oilseed rape is more source-limited during grain filling than in
wheat (this thesis).

. The photosynthetic efficiency at low light depends on the leaf N content in
photosynthetic tissues (this thesis).

. The light-associated vertical leaf N distribution changes dynamically during crop
growth and is regulated by N availability (this thesis).

. N availability, through its effects on tiller survival and growth, limits the effects of
high CO, on biomass and leaf area production in wheat (this thesis).

. Oscar Wilde thought that among the arts, literature was superior to painting
because of its temporal component, which allows involving a psychic response to
one’s own story. Physiological modelling will remain more next to painting than to
literature until acclimation to environmental factors is dynamically simulated.

. In international relations between countries, the recognition of human rights abuse
is generally overshadowed by the promise of a profitable trade balance.

. The first difficult task of young democracies is to reform their corrupt and
inefficient judiciary systems.

. International co-operation for the development of low-cost vaccines against
infectious diseases can have an enormous positive impact on the welfare of people
in need in developing countries.

10.Matching long term objectives to short term cash flow is one of the major

problems of universities today.

F. Dreccer
Radiation and nitrogen use in wheat and oilseed rape crops
Wageningen, 8 December 1999
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Abstraet

Dreccer, M. F. Radiation and nitrogen use in wheat and oilseed rape crops. PhD.
thesis, Laboratory of Theoretical Production Ecology, Wageningen Agricultural
University, The Netherlands. 136 pp. with English, Dutch and Spanish summaries.

This thesis focuses on understanding the physiological bases of biomass production
per unit intercepted irradiance (RUE} in wheat (Triticum aestivum L.) and oilseed rape
(Brassica napus L.), combining traditional experimentation with modelling. RUE has
been indicated as a physiological attribute that limits vield potential in different crops
(Chapter 2} and is affected by N availability. The response of wheat and oilseed rape
to N availability was compared in terms of yield, intercepted radiation, RUE,
photosynthesis and N use efficiency during the critical period for grain number
definition and grain filling (Chapters 3 and 4). Oilseed rape had lower harvest index
for biomass, and yield was more limited by the capacity for assimilate production than
that of wheat (Chapter 3). During the critical period for grain number definition, RUE
in oilseed rape reached a higher value than wheat at high N and was more sensitive to
N availability (Chapter 3). The higher leaf photosynthesis per unit leaf N in oilseed
rape than wheat and the fact that oilseed rape leaves were increasingly less-saturated
by light due to the inflorescence growth (more at high N supply) contributed to
explain this response (Chapter 4). The vertical pattern of leaf N distribution in a
canopy determines canopy photosynthesis, and manipulating it has been suggested as
a route to maximise RUE (Chapter 2). In wheat and oilseed rape, leaf N was
partitioned in relation to the gradient of absorbed irradiance (Chapters 4,5,6). The
light-associated leaf N distribution changed dynamically during crop growth and was
regulated by N availability but not by atmospheric CO, concentration (Chapter 4,5,6).
The vertical leaf N distribution was such that kept the capacity for photosynthesis at
high and low light in balance (Chapter 5), close to the theoretical optimum
maximising canopy photosynthesis (Chapter 4 and 5) and did not differ remarkably
between species (Chapter 4). Finaily, the response of canopy photosynthesis to N
availability could change under high atmospheric CO, if acclimation occurs, ie.
photosynthesis and the synthesis of photosynthetic enzymes decrease and N is re-
allocated within the photosynthetic machinery and within the plant. The interaction
between CO, level and N availability was studied in wheat during the critical period
for grain number definition. At high N availability, high CO, resulted in increased
biomass production due to enhanced tiller growth. Supplying N in proportion to
growth could not prevent photosynthetic acclimation in response to CO; with leaf age
(Chapter 6). The contribution of the results to the existing knowledge and its
applicability are discussed in the context of genetic crop improvement and N
fertilisation and future research needs are indicated (Chapter 7).

Key words: biomass, radiation use efficiency, nitrogen, vertical leaf nitrogen
distribution, leaf photosynthesis, CO,, wheat, oilseed rape
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Chapter 1

General introduction

Background

Improvement of crop yields and increases in global population have been linked for
more than 10,000 yrs, when domestication of today’s cultivated plants started (Evans,
1993b). What makes our century particular is the striking increase in yield potential of
the major crops, driven by the widespread utilisation of nitrogen (N) fertilisers and
agro-chemicals. The achievement has been such that, in recent decades, the inequality
in nutrition of the world-population was caused by restricted access to food rather than
by low production at the world scale (IFPRI, 1995). However, for several reasons,
there is an urging need to continue increasing vield potential. Firstly, demographers
agree that human population will approach 8 billion by 2020, i.e. 2 billion more
people than today (FAO, 1997). Secondly, increasing production through high-input
agriculture and expansion of agricultural areas are no longer viable alternatives in
many regions of the world. In industrialised countries, over-use of fertilisers has led to
serious environmental problems, and conservation of natural and recreational areas are
increasingly valued. In developing countries, agricultural land has been over-
exploited, and major works of land improvement are not affordable. Raising the yield
potential of the major agricultural crops through genetic improvement scems the more
appropriate way to ensure sustainable production in very different agricultural
systems. High-input systems, by fine-tuning of the use of fertilisers, will benefit from
high yielding resource-use efficient varieties. In addition, most high yielding cultivars
are also recommendable for stressed or minimum-input environments, where they
may not achieve their potential but have superior performance (Reynolds et al.,
1996a), at least for stresses ranging from low to moderate in severity (Slafer and
Araus, 1998). In this context, the present thesis investigated options to raise yield
potential in two crops, wheat (Triticum aestivum L.) and oilseed rape (Brassica napus
L.).

Increasing radiation use efficiency to raise yield potential

Raising yield potential in crops that have already been subjected to a high selection
pressure for yield is not an easy task. In wheat, genetic gains in yield potential
declined in the last ten years (Reynolds et al., 1996b), compared to 0.5 to 1% per year

_in the two previous decades (Slafer et al., 1994). In oilseed rape, empirical selection
has also increased yields, but yields are comparatively lower than in wheat (even after
accounting for seed composition) (Habekotté, 1997a). Understanding the physiology
of yield formation and targeting for specific physiological attributes could help to
accelerate genetic gains in traditional breeding schemes (Shorter et al., 1991), and
profit more rapidly from advances in molecular biclogy and biotechnology.
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A crop’s yield is the proportion of total biomass partitioned to the harvestable organs.
Past genetic improvement in yield potential of cereal crops can be mostly attributed to
the increase in harvest index, and particularly in the number of grains per m? (for
review see Slafer et al.,, 1994). The next avenue to raise yield potential is then to
increase biomass, particularly during the period of definition of the potential grain
number. This stage of the crop cycle in wheat and oilseed rape coincides with the
period of rapid inflorescence growth (Fischer, 1985; Mendham et al., 1981). By then,
determinate crops have attained the maximum radiation interception, thus any increase
in total biomass production will come from a higher net biomass production per unit
absorbed radiation, so-called radiation use efficiency (RUE).

The radiation use efficiency depends on total net canopy photosynthesis, which is the
integration of the photosynthesis and respiration of all the aboveground organs in the
plant. Since the response of photosynthesis to light depends on the amount of
enzymes, pigments and other N-rich photosynthesis-related compounds present in the
leaf (Evans, 1989a), the partitioning of leaf N between canopy layers with respect to
the irradiance gradient is a critical characteristic determining the canopy
photosynthetic capacity (Field, 1983). For instance, for a canopy with a fixed leaf area
and a certain limited amount of N in green organs, it has been hypothesised that
canopy photosynthesis per unit absorbed irradiance could be maximised by
distributing leaf N preferentially to the more-illuminated parts of the canopy (Field
and Mooney, 1986).

The strong relation between photosynthesis and leaf N, in dependence of
environmental factors, is the basis for analysing the possibilities of biomass
improvement through N redistribution among leaf layers. Variability exists between
species in their capacity for photosynthesis per unit leaf N (Evans, 1989a; Poorter and
Evans, 1998). Inter-specific variation in photosynthetic N use efficiency can originate
in different attributes, such as the capacity for CO; uptake (Henson et al., 1990),
enzyme functioning (Makino et al., 1988) or the partitioning of leaf N between the
main photosynthetic functions, i.e. light capture, carboxylation capacity and energy
conversion (Evans, 1989a). Knowledge on the reasons for species-related differences
in the use of N at the leaf and canopy level will help to pinpoint desirable
characteristics for the design of higher yielding, N-use efficient crop genotypes.

Finally, it is known that the observed rise in atmospheric CO, level will continue
during the next decade (Keeling et al., 1995). Leaf photosynthesis in C; plants and
biomass production respond positively to it (Lawlor, 1995). However, several lines of
evidences indicate that the initial stimulation of leaf photosynthesis by CO, declines in
time (Sage, 1994) and seems to be strongly regulated by N supply {Rogers et al.,
1996). Considering the economic and social importance of wheat, and the fact that
higher wheat yields at high CO, have been related to increases in radiation use
efficiency (Monje and Bugbee, 1998), factors that could affect it deserve particular
attention.
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Target crops

Wheat and oilseed rape are the target crops of this study. Wheat is the most important
food crop in terms of world annual production (FAQ, 1997), and a major source of
energy, protein and fibre in human nutrition {Gooding and Davies, 1997). Annual and
perennial oilseed crops and their by-products are the second most valuable commeodity
in agricultural trading (Scarisbrick and Ferguson, 1995). Among them, oilseed rape
production and consumption has expanded rapidly in the past two decades (Verheijen
and Jimmink, 1995; Scarisbrick and Ferguson, 1995). This crop is the single most
important winter-spring oilcrop. The primary application of its oil is the manufacture
of edible products, but industrial applications are increasing (Verheijen and Jimmink,
1995; Sandars, 1995; Walker, 1995). After oil extraction, the high protein seed residue
is used as animal feedstuff, which makes it an interesting option considering the
steady increase in demand of meat and dairy products world-wide (IFPRI, 1995). At
the cropping system level, wheat and oilseed rape are alternative crops in winter-
spring rotations. The oilseed can add profitability to a traditionally cereal-based
rotation (Zentner et al., 1996), used as a break crop helps to disrupt the cycle of soil
borne-pathogens (Kirkegaard et al., 1997) and makes possible a more rational and
effective control of weeds and insects. In addition, spring types of both crops are
suitable for double-cropping, thus creating opportunities to increase productivity on an
area basis at the farm level.

Objectives and approach

The objective of the present thesis is to investigate options for increasing biomass
production to raise yield potential, while optimising the use of N at the canopy level in
wheat and oilseed rape. In this context, emphasis is given to study (a) the dynamics of
the vertical leaf N distribution along crop ontogeny in response to plant characteristics
and environmental conditions, and (b) their impact on canopy radiation use efficiency.
The study of N partitioning within the leaves is used as a basis to understand
differences between species in photosynthetic N use efficiency. The research is focused
on wheat (Triticum aestivum L.) and oilseed rape (Brassica napus L.), the most
important winter-spring components of cereal-oilsced rotations of temperate regions.

To address the objectives, physiological insight gained from different levels of
observation in the experiments, mainly leaf, plant and canopy, is integrated by means of
modelling. This combined approach allows studying the sensitivity of canopy
photosynthesis to different crop characteristics and helps in the identification of
morpho-physiological traits that might be manipulated in order to enhance crop
productivity.

QOutline
In Chapter 2, the need to increase biomass production in crops, with particular

reference to winter-spring cereals, is reviewed. The relation between vertical leaf N
distribution and canopy photosynthesis is explored as a particular option to improve
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radiation use efficiency and yield potential. Main assumptions underlying the
prediction of the optimum vertical leaf N allocation, i.e. the role of light climate
within the canopy and total leaf nitrogen content, are revised.

Chapters 3 and 4 are devoted to the comparative ecophysiology of wheat and oilseed
rape in relation to N availability during the critical period for grain number definition
and grain filling. In Chapter 3, traditional growth analysis is used to understand the
differences between species in the response of yield to N availability, by studying the
limitations imposed by N shortage on radiation interception, radiation use efficiency
and biomass partitioning to different organs. The capacity for N absorptton and use is
also compared between species. Possibilitics to increase yield potential in both crops
are discussed in terms of the photosynthetic efficiency of the different organs and the
source-sink ratio during grain filling. In Chapter 4, the reasons for inter-specific
differences in radiation use efficiency and its sensitivity to N availability were
investigated with a bottom-up approach. Experimental and modelling work were
combined to distinguish between process dynamics at leaf and canopy levels. Canopy
photosynthesis and daytime radiation use efficiency were calculated with a model
based on N-dependent leaf photosynthesis and inira-canopy light and leaf N
distribution. The model was also used for exploring the sensitivity of canopy
photosynthesis and radiation use efficiency to different crop characteristics.

In Chapter 5, the dynamics of leaf N distribution was determined during wheat
vegetative growth. The actual vertical leaf N distribution was compared with the
optimal one and the sensitivity of the optimal distribution to changes in the
photosynthetic capacity at low and high light is discussed. Chapter 6 deals with the
response of growth to CO; in combination with N availability with focus on the period
of grain number definition. The question was addressed whether the phenomenon of
photosynthetic acclimation to high CO; is a simple response to changes in the plant N
status and its influence on the source-sink balance. In the experiments reported in
Chapters 5 and 6, plants were grown hydroponically and N was provided in proportion
to the expected growth, to keep the plant N concentration steady and avoid complex
time-dependent effects of N availability and dilution of N in plant biomass.

Finally, in Chapter 7, the contribution of the results to the existing knowledge is
highlighted, and the applicability is discussed in the context of genetic crop
improvement and N fertilisation.
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Light-associated canopy N distribution. Revision of assumptions and
possibilities of manipulation to improve the yield potential in winter cereals

Abstract

This chapter reviews the litcrature on the relation between vertical leaf nitrogen
distribution and canopy photosynthesis, as a possible route to maximise radiation use
efficiency, biomass production and yield potential in winter cereals. Main assumptions
underlying the prediction of the optimum vertical leaf nitrogen allocation, i.¢. the role
of light climate within the canopy and total leaf nitrogen content, are revised.
Dynamic aspects and possible impact of manipulation of vertical leaf N distribution
on yield and quality of winter cereals are discussed and areas for future research

highlighted.

Keywords: leaf nitrogen distribution, optimum leaf nitrogen profile, radiation use
efficiency, yield potential, winter cereals.

Abbreviations: An., light saturated photosynthesis rate; EFF;, quantum efficiency
based on incident light; &, light extinction coefficient; ky, nitrogen extinction
coefficient; LAI, leaf area index; RUE, radiation use efficiency.
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Introduction

General

Breeding efforts, in interaction with improvement in agronomic techniques, have been
the routes to increase crop yields since the beginning of agriculture. The distinction
between past contribution of each of these factors to increases in grain yield of
agricultural crops, though difficult to separate completely, has been attempted by
several authors (Jensen, 1978; Slafer and Andrade, 1991). For the most important
winter cereal, bread wheat (Triticum aestivum L.}, yield increases in different
countries since the beginning of this century were due equally to genetic gain in yield
potential vs. improvement in management practices and gains in genetic resistance
{see Slafer et al., 1994). Among the management practices, the increase in nitrogen
(N) fertiliser use has been responsible for a great deal of the gain in biomass, yield and
quality of cereals (Bell et al., [995). The fast adoption of this technique was linked to
the widespread introgression of major dwarfing genes (Rht) or direct selection for
short stature in most winter cereals {Richards, 1992), which reduced the risk of
lodging. However, the danger of environmental pollution in conjunction with the trend
towards less subsidised agriculture in many cereal growing countries, call for
reconsideration of the level of N use. In this context, plant breeding may play a
leading role in the search for future increases in grain yields and nitrogen use
efficiency.

Crop yields in winter cereals: past breeding achievements and future prospects

For most winter cereals, actual prospects for yield improvement contrast widely with
those in the beginning of the century. The imposition of organised selection pressure
has resulted in a sharp increase in harvest index, the proportion of total biomass
allocated into grains (e.g. cats: Lawes, 1977; Peltonen-Sainio, 1990, 1994; barley:
Riggs et al., 1981; Bulman et al., 1993; bread-wheat: Austin et al., 1980; Austin et al.,
1989; Siddique et al., 1989, Slafer and Andrade, 1989; Calderini et al., 1995; durum
wheat: Waddington et al., 1987) (some examples in Fig. 2.1). As harvest index cannot
be increased beyond certain limits (1.¢. 62% as calculated for wheat by Austin et al,,
1980), and many crops are already close to this theoretical threshold, the present scope
for future increases in potential yield through this characteristic is very narrow.
Therefore, increasing biomass production must be considered, sooner or later, as the
main avenue towards further raising potential yields.

Substantial success has been achieved in increasing yield potential through the
empirical selection approach of trial and error directed to yield per se (Loss and
Siddique, 1994), however, using physiological attributes as selection criteria could
accelerate future genetic gains (Shorter et al., 1991). To achieve this target, it will be
necessary to identify traits to help in the detection of potential parents and/or the
selection of the progeny. In the following sections of the introduction we will analyse
crop level physiological components of final biomass and try to recognise which could



RUE and leaf N profiles

be taken into account in future breeding aimed to further increase yield potential of
winter/spring cereals.
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Figure 2.1. Changes in harvest index in oats, bread wheat, durum wheat and barley with year
of release for different countries.

Components of biomass generation and possibilities for their genetic manipulation

Crop biomass production can be analysed as the product of two major components:
the amount of accumulated intercepted radiation and its efficiency of conversion into
new dry matter or radiation use efficiency (RUE) (Monteith, 1977; Gallagher and
Biscoe, 1978). The amount of accumulated intercepted radiation depends on the level
of incident radiation, the proportion of that intercepted by photosynthetically active
surfaces of the crop and the length of the growing season. Plant breeders can
potentially modify the last two components of accumulated intercepted radiation. The
proportion of incident radiation that is intercepted by the crop depends on its
architecture, which is quite responsive to management practices (e.g. plant density).
Then, it may prove very inefficient to increase this attribute by breeding. On the other
hand, genetic manipulations of phenological responses to environmental factors have
been successfully done, so that anthesis can be adjusted to the optimum time for a
particular location {Flood and Halloran, 1986) and the whole growing season is fully
exploited. In this context, it is possible that RUE could be more efficiently affected by
genetic improvement than radiation interception.

If biomass composition is not changed, increases in RUE will depend on genetic
manipulation of the overall photosynthetic output of the canopy. The hypothesis that
increasing the level of the basic process responsible for the gain of dry matter, leaf
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photosynthesis, would result in increased biomass has often been considered (Austin
et al., 1989; Carver and Nevo, 1990; Austin, 1992). However, a striking lack of
association between leaf photosynthesis and biomass production has been frequently
found, particularly when comparing old vs. new varieties or genotypes with different
levels of ploidy (Austin et al., 1982; Johnson et al., 1987; Carver ¢t al., 1989). One of
the reasons might be that the rate of photosynthesis and leaf size are so often
negatively correlated that pleiotropic effects of genes for high photosynthesis rate on
reduced leaf area have been suggested (Bhagsari and Brown, 1986; Austin, 1989).
Another limitation of the approach could be that the impact of a trait from a low level
of organisation (organ) was expected to be additive on scaling to a higher level of
organisation (crop). However, the basic idea of improving leaf photosynthesis might
still be useful, provided the potential for photosynthesis at different leaf layers in the
canopy is considered.

Radiation use efficiency: routes for maximisation

Because leaf photosynthesis responds to incident radiation and leaf N content,
different possibilities are open for maximisation of photosynthesis at the canopy level
and ultimately, RUE (Field and Mooney, 1983; Loomis, 1993). The nature of the
photosynthesis response to irradiance indicates that the efficiency (slope) is reduced as
the irradiance level is increased (Fig. 2.2). The two main parameters describing this
relation are the maximum efficiency at low levels of irradiance based on incident light
(EFF;) and the rate of photosynthesis at saturating irradiance (the asymptote, Aqy,y)-
Then, to increase RUE at the canopy level, the inefficiencies occurring in the
uppermost layers exposed to high irradiance must be considered (see zone 1 in Fig.
2.2). The most frequently discussed and experimentally explored alternative has been
to improve the distribution of radiation within the canopy through varying leaf angles
along the plant. The ideal genotype would have more erect leaves in the top leaf layers
(Duncan, 1971). As a consequence, the amount of radiation intercepted at saturating
irradiance would be reduced and light penetration improved. Furthermore, the sunlit
area in the bottom of the canopy would be increased, 1.e. where radiation levels are
lower and photosynthesis is more efficient (see zone 2 in Fig. 2.2). As a result of
increasing leaf erectness the coefficient of light attenuation (%)} would be reduced (Fig.
2.3a). Carvalho and Qualset (1978) have found genes having a major effect on flag
leaf angle. Moreover, genetic variability for canopy photosynthesis or RUE in wheat
associated with different patterns of radiation distribution within the canopy have been
reported (Austin et al., 1976; Rasmusson, 1987; Aikman, 1989; Green, 1989), as well
as in other crops (Kiniry et al., 1989). However, the impact of changes in leaf angle on
winter cereals yields has been inconclusive. For example, Innes and Blackwell {1983)
in wheat and Angus et al. (1972) in barley have reported that crops with erect upper
leaves produced higher yields than those with predominantly horizontal leaves. But,
Austin et al. (1976) and Tungland et al. (1987) found little evidence that erect leaf
angle enhanced yield in wheat and in barley, respectively. The apparent contradiction
may stem from the fact that the advantage of leaf erectness can be better expressed
only at high leaf area index (LAI) and under high irradiance (Duncan, 1971;
Goudriaan, 1988). This may be indirectly confirmed by the fact that in summer crops,
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such as rice, a positive effect of leaf erectness on yield has been more consistently
observed (e.g. Chang and Tagumpay, 1970; Trenbath and Angus, 1975; Peng et al.,
1994). Then, the room for impact of leaf erectness on RUE of winter cereals grown
under potential conditions may be limited to the grain filling period in crops of
temperate regions, i.¢. when the angle of incident irradiance is highest, or to crops
grown at low latitudes.
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Figure 2.2, Leaf photosynthesis rate as a function of irradiance. See text for explanation of
numbers.
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Figure 2.3. Changes in (a) light intensity for different light extinction coefficients (k) and (b)
leaf N allocation for different leaf N distribution models, relative to the top of the canopy and
as a function of relative cumulative leaf area (0 and 1 are the top and bottom of the canopy).



Chapter 2

An alternative approach to incrcase RUE would be the maximisation of growth
through the improvement of the vertical distribution of N among leaves. Leaf N
content strongly determines the maximum photosynthetic rate at high irradiances
(Field and Mooney, 1986; Van Keulen et al, 1989; Evans, 198%a). Therefore,
theoretical studies have suggested that canopy photosynthesis would be maximised if
N is preferentially allocated to the more illuminated leaves (Field, 1983; Hirose and
Werger, 1987b). In this scenario, for a fixed amount of leaf N in the canopy, the
possibility of increasing RUE would rely on the redistribution of canopy N from
bottorn to uppermost leaf layers (Fig. 2.3b). In closed canopies, leaf N gradients are
frequently observed, and have been interpreted as an adaptive response to the light
environment that allows a higher canopy productivity than that expected from the
uniform distribution, i.c. when the N content of every leaf equals the mean N content
of the canopy (Mooney and Gulmon, 1979; Mooney et al., 1981).

The leaf N vertical distribution or profile that yields maximum canopy carbon gain
has been termed ‘optimum profile’ and can be calculated with canopy photosynthesis
models that take light and leaf N gradients into consideration (Hirose and Werger,
1987a; Goudriaan, 1995; Anten et al., 1995). Application of optimisation theory and
models have been formerly used to test if the naturally uneven distribution of canopy
N is required to maximise growth, focusing on perennial herbs and native shrubs
(Hirose and Werger, 1987a; Schieving et al. 1992a).

This approach may be helpful for assessing the impact of leaf N distribution on
growth rate of agricultural crops, which are subjected to changes in canopy structure
and N availability during the growing season and through management practices.
Aspects of the issue whether leaf N distribution limits crop canopy photosynthesis in
extensive crops have been addressed in summer crops (peanut: Wright and Hammer,
1994; Hammer and Wright, 1994; soybean: Sinclair and Shiraiwa, 1993; sunflower:
Sadras et al., 1993; Connor ¢t al., 1995, Giménez et al., 1994). For winter cereals
grown in temperate areas, the topic has not been methodically addressed by any study.
The reason might be that these crops are mostly exposed to relatively low levels of
radiation. However, the fact that their photosynthetic rate is saturated at a lower
irradiance threshold could make the hypothesis of N redistribution as contributing to
maximise RUE equally applicable for winter cereals. Particularly, if we consider that a
critical growth phase for biomass accumulation and yield formation in these cereals,
i.e. the period of grain number definition (Fischer, 1985), occurs with increasing
irradiance during spring.

Objective

The objective of this article is to review the literature on the relation between vertical
leaf N distoibution and canopy photosynthesis, and to speculate on the possibilities for
manipulation of canopy N profiles in-order to maximise growth in winter cereals. For
this purpose, we will initially address the influence of leaf N content on
photosynthesis and RUE and analyse the expected impact of a gradient in leaf N
distribution. The mechanisms behind leaf N distribution in vegetative canopies will be
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briefly considered. A following section is focused on the revision of main assumptions
of models that have been used to calculate the N profile that maximises canopy
photosynthesis. Then, major dynamic aspects that should be included in studies of
optimisation of N distribution for crop growth are identified. Finally, possible
applications of the topic in different winter cereals are discussed and areas for future
research highlighted.

25

Maize-Sarghum
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Figure 2.4. Light saturated leaf photosynthesis rate as a function of leaf N content in
different crops: maize-sorghum (Muchow and Sinclair, 1994); rice and soybean (Sinclair and
Horie, 1989}, sunflower (Connor et al., 1993), peanut (Sinclair et al., 1993).

Leaf nitrogen, photosynthesis and radiation use efficiency

Photosynthetic response to irradiance is largely determined by leaf N content (Field
and Mooney, 1986; Evans, 1989a). Since approximately 40-70 % of the soluble
protein in the leaf is concentrated in the carboxylation enzymes (Evans, 1983;
Terashima and Evans, 1988; Evans, 1989a}, the relation between photosynthesis and
leaf N is not surprising. The response of photosynthesis to N can be analysed through
the effect on A, and EFF;. In many crops, A, increases asymptotically with leaf N
content per unit leaf area (wheat: Evans, 1983; soybean: Sinclair and Horie, 1989;
potato: Marshall and Vos, 1991; sunflower: Connor et al., 1993; peanut: Sinclair et al.,
1993; Muchow and Sinclair, 1994} (sec examples in Fig. 2.4). Among the factors
contributing to the degree of curvature of the Agac-leaf N relation, the saturating
relation between leaf N and the content of carboxylating enzyme and the increasing
irradiance threshold needed to reach light saturation in leaves with higher leaf N, have
been mentioned (Evans, 1989a). Linear increases in A, with leaf N have also been
reported (Peng et al., 1995; Anten et al., 1995).

11
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At the canopy level of organisation, RUE response to N availability has been
documented in many crops (Green, 1987; Muchow and Sinclair, 1994; Hall et al.,
1995) and investigated with models that integrate leaf carbon assimilation over
canopy architecture and environmental gradients. Based on such a model, Sinclair and
Horie {1989} theoretically developed the relation between RUE and leaf N as
hyperbolic, highly sensitive to low leaf N and species-dependent. Their initial
calculations were performed under the assumption that leaf N was equal at any canopy
height, or uniformly distributed. The observation of uneven N distribution in natural
canopics led to question: to what extent could leaf N distribution affect canopy
assimilation rate or RUE? Evans (1993b) calculated that daily gains in canopy
photosynthesis with actual leaf N profiles could be 1-36% higher than those under
uniform leaf N distribution. Whereas, the comparison between canopy photosynthesis
calculated with actual vs. optimal profiles yielded up to 7% gain (Schieving et al.,
1992b; Connor et al., 1995). Furthermore, it has been reported that including a leaf N
gradient in the calculation of RUE could increase its value from 1-20% in peanut
(Hammer and Wright, 1994) or even more in soybean (Sinclair and Shiraiwa, 1993).

The above-mentioned conclusions about estimated quantitative effects of leaf N
profiles on canopy photosynthesis must be taken cautiously since they were reached
accepting assumptions that may not yet be sufficiently tested. One of them is that the
leaf N content does not generally affect EFF;. Consequently, the increase in A,y due
to higher leaf N in the upper layers of the canopy during the hours of saturating
irradiance would not be accompanied by a decrease in EFF, in the lower layers, and by
an increased EFF; in the upper layers during the rest of the day. This deserves a
rigorous testing before quantitative conclusions on the effect of leaf N distribution can
be accepted and confidently extrapolated. The few studies in which the relationship
between leaf N and EFF; was investigated yielded variable results. EFF; has been
linearly (Hirose and Werger, 1987a; Dingkuhn and Kropff, 1996) or hyperbolically
(Pons et al., 1989) related to leaf N in some species, while these traits appear to be
independent in others (Connor et al., 1993; Anten et al., 1995). These considerations
are probably of consequence for a winter cereal crop, in which a significant part of the
growing cycle is exposed to low radiation and a large fraction of leaf area is shaded
during most of the season.

To explore the sensitivity of daily total gross photosynthesis to the presence of a
gradient in A, or EFF; in the canopy, a simulation model was built based on
subroutines of SUCROS (Goudriaan and Van Laar, 1994). Parameters for wheat were
derived from Goudriaan and Van Laar (1994) and Van Heemst (1988). The model
calculates daily total photosynthesis by integrating the rates of photosynthesis of sunlit
and shaded leaves at different canopy depths three times a day, at gaussian intervals
(Goudriaan and Van Laar, 1994). Total incident radiation is separated in direct and
diffuse flux. The gradient in photosynthesis parameters for the present analysis was
arbitrarily chosen within the ranges observed in the literature: A,x and EFF| decrease
25%, linearly, from top to bottom cancpy layers.

12
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Table 2.1, Relative decrease in daily total gross photosynthesis (%) by introducing a 25%
linear decrease in An,, or EFF; from top to bottorn canopy layers with respect to a unique
Apax oF EFF; (see text for details).

Daily Total Radiation Apnax reduction EFF; reduction
MJm?*d")
31 July, 35°1at. 8
7 53 215
14 11.3 16.4
21 12.5 15.0
15 November, 35° lat. S
7 43 22.4
14 7.3 20.3
21 10.1 18.1
28 12.5 15.6

Calculations were performed for a crop with a LAI=5, grown in a temperate region in
the southern hemisphere (e.g. Rolling Pampas, Argentina, at 35° lat. S), at different
values of daily total radiation, for a day in the end of July and mid November. Those
dates correspond roughly to the stages of tillering and mid grain filling of a crop sown
under current practices. The relative decrease in canopy gross photosynthesis as a
percentage of that of a canopy with a constant value of Ay, and EFF; over canopy
depth arc presented in Table 2.1. The outcome indicates that wheat canopy
photosynthesis is likely to be more sensitive to changes in EFF; than in Ay, but the
impact is more similar at high radiation levels. As expected, the risk of overestimating
photosynthesis by a constant A, value increases with increasing radiation, while the
trend is inverse for EFF.. In conclusion, canopy photosynthesis in wheat is sensitive to
changes in EFF,, and therefore, those factors affecting EFF,, such as possibly leaf N,
merit further attention. Other authors have calculated that, in temperate regions, wheat
dry matter production would be fairly insensitive to increases in Ay, and suggested
that genetically manipulating EFF; would yield high returns on canopy photosynthesis
(Day and Chalabi, 1988; Ort and Baker, 1988).

Leaf N distribution: Effect of Light Climate Within the Canopy and Leaf Age

The main proposed factors controlling leaf N allocation in dense vegetative canopies
have been light gradient (Hirose et al., 1988) and leaf age (Mooney et al., 1981; Field,
1983) and both may operate simultaneously. Several authors have tried to manipulate
them independently to evaluate the importance of each in the definition of leaf N
gradients, using different experimental approaches. For instance, Schieving et al.
(1992b), growing a monocot herb, which develops new leaves from a basal meristem
and hence places them in the shade, still observed a steep decline in leaf N with depth.
Burkey and Wells (1991) observed in dense soybean canopies that the leaf N gradient
was largely reversible when the stand was thinned. Hikosaka et al. (1994} examined

13
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the effects of irradiance level and age by creating two types of shade gradients on a
horizontally grown vine. In one of the gradients, younger leaves received more shade,
the other simulated a canopy-type shading. They concluded that the effect of radiation
level on leaf N was more significant than that of age. Important quantitative effects of
radiation level over age in the definition of the leaf N gradients have been also
observed by Woledge (1986).

The overall conclusion of the above-mentioned experiments, that the light gradient has
a pre-eminent role in the definition of leaf N has been included as the backbone
criteria of optimisation of N distribution for canopy photosynthesis. Theoretically, the
closer the patterns of light and N distribution, the smaller the gap between actual and
maximum capacity for biomass production, under the assumption that the effect of
leaf N on EFF, is small or negligible.

Optimisation of Leaf N distribution: revision of model assumptions

In most of the studies where photosynthetic production of the canopy under actual and
optimal N allocation patterns were compared, the optimal leaf N profile was steeper
than the actual, i.e. leaf N was overestimated in top and underestimated in bottom leaf
layers (Hirose and Werger, 1987b; Evans, 1993b; Pons et al., 1989, Giménez et al.,
1994; Anten et al., 1995). The bias was independent of the magnitude of the predicted
gain in canopy photosynthesis under optimum leaf N distribution (see Giménez,
Connor, and Rueda, 1994 as an example). Thus, it is possible to suspect that one or
more of the criteria used to dictate the optimum N distribution are not enough robust.
To draw solid conclusions about possible gains in biomass production and efficient
use of light and N, the basis for prediction of the optimum leaf N profile has to be
reliable. Particularly, when the benefits need to be assessed under changing N
availability, canopy structure and environmental conditions, as is the casc of
agricultural crops. For this reason, we revised two main assumptions in models that
predict canopy photosynthesis under optimum N-allocation by contrasting them with
experimental results.

The pattern of leaf N distribution is determined by light distribution within the canopy

The core of optimisation models of leaf N distribution is that the optimum solution is
determined by radiation distribution. The shape of the leaf N profile is usually
described with the coefficient of leaf N allocation, ky. The actual ky values are
calculated by regression of leaf N and LAI at different canopy heights. The value of
ky equals zero when the leaf N content of every leaf equals the mean canopy leaf N,
uniform profile, and increases as more N is partitioned to upper leaf layers. In studies
performed in native perennial species, leaf N distribution was fitted to exponential
models (Hirose and Werger, 1987b; Pons et al., 1989), so canopy photosynthesis
would be maximised when the leaf N allocation mimicked that of radiation
distribution within the canopy (kv=k).

14
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Figure 2.5. Relation between the coefficient of leaf nitrogen aliocation () and (a) £, and (b)
LAI for different species: Sofidago altissima (Hirose and Werger, 1987b), Lysimachia
vulgaris (open or dense canopy: Hirose et al., 1988), Medicago sativa (Lucemne: Lemaire et
al., 1991); Helianthus annuus (Sunflower: Sadras et al., 1993); Orvza sativa, Glycine max,
Sorghum bicolor and Amaranthus cruentus (Anten et al., 1995). Regression in (b) R*=0.95,
P<0.005 (Sadras et al., 1993).

For crop canopies, few and contrasting descriptions of leaf N profiles are available to
date. In soybean (Shiraiwa and Sinclair, 1993) and peanut (Wright and Hammer,
1994) a linear decline in leaf N with cumulative LAI has been reported, whereas an
exponential decline has been observed in a grain legume and forage sorghum
(Charles-Edwards et al., 1987) and sunflower (Sadras et al., 1993). The following
analysis has been restricted to those situations where an exponential decline in leaf N
could be fitted,

If the radiation distribution dictates the leaf N profile then, changes in structural
characteristics of the canopy are expected to influence &y (Hirose et al., 1988; Anten
et al., 1995). When differences in k among species were pictured against &y, no clear
relation emerged (Fig. 2.5a). The effect of canopy structure on leaf N profiles was also
tested by manipulation of stand density by Hirose et al. (1988), who found that the
distribution of leaf N was markedly more non-uniform in the dense than in the open
stand. Sadras et al. (1993) pictured the relation between LAI and ky including data
from different species during vegetative growth (see data and regression line in upper
part of Fig. 2.5b), and suggested that a departure from this trend could be accounted
for by differences in & among species. However, data of four species from the study of
Anten et al. (1995) did not fit in this regression despite the &’s of the species used
were in the range of those presented by Sadras et al. (1993) (Fig. 2.5a and b). Other
studies have failed to find any effect of plant density on the steepness of leaf N
gradients. For instance, no consistent differences were found in ky of the perennial
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herb Solidago altissima, despite 53% vs. 7-10% of total incident irradiance reached
the lowest branches in open vs. dense stands, respectively (Werger and Hirose, 1988).
Similar results were reported for a range of population densities of sunflower (Sadras
et al., 1993) and soybean (Shiraiwa and Sinclair, 1993).

If the light gradient has a regulatory role on leaf N distribution, why is ky not always
associated with the characteristics that determine the light climate within the canopy?
Several reasons can be raised. On one hand, the ability to respond or not to light
distribution could be species-dependent. Acrts and de Caluwe (1994) have suggested
that low-productivity specics have a low phenotypic plasticity to shape the vertical
leaf N distribution. However, this concept can not be easily extrapolated to crops,
which are usually selected under potential growing conditions and have high growth _
rate. Another issue is that most of the studies have been performed on closed or nearly
closed canopies (Table 2.2). If the lag period between the imposition of a certain light
environment and the corresponding leaf N gradient is several days long (Pons and
Pearcy, 1994), actual leaf N profiles would be morc uniform than expected. This
effect could be clarified by performing a sequence of harvests and assessing
optimality on a period of several days. The fact that leaf N profiles are usually more
uniform than expected, could also originate in the limited chance to do a precise
determination of the response of EFF; and respiration to leaf N with measurements
available from portable photosynthetic systems (the error of the measurement usually
increases as the CO, exchange decreases). If the linear responses of both respiration
and EFF; to leaf N are underestimated, optimisation procedures will tend to allocate N
in upper layers at a very low cost. Finally, although light is an important factor
controlling the distribution of leaf N, the fact that its influence is only detected under
certain conditions may indicate that it is not the only regulatory factor.

Does ky increase with total leaf N content in the canopy?

In most models of optimisation of N allocation among leaves, the leaf N content is
divided in two functional pools, labile metabolic N or free for mobilisation vs.
structural N, as proposed by Caloin and Yu (1984). Hirosc and Werger (1987b), by
means of a numerical model, derived that as canopy N content increased, so did the ky
necessary to maximise canopy photosynthesis. Their explanation was that more N
becomes available for translocation to more illuminated micro-sites. This notion was
incorporated in the analytical calculation of the optimum N distribution developed by
Anten et al. (1995), where ky is proportional to the amount of ‘leaf free’ or
‘photosynthetic’ N integrated over leaf area. Despite the theoretical demonstrations,
actual %y values do not meet this presumption straightforward, questioning the reatism
of the assumption (see data from Aerts and de Caluwe, 1994; Hikosaka et al., 1994;
Anten, 1995; Anten et al., 1995). In Fig. 2.6, &y is pictured as a function of the total
amount of photosynthetic N in the canopy, to allow comparison among species and
growing conditions without the confounding effect of the propottion of structural N.
The data presented belong to crops grown at two levels of N addition from Anten
(1995).
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Table 2.2. Coefficient of N allocation (ky) and intercepted radiation at the moment of
ky determination,

Species kn Intercepted Source
Radiation

-Oryza HN " 0.14 0.92 Anten (1995); Anten et al. (1995)
Oryza LN 0.17 0.87
Glycine HN 0.30 0.97
Sorghum HN 0.14 0.97
Sorghum LN 0.22 0.94
Amaranthus HN 0.40 0.97
Amaranthus LN 0.49 0.81
-Solidago 0.79 0.92 Hirose and Werger (1987h)
-Sunflower 0.68 0.76 Sadras et al. (1993)
-Lucerne 1.05 0.99 Lemaire et al. (1991)
-Lysimachia open 0.48 0.45 Hirose et al. (1988)
Lysimachia dense 1.20 0.99

') egends as in Figs 2.5 and 2.6.

By contrast to model expectations, a slight negative relation between 4y and total
photosynthetic N is apparent (Fig. 2.6). DeJong et al. (1989) reported that in peach, a
major influence of N fertiliser was to increase the photosynthetic capacity of partially
shaded leaves but not the Ay, of highly exposed leaves. Both the data of Anten
(1995) and the evidence of DeJong et al. (1989} suggest that, as total canopy N
content in the leaves increases, canopy photosynthesis is fostered by keeping a more
uniform leaf N profile, i.e. retaining more N in the lower leaves. These observations,
agree with sensitivity studies on the introduction of leaf N gradients on RUE, which
have shown that the most significant impact could be expected in canopies with low
leaf N (Sinclair and Shiraiwa, 1993; Hammer and Wright, 1994).
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Introducing dynamic aspects in studies of optimisation of leaf N
distribution

Changes along crop ontogeny

Studies on optimisation of N allocation have generally relied on shori-term
observations. However, crops are exposed to a fluctuating environment and changes in
source-sink relationships along development. The whole growth cycle should be
considered to adequaicly describe the dynamics of the relationship between net
photosynthesis and leaf N. This should be taken as an essential condition if the aim is
to identify those phenological stages where optimisation of N distribution may have
an impact on the growth rate of winter crops. The main features of the crop that
should be considered in relation to its phenology are changes in light distribution and
in source-sink ratios with advancing development.

The light environment changes during the growth cycle

Due to the phases of leaf expansion and senescence, the growth of reproductive organs
and the evolution of total radiation during the season, the radiation environment within
the canopy changes dramatically along crop ontogeny. The k& may vary with canopy
depth within a developmental stage and between stages as well (Russell et al.,, 1989;
Baldocchi and Collineau, 1994; Meinke, 1996). However, the role of & in determining
biomass production of winter cereals or dictating the leaf N profiles in vegetative
canopies after canopy closure does not seem conclusive (sece Fig. 2.5a). Instead,
Meinke (1996) have alerted that ignoring the higher efficiency of light capture of
wheat canopies during early development, by using a constant %, could lead to serious
underestimation of biomass production at anthesis when maximum LAI is low. As
pointed before, only sporadic observations about the development of leaf N profiles
before canopy closure are available in the literature, and therefore its implications for
early biomass production can hardly be discussed.

As the growing season advances, the proportion of senescent tissue increases and the
reproductive structures grow. The role of the inflorescence in intercepting light has
been minimised in natural herbaceous canopies (Werger and Hirose, 1991). However,
in agricultural crops, it can exert a major difference in light climate during grain filling
by reducing the incident radiation on leaves (Rosenthal et al., 1985; Yunusa et al.,
1993). An extreme case would be that of a flowering canopy of oilseed rape, which
reflects most of the radiation, thereby reducing light available for leaves and immature
pods in a critical stage for yield formation (Yates and Steven, 1987). A final remark is
that the photosynthesis of the inflorescence can make an important contribution to
grain filling in several species (Rood et al., 1984; Rosenthal et al., 1985). All these
aspects should be considered when analysing the potential impact of leaf N profiles
development during the reproductive phase.
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Figure 2.6. Relation between the coefficient of leaf nitrogen allocation (fv) and total leaf
photosynthetic N in the canopy of Oryza sativa, Glycine max, Sorghum bicolor and
Amaranthus cruentus at high and low nitrogen availability (HN and LN, respectively) (data
from Anten, 1995).

Source-sink relations during the reproductive stage

The idea that the optimum leaf N profile could change during ontogeny has been
addressed by comparing late vegetative and reproductive stages. Lack of difference
(Werger and Hirose, 1988; Schieving et al., 1992a) or ample contrast (Sadras et al.,
1993) between leaf N profiles corresponding to those stages have been documented. In
this context, the possibility that fruits with contrasting N requirements for seed
formation, as oilseed rape and wheat, exert a differential influence on the optimum
distribution of leaf N during grain filling has not been explored yet. If sink capacity
plays a role in the regulation of photosynthetic rate (Lawlor, 1995), considering its
influence will be an essential step in order to set the limits for manipulation of leaf N
profiles on crop growth during grain filling.

Reproductive canopies offer an interesting opportunity for the study of the impact of
leaf N profiles on biomass formation since it is possible to combine large LAl with low
leaf N contents. Penning de Vries et al. (1988), for rice, have calculated with a
simulation model that N redistribution from leaves to grains during grain filling could
be responsible for a yield loss of up to 10% at high yield levels (ca. 10 Mg ha™). The
authors proposed that yield reduction could be decreased if stems instead of the leaves
provided a larger share of the N allocated to grains. However, N storage in organs of
non-legume crops is mostly packaged in photosynthesis-related pigments and proteins,
while the evidences about the role of storage proteins in cereals reported so far has
been variable and highly dependent on the species (Williams et al., 198%; MacKown et
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