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Stellingen

De systeemanalytische benadering van gewasgroei is bij uitstek geschikt om
plantenfysiologische kennis toepasbaar te maken voor de plantenveredeling om
daarmee de efficientie van het veredelen te verbeteren.

Dit proefschrift

De opbrengst van tarwe onder optimale teeltomstandigheden in de Yaqui vallei
bij Obregon, Mexico, is sink gelimiteerd.
Dit proefschrift

De huidige selectie-procedures van tarwe belemmeren de vooruitgang in de
verhoging van de opbrengstpotentie.

Terwijl de beschrijving van de source capaciteit in huidige gewasgroei-
simulatiemodellen ver gevorderd is, is die van de sink capaciteit, het transpori-
systeem en de terugkoppelingsmechanismen ontoereikend of zelfs afwezig.
Analyses van planttype mb.v. dergelijke modellen suggereren grote
nauwkeurigheid, maar zijn onbetrouwbaar.

Dit proefschrift

Recent cuts in financial support fo agricultural development in developing
countries are a frightening indication that the international community is neither
serious about dealing with current food, poverty, and environmenta! problems,
nor preparing to deal effectively with the much larger future problems.

{IFPRI, 1995)

Integratie van allochtonen begint met de erkenning en ontwikkeling van de eigen
identiteit.



7. Bij het uitgangspunt dat allochtonen zich de normen en waarden van autochtonen
eigen moeten maken, blijft onvermeld dat het omgekeerde evenzeer noodzakelijk
is voor het bevorderen van de participatie van allochtonen in de samenleving.

8. De veelal groots opgezette hindoestaanse religieuze en culturele activiteiten
dienen met name om de normen en waarden binnen de hindoestaanse
gemeenschap in Nederland in stand te houden, en moeten mede daarom
gecontinueerd worden.

9. Kinderen uit gemenpde huwelijken moeten volgens een éénduidige cultuur
worden opgevoed.

10.  Een sociaal-economisch vangnet geheel buiten familiaire kringen om bevordert
de individualisering maar leidt tot groter isolement bij het wegvallen ervan.

11.  Door zowel de rentestand laag, als de peso overgewaardeerd te houden, heeft de
Mexicaanse bank de perfecte voorwaarden geschapen voor de vrije val van de
peso in 1994,

Stellingen behorende bij het proefschrift
Bridging the gap between plant physiology and breeding
Identifying traits to increase wheat yield potential using systems approaches

Prem S. Bindraban
Wageningen, 8 oktober 1997




Abstract

Part of the required increase in wheat production in currently high yielding wheat
producing regions, like in the (sub-)tropics (ME1), will have to be obtained primarily
by increased genetic wheat yield potential. Progress obtained by breeding to increase
yield potential was substantial in the past, but is currently declining. Support from
other disciplines to improve brecding efficiency is urgently needed, A systems
approach was applied to identify processes that determine wheat growth and yield, and
traits that need to be adapted to increase genetic yield potential for ME1 conditions.
Increasing biomass through leaf nitrogen affords little opportunity to obtain gains
under optimum management conditions. Growth analysis suggested the source
capacity of wheat to exceed yield at higher vicld levels, while remobilization of stem
reserves was needed to supplement grain demand at lower yield levels. The latter
aspect was confirmed in an analysis of stem reserve dynamics. Despite sufficient
assimilate production, remobilization also occurred at higher yield levels, suggesting
other processes, like wasteful respiration and negative feedback on photosynthesis, to
become important. Also, higher amounts of residual reserves were found under higher
than under lower yield levels. These results indicate that wheat vields under optimum
conditions in ME} are limited by sink capacity, as source capacity is abundant. Sink
capacity can be increased by increasing kernel number or weight. Kemel number is
determined between early booting and final anthesis, and depends on the duration and
the crop growth rate of this period and on the allocation to the spike. Required
adjustments to increase kernel number depend on environmental conditions.
Competition among kernels for carbohydrates limited their growth, in particular those
positioned further away from the rachis. This may be due fo an inadequate transport
system. Without competition, yields were assessed to increase at least one ton per
hectare over a wide range of environmental conditions. It is concluded that increase in
wheat vield potential under ME1 conditions should be obtained by increased sink
capacity, which may be realized through the adaptation of the spike morphology.
Sufficient genetic variation of this trait is at hand to be incorporated in a breeding
program.

Keywords: wheat, yield potential, biomass, environmental conditions, source, sink, transport,
leaf area index, leaf nitrogen content, canopy nitrogen profile, photosynthesis, stem reserves,
kemel number, kemel weight, competition, spike morphology, breeding, physiology, systems
approach.
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Chapter 1

General introduction
Background

World foed production has more than doubled from 1960 to 1995 (FAO, 1995). Current
world food production is sufficient to feed the entire world population (IFPRI, 1994),
but unequal distribution and limited accessibility results in malnutrition and hunger for
almost one billion people. At the recent world food summit in Rome, Italy, much
emphasis was, therefore, put on improving accessibility (FAQ, 1997). However, for the
coming three to four decades, apart from this aspect of the world food problem, world
food production should at least triple to meet growing demand (WRR, 1994). World
wheat production, for instance, must increase at an annual rate of 3% (CIMMYT, 1995).
Wheat yields have increased in most countries during the past three decades at a rate
varying from 5 to 100 kg ha™ y'1 (Slafer et al., 1994) with an average increase for the
world of 45 kg ha™ y™', or approximately 2% per year. A quarter of the world food
production increase in the past resulted from expansion of agricultural land and the
remainder from increase in yield per unit area (IFPRI, 1994). Yield increase was
realized by the introduction of improved higher yielding and more pest- and disease
resistant varieties, and improved apronomic practices, along with increased input of
water and agro-chemicals. In contrast to the past decades, area expansion is not desired,
as natural and fragile lands would have to be cultivated. Increase in food production will
have to come from increased yield (Alexandratos, 1995). Moreover, food will have (o
be produced where it is most needed to increase food security through generation of
income and employment (IFPRI, 1995). The biophysical production potential of the
world was estimaied to suffice for 10 to 40 billion people, depending on agricultural
production system, consumption patiern and landarca for nature conservation (WRR,
1994). However, large differences among regions in production potential per capita
demand specific regional attention and efforts.
Cereals are the most important component of the daily diet, with wheat as the
biggest single commodity. This thesis is concerned with wheat. Average world wheat
. yields approximate 2.5 t ha™', but vary from less than 1 (FAO, 1995) up to 10 t ha™
(LEI-CBS, 1996), strongly dependent on management conditions, crop characteristics
and environmental potential. A substantial part of wheat production comes from regions
with favourable scil and environmental conditions, where high yiclds are obtained
under advanced agronomic practices. Based on environmental conditions and
management practices such wheat producing regions in the (sub-)tropics are categorized
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by the International Maize and Wheat Improvement Centre (CIMMYT) as Mega
Environment 1 (ME1) (Rajaram, 1995). Over forty percent of wheat in developing
nations is produced in ME1 (CIMMYT, 1995). These regions are generally densely
populated with limited land, such as the Indus Valley in Pakistan, the Ganges Valley in
India, the Nile Valley in Egypt and the Yaqui Valley in Mexico. Obregon in Sonora
state, Mexico and Ludhiana in Punjab state, India are typical locations for ME1. Yields
have increased at rates of 50 to 100 kg ha ' y™' in these regions during the past three
decades (Bell and Fischer, 1994; Bhalla et al., 1990), and are approaching attainable
yields in experimental fields (Aggarwal and Kalra, 1994; Sayre, 1996).

Estimates by various authors show that the contribution of genetic and
management factors to the yield increase in the past were similar, i.e. around 50%
(Slafer and Andrade, 1991; Slafer et al., 1994). Because of current advanced agronomic
practices in ME] regions, the contribution of cultivars with higher genetic yield
potential to yield increase, is expected to become more important in the future.

Wheat breeders have attained substantial success in the sixties to eighties in
increasing genetic wheat yield potential at a rate of 0.5 to 1% per year (Slafer and
Andrade, 1991; Waddington et al, 1986), through selection of best genetic
combinations on an empirical basis, directed to yield per se. However, as yield is a
complex trait, it becomes increasingly difficult to maintain progress, and increase in
genetic yield potential has indeed slowed down in the last decade (CIMMYT, 1995),
despite the fact that yicld potential improvement had been given highest priority among
breeders (Byerlee, 1994). To be able to trace improved genetic combinations to further
increase wheat yield potential on empirical basis, breeding programs would have to
become progressively larger and costly; an unfeasible challenge in an era with
decreasing resources. This breeding approach has not allowed exploitation of the
physiological potentials of wheat. All means to accelerate or even sustain the rate of
increase will, therefore, have to be explored to support breeding efforts.

Future challenges

The moderate increase in genetic yield potential in the last decade, necessitates
identification of required changes in crop characteristics that will further increase yield
potential. It is presumed that with better knowledge of crop physioclogy, deficiencies in
cultivars and options for improvement may be identified, so that breeding targets can be
defined more effectively. In general, the major question is whether the selection for a
physiological trait will result in the desired performance. While numerous physiological
traits can be changed through breeding, limited time and resources require at least
empirical evidence or a theoretical basis for the traits to be adapted, to obtain the
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required progress before a breeding program 1s started (Rasmussen, 1984).

The progress in breeding will be high when a target crop characteristic is
controlled by one or a few genes with high heritability, like flowering time or height,
which have had major impact on yicld potential (Richards, 1996). Hence, selection
based on such physiological attributes could assist in obtaining genetic gains. The direct
contribution of physiological knowledge to the improvement in crop productivity has,
however, been fairly scant (Jackson et al,, 1996). Yield and physiological processes
such as photosynthesis, respiration, translocation, and transpiration are quantitative
characteristics that are generally conditioned by many genes with small individual
effects. Moreover, expression of physiological traits depends on the combination of
genotype and environment, and may show considerable variation. The importance of
physiological traits may not be evident at different locations or even at the same
location, under different management practices. Recommendations for selection are
often based on relations of single organ, plant or crop characteristics to yield. Such
recommendations of a relative simple level of organization may be too weak to be
effective. The optimum expression of many traits will differ from crop to crop, variety
to variety, from one to another location, and even at one location among different
management practices. Attempts of the plant breeder to change the genetic potential of a
crop through particular traits is thus seriously hampered by environmental variation.

To address these problems, close collaboration between plant physiologists and
breeders along with other specialists is considered essential to obtain a better
understanding of physiological traits, their genetic basis, and their impact on crop
performance and yield, depending on environmental conditions. A systems approach
provides us with an alternative to overcome such problems through a more holistic view
of the system. It facilitates integration of disciplinary knowledge. Complex crop
physiological processes and their interactions can be studied using mechanistic crop
growth simulation models. The impact of adaptations in traits on growth and yield can,
for instance, be assessed in relation to environmental conditions. Approaches to add a
genetic basis to the traits are being developed (X, Yin, 1997, Wageningen Agricultural
University. Dept. of Plant Breeding and Dept. of Theoretical Production Ecology, pers.
comm.).

Systems approach and crop growth simulation

Biological systems, such as crops, are a complex of the quantitative nature of numerous
processes. The processes interact among each other and with environmental factors, and
have their particular temporal behaviour. Classical physiology explores the mechanistic
basis for crop behaviour through reductionistic techniques, by isolating each process.
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However, dynamic quantitative integration of those processes within their context and

with their interactions is needed to improve our understanding of the system. Models
are a convenient tool to aggregate a multitude of interactions and have been shown
useful in various disciplines in agricultural production systems research (Ten Berge et
al., 1997, Thiyagarajan et al., 1997; Rossing and Heong, 1997, Bastiaans et al., 1997).
Though they have not yet been applied much in conjunction with breeding, some
morpho-physiological traits identified through modelling exercises have been
incorporated in an ideotype breeding program in rice {(Aggarwal et al., 1997; Peng et al.,
1994). The systems approach could be a promising tool to delineate recommendations
to breeders to enhance breeding efficiency.

Research objective

The objective of the research described in this thesis is to identify crop characteristics
that need to be adapted to increase wheat yield potential for ME! conditions. Morpho-
physiological information will be integrated using a systems approach, to improve the
quantitative understanding of processes that determine wheat growth and yield for those
particular growth conditions.

Thesis outline

The analysis described in this thesis is based primarily on data collected from
experiments conducted near Obregon, Sonora state, Mexico, a typical site for ME1. To
address possible cultivar differences, four modern and one older cultivar were generally
included in the analysis. However, cultivars were often grouped as growth processes
were similar.

Increasing biomass could result in increased yield, provided the harvest index is
not affected. Increase in biomass could be obtained through increased leaf N content
{Kropff et al., 1994a) and/or through optimization of the distribution pattern of leaf N
over the canopy similar to that of light (Field, 1983). These two options are tested in
Chapter 2, using the crop growth simulation model SUCROS (Spitters et al., 1989),
adapted for this purpose.

In Chapter 3, a simplified approach is applied to identify major crop
characteristics that determine wheat growth and yield. Total crop biomass accumulation
under a wide range of N application rates is computed with a simple algorithm, based
on radiation use efficiency. The algorithm is used to identify the sources that supply
grains with assimilates.
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It is generally accepted that the amount of stem reserves is the resultant of production
and demand of carbohydrates (Schnyder, 1993). The contribution of stem reserves to
yield varies considerably, mainly depending on post-anthesis conditions. The results of
Chapter 3 suggest, in line with Yoshida (1972), that the contribution of reserves
decreases with increasing yield level, as post-anthesis assimilate production can largely
supply the required assimilates for grain growth. The analysis of stem reserve dynamics
and the contribution of reserves to yield are described in Chapter 4.

Variation in wheat yield is often strongly associated with variation in kernel
number per unit area, so that increasing kernel number has been argued to contribute to
further increase wheat yield potential. In Chapter 5, factors causing variation in kemnel
number are identified and options to increase kernel number are discussed.

Kernel weight is considered to be fairly stable. However, substantial variation
does occur under varying environmental conditions and large variation exists,
associated with the position in the spike. The objective in Chapter 6 is to identify factors
and to describe processes that determine growth of kernels in different positions in the
spike, in relation to environmental conditions, for wheat grown under optimum
management conditions.

In Chapter 7, options to further increase world wheat production are described. It
is argued that improved wheat cultivars, with higher genetic yield potential are of
crucial importance in realizing part of the required production increase. Application of
physiological knowledge and systems approaches as means to identify promising crop
characteristics that can assist breeders in their efforts to further increase wheat yield
potential are described. Some remarks are made on the applicability of systems
approaches as a mediator between physiologists and breeders. The factors identified to
have major impact on crop growth and yield are discussed with options for breeders to
further increase wheat yield potential.
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Impact of
canopy nitrogen profile
in wheat on growth®

Abstract

The impact of non-uniform canopy N distributions on growth was studied, as such
distributions have been described to result in substantially higher canopy photosynthesis
over short periods of time compared to a uniform distribution. Canopy N distribution
profiles were observed in five spring wheat cultivars grown in the field under optimum
management conditions at two planting dates. Leaf N was expressed both on weight and
area basis and a curvi-linear relationship of maximum leaf photosynthesis (A,) with
leaf N, established in this study, was used. The impact of canopy N profile on growth
calculations was assessed with a crop growth simulation model SUCROS, adjusted for
this purpose. Introduction of observed profiles did not result in general improvement of
growth calculations compared to the standard version of SUCROS. A uniform canopy N
profile with observed upper leaf N hardly altered the response, because photosynthesis
deeper in the canopy is almost entirely determined by radiation intensity. A uniform
profile based on average canopy leaf N could result in underestimations of growth. No
major differences in response to the introduction of canopy N profiles became apparent
among cultivars. Increase in biomass production through increased leaf N was found to
depend strongly on the curvature of the A -leaf N relationship. Responses appeared
sensitive to changes in initial light use efficiency (g), but variation in € has not been
found in literature to be associated to leaf N. These strong sensitivities imply that
analyses of an extrapolative nature should be imterpreted with great caution and
reservation. It is deduced from the analysis that determination of total canopy LAI and
upper leaf N suffices for growth estimation.

# Bindraban, P.S., 1997, Impact of canopy nitrogen profile in wheat on growth. Field
Crops Research (accepted with revisions).
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Introduction

Canopy photosynthesis has been hypothesized to be maximized when leal N
distribution pattern within the canopy would be similar to that of light (Field, 1983;
Goudriaan, 1995). Leaf N has indecd been observed to decline with depth in the crop
canopy in various species (Field, 1983; Hirose and Werger, 1987; Pons ei al., 1989).
However, while most models do consider the impact of light distribution in the canopy
on photosynthesis and growth, not many consider the impact of canopy N distribution.
Studies on canopy N profile are generally limited to daily calculations or short periods
of growth.

Substantial advantage in canopy photosynthesis of observed non-uniform canopy
N profiles over uniform profiles for given average canopy leaf N has been reported
(Hirose and Werger, 1987, Wright and Hammer, 1994; Anten et al., 1995; Connor et al.,
1995), while further optimizing the canopy N profile to radiation regime results in
minor increases only (Anten ct al., 1995; Connor ct al., 1995; Pons et al., 1989). The
advantage has been shown to be larger in denser canopies, irrespective of the total
amounts of canopy leaf N (Hirose and Werger; 1987), as the range in radiation intensity
is too narrow to benefit from a non-uniform profile at low values of leaf area index
(LAT) (Goudriaan, 1995). Although general conclusions of analyses on canopy N profile
are comparable, remarkable differences in sensitivity are reported among studies,
mainly as a result of differences in applied relations between leaf N and leaf
photosynthesis.

Leaf photosynthesis at light saturation (Ag) under nitrogen limited growth
conditions and further optimum crop management are mainly affected by leaf N and
temperature. Both linear (Van Keulen and Seligman, 1987) and curvi-linear (Evans,
1983) A -leaf N relations have been reported with leaf N expressed both on weight and
area basis. KropfT et al. (1994a, b) argue that leaf N should be expressed on a leaf area
basis, because A would depend on the amount of chlorophyll or Rubisco per unit leaf
area. Connor et al. (1995) however, suggest to express leaf N on a weight basis, as
leaves are the morphological units that intercept radiation and because they are the
physiological units of nitrogen mobilization. The quantitative impact of temperature on
photosynthesis in wheat is described only weakly (Versteeg and Van Keulen, 1986).

In this study the impact of canopy N profile on wheat growth is quantified for the
entire growth period. Canopy N profiles of five spring wheat cultivars at two planting
dates were observed with leaf N expressed both on weight and arca basis. Two scientific
devices to determine LAI and leaf N non-destructively were validated for this purpose.
The relations of leaf N and temperature to leaf photosynthesis were established through
field measurements. The impact of non-uniform canopy N profiles on total aboveground
biomass was analysed with a crop growth simulation model SUCROS (Spitters et al.,
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1989), adapted for this purpose. The impact of the introduction of canopy N profile on
growth calculation, biomass increase through increased lcaf N, cultivar differences and
options to simplify crop growth models are discussed.

Materials and Methods

Experiments
Data were collected over a two-year period, 1993/94 and 1994/95, referred to as cycle |
and 11, respectively, at the CIMMYT (Centro Interacional de Mejoramiento de Maiz Y
Trigo) experimental site in the Yaqui Valley, Sonora state, Mexico (40 meters above
sea level and 28°N and 109°W). In Exp. 2.1, four spring bread wheats, Bacanora, Oasis,
Weaver (advanced line) and Baviacora, and one spring durum wheat Altar, widely
varying in crop characteristics, were sown on Nov. 30 in both cycles. Crops were grown
under optimal management conditions as described by Bindraban et al. (1997) for their
Exp. 2.3. In Exp. 2.2, the same set of cultivars was planted under identical management
conditions as in Exp. 2.1 on Jan. 18 and 17 in cycle I and 11, respectively. In both Exps.
2.1 and 2.2, Altar was replaced in cycle II by the bread wheat cultivar Siete Cerros. In
cycle II, the cultivars Siete Cerros and Bacanora were grown on a N depleted area at
basal N application rates of 0 and 300 kg ha™' (Exp. 2.3), while Sicte Cerros and
Baviacora were grown at 0 and 150 kg ha ' (basal) (Exp. 2.4) in a non-N-depleted arca.
In Exp. 2.5, Bacanora and Baviacora were sown at an extremely late date (15 Feb.) in
cycle I at a basal N application rate of 150 kg ha'.

In all experiments the entries were sown in plots of eight rows, spaced at 20 ¢m,
5 to 6 m long. Experiments consisted of three replications, with two plots per cultivar in
Exps. 2.1 and 2.2. Frequent irrigation ensured adequate water availability, while weeds
were completely controlled. Pest and disease control was complete in Exps. 2.1 to 2.4,
while diseases were not controlled in Exp. 2.5, but no disease pressure was observed in
this crop. Soil characteristics, basal nutrient applications and additional general
management practices are as described in Bindraban et al. (1997). Radiation and
temperature conditions covering the growth period for all experiments in both cycles are
given in Table 2.1.

Total aboveground dry weight

Total aboveground dry weight (DW)} during crop growth was determined by sampling
0.50 m long sections of the six central rows at ground level. Seven and six DW samples
were taken during crop growth in Exps. 2.1 and 2.2, respectively, in both cycles, while
two DW samples were taken in Exp. 2.3. These samples were also used to determine
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Table 2.1. Average monthly valuee of daily radiation and temperature at the experimental site, Yaqui Valley,
Mexico.

Cycle Nov. Dec. Jan. Feb. March April May
Tmin (°C) I 14.1 1.0 83 8.1 10.7 122 14.9
n 129 1.3 8.1 119 11.4 9.9 14.7
Tmax (°C) | 277 250 259 25.4 278 323 354
I 28.1 229 245 27.2 203 317 4.3
Radiation (MJ m?d™) I 13.3 1.0 136 155 18.9 22.4 23.7
I 14.9 1.5 14.9 16.3 23.0 28.1 20.8°

*Two weeks data only

LAI as described in the next section. Depending on experiment, total areas of 2.4 to 3.6
m” were sampled at final harvest for determination of DW and yield; in Exp. 2.5 only
yield was determined.

Leaf area index and leaf nitrogen concentration
Collection of data required to derive canopy N profiles is cumbersome and, time and
resource consuming. To overcome these problems, two scientific devices were
validated, to facilitate the measurements: a non-destructive LAI meter (LAI-2000 Plant
Canopy Analyzer ®!), further referred to as LAI-2000, and a hand-held leaf greenness
meter (SPAD-502 Chlorophyll Meter ®2), further referred to as SPAD.

Leaf area index The LAI-2000 derives canopy LAT from light measurements by
a sensor that produces an image of the hemisphere through five concentric fisheye
optics, each viewing at a different angle. The instrument was shown to produce reliable
results for various crops (Welles, 1990; Welles and Norman, 1991). Though three
readings in homogeneous plots resulted in variation of less than 10%, five readings
were taken to ensure similar accuracy in less homogeneous or more open plots. As
bright sunlight may interfere, readings were taken either on homogeneously overcast
days or late afterncons. The bar with the fisheye sensor was placed at soil level,
perpendicular to the rows, one row deep into the canopy, using a 'half view cap', to
assure sensing towards the canopy only. Three of the five readings were taken half a
meter to the left of the middle of the plot, each time a few centimeters deeper into the
plot, and the other two the same way half a meter to the right of the middle, in order to
sense the plot as completely as possible. All five viewing angles were included in the

I LI-COR, Inc., USA.
2 Minolta Camera Co., Ltd., Japan.
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calculation of total canopy LAI, as elimination of the largest angle hardly altered LAI
estimates, indicating the width of the plots to be sufficient.

The LAI-2000 was also validated for different depths in the canopy by placing
the sensing bar at different depths, marked with a thin rope. All leaves between the
ropes were destructively sampled for LAI determination.

Leaf area was destructively determined with a LI-1000 leaf area meter®3.
Readings of this meter showed a 99% correlation and regression coefficient of 1, with
leaf area of subsamples estimated as leaf length x maximum leaf width x 0.75.
Destructively determined LAls were used to validate LAI-2000 readings, that were
taken within one or two days from DW sampling.

Leaf nitrogen concentration 1eaf greenness ratings (LGR) with the SPAD have
shown close relations with leaf N in several crops (Peng et al., 1993; Wood et al.,
1992a, b). Regression coefficients appear variable and a relationship specific for the
wheat growth conditions in this study was established. Leaves were sampled near
anthesis at different depths within the canopy in Exps. 2.1 and 2.2 in cycle I and in
Exp. 2.1 in cycle II. Average LGRs of three readings taken near the top, middle and
base of a leaf showed highest correlations with leaf' N (Kjeldahl) expressed on a weight
basis. Leaf dry weight, leaf length and width measurements were used to express leaf N
on an area basis.

Canopy nitrogen profifes

Canopy nitrogen profiles were established in the field by means of the LAI-2000 and
the SPAD without disturbing the canopy. Depending on crop height, measurements
were taken at three to six different depths, 10 to 20 cm apart. At each depth, five
readings with the LLAI-2000 and ten SPAD readings on any part of leaves present at that
height, were taken. Measurements were taken six and four times throughout crop cycle |
in Exps. 2.1 and 2.2, respectively, in all five cultivars. Third order polynomial
regressions were fit to describe the decline in leaf N with canopy LAI from the top of
the canopy.

Photasynthesis _

Photosynthesis was measured with a LI-6200 portable photosynthesis system®?, further
referred to as LI-6200, on three flag leaves per plot. Leaf greenness, and length and
width were measured on individual leaves, while the leaves were mixed for weight and
leaf N determination. Measurements were taken on clear days only, between 13.00 and
15.30 h. Air temperature at the time of sampling was recorded by the LI-6200.
Atmospheric CO, concentration was fairly stable between 350 and 370 ppm.

3 LI-COR, Inc., USA.
4 LI-COR, Inc., USA.
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Measurements were taken in all experiments in cycle II only, on the cultivars Bacanora,
Baviacora (not in Exp. 2.3) and Siete Cerros (not in Exps. 2.4 and 2.5).

SUCROS

The crop growth simulation model SUCROS calculates phenological development and
dry matter accumulation of a crop as a function of radiation, temperature and crop
characteristics under ample supply of water and nutrients, in a pest, disease and weed
free-environment (Spitters et al., 1989). A brief overview of the model, with equations
2.1 to 2.9 summarized in Appendix 2.1, and adjustments made to allow the analysis of
the impact of canopy N profile on growth are given below.

Model description Phenological development is expressed in a dimensionless
variable (dvs), having the value 0 at seedling emergence, 1 at anthesis and 2 at maturity.
Leaf photosynthesis is calculated from absorbed radiation with a negative exponential
function characterized by the assimilation rate at light saturation (A_) and the initial
light use efficiency (g). A, is constant at 40 kg CO, ha™’ h™ from emergence to anthesis
and decreases linearly to 20 at maturity to account for the decline in leaf N during post-
anthesis, while it remains constant with canopy depth. It is maximal in the temperature
range of 10 to 25°C and declines linearly to zero over 10 degrees both at lower and
higher temperatures (Versteeg and Van Keulen, 1986). £ is considered constant
(Ehleringer and Pearcy, 1983). Daily gross canopy CO, assimilation is obtained by
integrating the instantaneous rates over canopy LAl and over the day using the three-
point Gaussian integration method. Maintenance costs of biomass are derived from
weights and maintenance coefficients of leaves, stems, roots and storage organs,
depending on temperature. Net assimilates are partitioned among the various plant
organs, using partitioning factors defined as a function of the phenological development
stage of the crop. Growth of organs depends on their composition in terms of proteins,
fats, lignin, etc., and is obtained through conversion of carbohydrates into these
compounds along specific biochemical pathways.

Model adiustments and data input To allow analysis of the effect of canopy N
profile on biomass accumulation, A, in canopy depth was related to leaf N derived from
observed canopy N profiles. Canopy N profiles for days between two samplings were
obtained through linear interpolation of the regression parameters, resulting in smooth
transition from one profile to the next. Regression parameters were set to zero at
emergence, except the intercept which was set at the intercept values of the first profile
measurement. They decreased to zero towards maturity, with the intercept value
decreasing towards the intercept value of the A -leaf N relation (see Section Results
and Fig. 2.6).

12
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As substantial error can occur in simulations due to incorrect simulation of ponderous
crop growth processes, like phenological development (Porter et al., 1993) and LAI
{Kropft et al., 1994b), observed phenological development and LAI were introduced as
forcing functions to better focus on the relevant processes to be studied. Relationships
of leaf N and temperature to A, as determined in this study (see Section Results), were
introduced in the model.

Growth estimates

The adapted version of SUCROS was used to determine the impact of canopy N
profiles on growth in Exps. 2.1 and 2.2 in cycle 1. Simulated total aboveground dry
weight {(ESDW) was compared to DW observed approximately three wecks before and
one week after anthesis, and at maturity, with ESDW expressed as the percentage
difference with DW. Simulation results of the adapted version of SUCROS, but with a
uniform canopy N profile and the standard SUCROS-pattern of A, during the crop
cycle were used as reference (SUCROS). The impact of canopy N profile was
determined through intreduction of observed profiles as forcing functions (Profile A).
Simulations were also made, assuming a uniform profile with the intercept values of the
profile description, representing upper leaf N (Profile B). Additionally, simulations
were made for a uniform profile with average canopy N content, determined by dividing
total nitrogen, obtained through integrated leaf N content over the canopy N profile, by
LAI (Profile C). Leaf N in the profiles was expressed on both weight and area basis.

Resuits

Environmental growth conditions and biomass accumulation

DW at maturity is presented in Table 2.2. DW was high in Exp. 2.1 under optimum
management conditions with high LGRs in upper leaves. DW in Exp. 2.2 was reduced
as a result of a shorter growth period due to higher temperatures and longer
photoperiods, but LGRs of upper leaves remained high. The strongly N depleted soil
resulted in extremely low DW without nitrogen application in Exp. 2.3. Plants consisted
of a main stem only and spike and leaf size were strongly reduced. LGR values of upper
leaves were low, even around anthesis. The soil in Exp. 2.4 was not N depleted, so that
DW without nitrogen application reached 10 to 13 Mg ha™. The canopy had a closed
and green appearance with high LGRs of upper leaves. DW of 11 to 12 Mg ha™ was
obtained with later planting in Exp. 2.5, because of a shorter growth period due to
higher temperatures and longer photoperiods. The crop remained short, but leaves
remained green, maintaining high L.GRs in upper leaves.

13
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Table 2.2. Dry weights at maturity for all cultivars in all experiments.

Exp. Cycle- Siete Cerros  Bacanora Oasis Weaver Baviacora
Treatment
{Mgha™)
21 1 19.4 17.7 207 19.8 20.5
i 17.2 18.4 156 185 19.2
22 1 153 . 13.0 166 17.2 15.5
Il 13.8 15.2 126 15.1 16.1
23 I-0 27 27
11-300 15.4 15.9
24 -0 104 127
1150 15.7 187
25 il 11.2° 12.0°

 Assessed from yield, assuming a HI of 0.40 {unpubl. data).

Leaf area index and leaf nitrogen concentration

Leaf area index LAl values measured by the LAI-2000 before anthesis strongly
correlate to destructively determined LAI (Fig. 2.1). However, the LAI-2000 appears
not capable to distinguish differences at high LAI values, ie. at destructively
determined values exceeding about 7 to 8.

After anthesis, LAI-2000 values exceed destructively determined green leaf area
index (GLAI), as dead leaves are sensed also by the meter. As leaf death progresses in
the course of grain filling, overestimates increase progressively. Coefficients of
regressions forced through the origin for different dates of post-anthesis LAI-2000
measurements on destructively determined GLAI (Fig. 2.2A), represent relative
correction factors for those specific development stages. Such correction factors were
derived from various experiments and plotted against crop development stage in Fig.
2.2B. In cycle II the fraction dead leaves during grain filling was estimated visually also
(Fig. 2.2B). Fraction green LAI at maturity was based on destructive sampling for Exp.
2.1 in cycle I, while visual estimates were made in cycle II. The solid line was applied
to correct post-anthesis LAI-2000 readings to obtain GLAL

LATI-2000 measurements at different depths within the canopy compared to
destructively determined LA, similarly as total canopy LAI (data not shown).

14
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Leaf nitrogen concentration A high correlation was found between LGR and leaf N,
expressed on a weight basis (N,,), from samples taken at various depths within the
canopy (Fig. 2.3A):

%

Leaf N, = 16.0 + 0.50xLGR =091""y (2.10)

LGR showed a distinct curvi-linear relationship with leaf N based on data taken
along with photosynthesis measurements (Fig. 2.3B). The range in LGR was obtained
from various nitrogen treatments.

Leaf N, = 10#55 +0.0153xLGR) ( A= 0.85"*) @2.11)
Canopy nitrogen profiles

The canopy N profile could best be described by a third order poiynomial that appeared
flexible enough to follow the dynamic pattern of the profile in the course of the crop
cycle, Also, it described the profiles best with leaf N ¢xpressed both on weight (mg N
g”") and area basis (g N m™>). Canopy N profiles with lcaf N expressed in both ways are
presented in Fig. 2.4 for the cultivar Bacanora in Exp. 2.1 for three of the six sampling
dates. At early growth stages, the profile is relatively homogeneous, as lower leaves are
still green. In the course of the cycle with increasing LLAL, yellowing of lower leaves is
reflected in more steeply declining profiles. During post-anthesis, leaf N at the top of
the canopy starts to decline also. These trends were similar for all cultivars in both
Exps. 2.1 and 2.2. Regression coefficients are presented in Table 2.3 for measurements
in both Exps. 2.1 and 2.2 for all cultivars. All regressions are significant.

Photosynthesis

As leaf photosynthesis (A,,) was measured under field conditions, effects of leaf N and
temperature on A, were confounded. A single iterative process was applied to unravel
these factors. An A,-leaf N relationship was first derived from data collected within 9
days before and after anthesis, under ambient air temperatures of 30 to 32 °C. No
significant differences were found between the cultivars Siete Cerros and Bacanora and
the combined regression was used to adjust A to a standard leaf N. Baviacora was
excluded because of lack of sufficient range in leaf N. A, standardized to a leaf N of 40
mg g~ was subsequently used to determine the impact of temperature. All varieties
showed similar significant declines in A, with increasing temperature (T) from 30 to 40
°C (Fig. 2.5) with the overall relationship:

A, =42.0-245%(T-30); 30<T<40 =053 (2.12)

3 Significant at 0.1% (throughout the chapter, if not indicated otherwise)
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Leaf N concentration (mg g)

50 -

40 -

30 -

0O Bacanora

20 ‘ ¢ Oasis
%_o & Weaver
© Baviacora
10 } + Altar
* Siete Cerros
=091
0 t t f t t t
0 10 20 30 40 50 60
50 1
x Siete Ceros B
0 Bacanora
40 1 o Baviacora
——r2=(0.85" .
30 L - - - Reg.Fig. 23A °©
—Conversion

20 4

10 4

20 30 40 50 60
Leaf Greenness Rating (-)

Figure 2,3. Leaf greenness rating (LGR) related to leaf N concentrafion of leaves from six
cultivars sampled at different depths within the canopy in Exps. 2.1 {cycle | and I} and 2.2
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Figure 2.4. Canopy N profiles of Bacanora at anthesis—43d ((J), anthesis {C) and anthesis+34d #\) in Exp.
2.1 with leaf N expressed on a weight (A) and area basis (B).

This temperature relationship was used to adjust A, to a reference temperature of 30 °C.
These adjusted data were subsequently used to determine the impact of leaf N on A, at
this reference temperature. High correlations were found for Siete Cerros and Bacanora,
while the range in leaf N remained too narrow for Baviacora. The overall regression,
including all three cultivars, showed a curvi-linear relationship with nitrogen, either
expressed on weight (Leaf N,,; mg N g") or on area basis (Leaf N,; g N m ) (Fig. 2.6).

A, = -52.10 + 58.18 x log(Leaf N,,) *=0.82"") (2.13)
Ay =25.59 +46.43 x log(Leaf N,) (*=0.75"") (2.14)

The A, -temperature relationship compares to SUCROS and results reported by other
authors (Downes, 1970; Vong and Murata, 1977, Takeda, 1979; Fengshan et al., 1984;
Blum, 1986; Xu et al., 1995) as given in Fig. 2.7. A, does decline linearly, but over a
wider temperature range than applied in SUCROS, from unity at 30 °C to zero at 45 °C.

19



Chapter 2

Table 2.3A. Regression coefficients of cancpy N profiles observed in Exp. 2.1 with leaf N expressed on weight and
area basis.

Weight basis (mg N g™') Area basis (g N m™)
Cultivar  DAE® X, X, X Xq d Xa X; X4 Xo P
Bacanora 39  -0487 2150 -3320 381 065 -0.0214 01093 -05874 267 0.99
55  -0.066 -0.732 2200 330 086 00114 -0.0901 -02087 232 099
68  -0.040 -0430 0512 354 097 00032 -0.0095 -04165 249 0.89
82 0144 2261 5281 373 096 00040 00256 -0.3566 266 0.99
98 0244 -3404 8707 359 097 00065 -0.0540 -02636 253 0.89
118 0628 -7392 18734 253 095 00354 03527 05890 181 098

Oasis 39 0000 -1947 1193 394 043 0.0000 -0.0748 -04016 276 0.93
54 0.052 -1.083 1419 386 097 00128 -0.0570 -0.5156 271 099
68 -0.297 1167 -1.756 393 0.88 0.000t 0.0114 -04920 275 0588
77 0259 -3337 6509 403 080 0010t -0.0715 -0.3538 285 098
106 0317  -4294 9982 402 095 0.0085 -0.0681 -0.3110 283 099
116 0652 -8752 12455 3486 092 0.0333 -0.2772 0.1068 243 0097

Weaver 39 -0638 3.204 -6.023 389 083 -0.0210 01327 07037 272 099
54 0167 0309 -2080 393 086 00050 -0.0135 -0.52564¢ 275 098

68 0113 -133% 0115 388 083 0.00156 0.0237 -0.5%00 274 089

20 0.259 2977 3.818 385 097 0.0078 -0.0391 -C4676 275 099

109 0.247 -3.303 6.725 373 088 0.0061 -0.0422 -0.3642 266 098

125 0637 8909 16383 231 092 0.0522 -0.4208 05587 157 091

Baviacora 39 -0.558 3763 -7.563 379 055 -0.0008 00358 -0.5660 265 098
54 -0027 -04068 0.179 359 086 00042 -0.0108 -044168 253 099

66 0.033 -0.7861 0.009 389 093 0.0000 0.0355 -0.5963 276 099

81 0.203 -2.842 5638 389 098 0.0043 -0.0194 -0.4555 289 1.00

99 0266 -3907 9900 408 089 0.0052 -0.0334 -04022 250 098

118 0636 -7.019 14915 332 0.94 0.0346 -0.3104 0.2606 235 (.98

Altar 39 -0.265 1953 4.261 427 077 00180 01377 -0.7243 298 1.00
54 -0.216 0584 1129 423 085 0.0067 -0.0384 -04443 296 098
6B 0064 -1808 3664 429 093 00058 -0.0354 04509 305 099
77 0130 -2220 4689 436 090 00054 -0.0254 -04846 314 0.99
98 0245 -3552 7996 451 097 0.0051 -0.0277 -04763 320 1.00
116 0331 -4426 8650 419 097 0.0223 -0.1891 -0.1300 296 1.00

® Days after emergence

Growth calculations by SUCROS

ESDW by SUCROS with LAl and development introduced as forcing function
generally differs less than 10% from DW in Exp. 2.1 throughout the cycle (Table 2.4A),
except for Baviacora. ESDW at maturity is similar to DW. ESDW in Exp. 2.2 is
substantially higher than DW during early growth, but is generally within 10% of DW
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Table 2.3B. Regression coefficients of cancpy N profiles observed in Exp. 2.2 with leaf N expressed on weight and
area basis.

Weight basis (mg Ng "} Area basis (g Nm?)
Cultivar  DAE® Xa Xa X, Xq s Xs Xa X, Xq s
Bacanora 74 0292 .3.867 9.014 383 0.91 0.0008 0.0279 -0.5672 268 0.99
87 0139 2429 B6.728 355 093 0.0050 -0.0388 -0.3035 258 099
103 0316 -4.081 8.953 361 0.85 0.0152 -0.1347 -0.1229 2.52 0.99
117 0667 -BE692 12466 290 082 0.0357 -0.3105 0.2618 204 091

Qasis 74 0109 1918 3284 393 0983 00100 -0.0616 -0.3872 276 099
87 0128 2253 3957 408 095 0.0102 -0.0709 -0.3741 289 0.99
104 0501 -5386 8902 410 089 00226 -0.1749 -02055 290 0.98
116 0.823 -6.072 8223 173 043 00447 -03069 02380 121 058

Weaver 74 0238 -2904 5087 384 09 0.0076 -0.0335 -04431 269 099
87 0208 1.001 -2324 402 095 -00009 00317 -0.5571 282 099
108 0555 -5702 9793 338 087 0.0223 -0.1808 -0.0863 237 0.94
117 3.033 -21387 30834 296 083 0.1518 -1.0184 11405 208 0.92

Baviacora 74 0174 -2373 4660 379 090 0.0019 00145 05179 266 098
87 0113 -2.031 4824 392 09 0.0037 00173 -04237 283 1.00
103 0326 -4.168 8.687 386 093 0.0123 -0.1051 -0.2464 279 099
17 0701 -6.857 10974 360 095 0.0318 -0.2600 0.013% 254 097

Altar 74 -0.058 -0418 1.021 433 089 00018 0.0442 06111 303 099
87 -0.246 0.887 -0.637 443 099 0.0008 0.0066 -0.5089 3.12 1.00
96 0081 -1783 3740 432 097 0.0041 -0.0165 -0.4816 306 0.99
116 1332 -10.567 13700 361 085 0.0665 -0.4737 02308 252 092

* Days after emergence

at maturity (Table 2.4A).

ESDW for the three nitrogen profile scenarios expressed as percent deviation
from DW is also given in Table 2.4. ESDW with observed canopy N profile, expressed
both on weight and area basis (profile A), differs less than 5% from the SUCROS
estimated value for the bread wheats. Generally ESDW is slightly lower during the crop
cycle, while it is slightly higher at maturity, relative to SUCROS. For a uniform canopy
N profile, ESDW in both Exps. 2.1 and 2.2 is generally slightly higher relative to
SUCROS, using the intercept value (profile B), with stronger responses when leaf N is
expressed on area basis. ESDW is somewhat lower when using an average nitrogen
content {profile C), with comparable responses for leaf N expressed either on weight or
area basis. No major cultivar differences in response to the introduction of canopy N
profiles occur within the bread wheats. The durum wheat Altar tends to show a slightly
stronger response than the bread wheats.

21



Chapter 2

[4)]
=]

FLY
o

w
o

% Siete Cerros

Maximum ieaf photosynthesis A, (kg CO, ha! h1)

20 1
0 Bacanora o
. ' go ©
¢ Baviacora
107 —2=0.53+
0 t ' )
25 30 35 40

Temperature (°C)

Figure 2.5. iImpact of temperature on maximum leaf photosynthesis A,

Discussion

Observed DW vs. ESDW

ESDW of SUCROS is very close to observed values for Exp. 2.1 with LAl and
phenological development introduced as forcing function. Overestimates for Exp. 2.2,
especially during early growth, also occurred in an analysis with a less comprehensive
calculation algorithm, as described by Bindraban et al. (1997). In both analyses it
remains unclear what causes the overestimates. This imperfection however, does not
affect the conclusions of the analysis in this study.

Leaf area index and leaf nitrogen concentration

Leaf area index 1Al during pre-anthesis can be accurately determined by the LAI-2000
(Fig. 2.1). The resolution decreases at LAI values exceeding 7 to 8, presumably because
light interception is virtually constant within this range. This also implies that accurate
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Canopy nitrogen profile
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Figure 2.6, Maximum leaf photosynthesis A, as related to leaf N expressed on weight {A) and area
basis (B).
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Figure 2.7. Relative impact of temperature on maximum leaf photosynthesis A,

LAI estimation in this range is not critical for crop growth caiculations. Destructively
determined LAI is often based on a relatively small sampling arca and errors are
generally large. As the LAI-2000 can sense any area as large as the complete plot,
coefficients of variance were generally smaller than for destructively determined LAIL
Results were similar for observations at various depths in the canopy as over total
canopy.

Sensing dead leaf tissue appears a more serious drawback of the LAI-2000. A
correction factor could be established for the effects of dead leaf tissue, based on
development stage. Alternatively, the fraction green leaf can be assessed visually.

Given the difficulties and the relatively large errors associated with destructive
sampling, the use of the LAI-2000 was considered sufficiently accurate in determining
LAI for the plot planting system in this study, both for total canopy LAI during the
complete crop cycle and for LAI as a function of canopy depth.

Leaf nitrogen concentration Strong but distinctly different correlations were
found between LLGR and leaf N depending on leaf sampling strategy (Fig. 2.3). High
availability of nitrogen in Exps. 2.1 and 2.2 resulted in high leaf N in leaves sampled at
various depths in the canopy, presumably because of stored nitrogen (Haynes et al.,
1986), while less or no excess nitrogen is present in leaves sampled in nitrogen
treatments with limited nitrogen availability. The range in leaf N for establishing the
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Canopy nitrogen profile

Table 2.4A. Observed dry waight (DW) with standard deviation (STD) during cycle | of Exp. 2.1. Estimated dry
weight with SUCROS parameterization and with the profiles A, B and C (see text for explanaticn) for leaf N
expressed both on weight and area basis is presented as percentage difference te observed DW. Statistical
difference of estimated to observed values is indicated as: ~ (0.1-0.05); * (0.05-0.01) and ** (<0.01)

EXF.21 Obs, sTD SUCROS Prafile Profile

DW DW A B o] A B c

—(Mgha)— (%)

Pre-anthesis LeafN(mgg ") Leaf N (mg m ™)
Bacanara 6.80 0.79 8.0 5.3 6.1 34 58 114 23
Oasis 5.53 0.02 44" 35" 48" 127 48" 9.4" 117
Weaver 7.05 0.80 33 06 3.7 1.3 0.4 7.9 19
Baviacora 6.79 0.83 216" 1757 2117 187 185 2827 149
Altar 7.54 0.15 12 22 33 0.9 16 6.9 -0.8

Post-anthesis

Bacanora 11.57 1.08 29 18 2.0 2.5 12 68 48
Oasis 9.46 1.62 14.07 146 155 113 139" 202 9.1

Weaver 13.86 1.2 20 5.4 1.4 8.8 83 2.8 99
Baviacora 12.09 0.76 8.0 66 8.8~ 27 57 135 04

Altar 12.19 1.09 -45 2.8 18 5.1 4.4 15 76
Maturity

Bacanora 19.36 0.40 06 29" 08 347 a7 82" 49"
Oasis 17.74 0.62 317 19 16 34 20 68~ 49"
Weaver 2067 1.26 -1.0 0.1 14 58" 1.9 72 7.7
Baviacora 19.82 1.08 6.7 118" 115 32 17" 194 20

Altar 20.55 0.69 1.9 737 737 01 707 1337 23

Apn-N relationship was obtained from measurements in different nitrogen treatments and
not from various depths in the canopy. Conversion of LGR to leaf N applying equation
2.10 would result in overestimation of photosynthesis. The area between the two
regressions at lower LGR in Fig. 2.3B could be considered to result from excess.
nitrogen in leaf tissue not contributing to photosynthetic activity. Therefore, the
relationship given by the bold line in Fig. 2.3B was applied for the conversion of LGR
to leaf N.

Canopy nitrogen profile

Canopy N profiles progress from nearly uniform during early growth stages, to strongly
non-uniform, while upper (flag) leaf N starts to decline after anthesis. The non-
uniformity has been reported for many crops (Hirose and Werger, 1987; Lemaire et al.,
1991; Shiraiwa and Sinclair, 1993; Wright and Hammer, 1994), but not many profile
dynamics throughout the cycle have been reported. Connor et al. (1995) report profiles
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