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Abstract

Spiertz, J.H.J. (1978) Grain production and assimilate utilization of wheat
in relatien to cultivar characteristics, c¢limatic factors and nitrogen
supply. Doctoral thesis, Wageningen. (x) + 35 p., 5 figs, [ table, 149 refs,
Eng. and Dutch summaries, Neth. J. agric. Sei, 19{1971): 211-222; Neth. J.
agric. Sci. 21(1973): 282-296; Neth. J. agrie. Sei. 22(1974): 207-220; Neth.
J. agric. Sci. 25(1977): 182-197; Neth. J. agric. Sci. 26(1978): 210-231,
233-249. .

Also: Agrie, Res. Rep, 881 (without the articles).

The effects on grain production of cultivar characteristics, nitrogen
supply and some climatic factors were studied in field trials and under
controlled envirommental conditions. A rise in temperature considerably
increased the rate of grain growth but shortened its duration, whilst the
positive effect of light intensity on the grain yield was greater at high
temperatures.

Additional nitrogen raised post-floral photosynthesis, The nitrogen
assimilation by the grains was increased by warmth, resulting in a higher

‘nitrogen concentration of the grains and in earlier senescence of the leaves.

Differences between a semi-dwarf cultivar and a standard were mainly expressed
in the dry matter distribution before and after anthesis and so in a higher
harvest-index.

Free descriptors: Triticwn aestivum L., wheat, leaf area duration, crop
‘photosynthesis, grain growth, water-soluble carbohydrates, mitrogen uptake,
grain protein, grain yield, harvest-index, temperature, light intensity,
semi~dwarf cultivar.

This thesis will also be published as Agricultural Research Reports 881,
© Centre for Agricultural Publishing and Documentation, Wageningen, 1978.

No part of this book may be reproduced or published in any form, by print, photoprint,
microfilm or any other means without written permission from the publishers.

.



Stellingen

. Hoge temperaturen versnellen de groei van de tarwekorrel, maar bekorten de levensdunr
van de tarwehalm; het effect op de korrelopbrengst is afhankelijk van de hoeveelheid

mgestraalde zonne-energie.

Dit proefschrife,

2. De groeisnelheid van de korrels in de eerste weken na de bloei wordt veelal niet
beperkt door de beschikbaarheid van assimilaten, maar bepaald door de temperatuur.

Dit proefschrift.

3. Bij tarwe wordt de afrijping van de korrel hormonaal gestuurd, terwijl de afsterving
van vegetatieve organen meestal een gevolg is van een negatieve eitwit- en/of koolhydraten-
balans.

R.W. Xing, 1976. Planta (Berlin) 132: 43-51.
T.R. Sinclair & C.T. de Wit, 1975. Science 189: 565-567.

4, Bij de huidige tarwerassen is een hoog korrelaantal per m? {> 20 000} noodzakelijk om
maximale korrelopbrengsten te verkrijgen, daar de toename van het individuele korrel-
gewicht genetisch begrensd is. '

P.M. Bremner & H.W. Rawson, i978. Aust. J. Pl. Physiol. 5: 61-72.
A. Darwinkel, 1978. Neth. J. agric. Sci. 26 (in press).

5. De conclusie dat door stikstofgebrek in tarweplanten de ademhalingsverliezen zowel
" relatief als absoluut toenemen, is strijdig met de huidige inzichten in de fysiologie van
de assimilatenhuishouding van granen.

K. Orlovius & W. Hdfnmer, 1976. Z. PflErméhr. Bodenk. 5: 631-640,
I, Pearman, Susan M. Thomas & Gillian N, Thorne, [977. Ann. Bot. 41: 93-108.
F.W.T. Penning de Vries, 1974, Weth. J. agric. Sei. 223 40-44.

6. Bij tarwe en gerst zijn de stikstofopname per halm en de harvest-index voor stikstof
betere selectiecriteria voor eiwitopbrengst per ha dan het eiwitgehalte van de korrels.

7. Rassenmengsels bieden meer mogelijkheden tot het vergroten van de ziekteresistentie
in een graangewas dan een 'multiline' (menggras). '

8. Het eenzijdige teeltsysteem in de Veenkolonién heeft een te grote ecologische in-
stabiliteit om opbrengstdervingen door zickten uitsluitend met een intensiever gebruik
van gewasbeschemungsmddelen te voorkomen. :



9. In de nota Landelijke Gebieden wordt er ten onrechte aan voorbijgegaan dat een 'aan-
gepaste' ontwikkeling van landbouwbedrijven een grotere bijdrage levert aan de instand-
houding van karakteristieke cultuurlandschappen dan een conserverende natuurbescherming.

Nota Landelijke Gebieden, 1977. Ministerie van Volkshuisvesting en Ruimtelijke
Ordening.

1¢. Bij het vergroten van de mobiliteit van onderzoekers wordt in de nota van de Raad
van Advies voor het Wetenschapsbeleid te veel waarde gehecht aan verandering van werk-
kring en in de praktijk te weinig gebruik gemaakt van 'mobiele’ inter- em extra-in-
stitutionele onderzoekteams.

Nota: De mobiliteit van wetenschappelijke onderzoekers, september 1976. Advies
van de Raad van Advies voor het Wetemschapsbeleid (RAWB) zan de Minister van
Wetenschapsheleid.

11. Het itereren van beleidsadviezen over een lange keten van adviserende organen
ontkracht de inhoud van adviezen, schaadt de besluitvaardigheid en verhult de verant-
woordelijkheid van bestuurderen.

12. Alternatieve levens- en maatschéppijbeschouwingen zijn een onvoldoende basis voor het
ontwikkelen van 'alternatieve' landbouwmethoden die werkelijk een alternatief bieden
voor de 'gangbare' landbouw, '

Proefschrlft van J.H.J. Spiertz : P

Grain production and as51m1late utilization of wheat in relation to cultlvar .
. characteristics,. climatic factors and nitrogen supply

- Wageningen, 10 november 1978 .



Woord vooraf -

Het onderzoek dat de basis vormde voor dit proefschrift, was onderdeel van een breder
onderzoekprogramaa op het gebied van produktiepatronen bij granen dat uitgevoerd werd bij
de Vakgroep Landbouwpiantenteelt en Graslandcultuur. Verscheidene medewerkers van deze
vakgroep en studenten hebben direct of indirect in belangrijke mate aan lI!lJI'l onderzoek bij-
‘gedragen. Yoor de medewerking en belangsfelling wil ik hen gaarne danken. Speciaal richt
ik me tot Johan Ellen, met wie ik vanaf de start van het onderzoek heb samengewerkt; door
jouw inzet en kundigheid heb je veel bijgedragen aan het onderzoek.

Prof. 't Hart en ir. Kupers, u ben ik zeer erkentelijk voor het vertrouwen en de
ruimte die u mij geboden heeft bij het functioneren binmen en buiten de vakgroep. Het '
proefschrift is tot stand gekomen mede dank zij ww. asnhoudende stimalans.

Waarde Kupers, dat u bereid bent als promotor op te treden, geeft blijk van uw grote
belangstelling voor dit onderzoek; onze discussies beperkten z1ch echter zelden uitslui- |
tend tot de teelt en fysiclogie van granen.

Prof. Vervelde, u ben ik zeer erkentelijk voor uw bereidheid als co—promotor op te
treden. Nadat ik met u heb mogen sametiwerken in verscheidene organisatorische verbanden,

- heb ik nu ook van uw kumdigheid in het redigeren van wetenschappehjke teksten lamnen
profiteren. . Co

Ir. Wansink, secretaris van de Natmnale Raad voor Landbouwkundig Onderzoek, gaf mij
dé ruimte om in een periode van 'non-actief' bij de vakgroep toch actief betrokken te
blijven bij de voortgang van het onderzoek. De tijdelijke personele ondersteuming door
ir. Jan Vos heeft zelfs geleid tot een nieuw project waarin meer aandacht wordt gegeven
" aan de kwantitatieve betekenis van de ademhalingsprocessen veor de korrelgroei bij tarwe.

Dr. Gaastra, directeur CABO, gaf voorrang aan de afronding van het proefschrift in
mijn nieuwe functle

Bij de uitvoerihg van de fytotronproeven heb ik kunnen profiteren van de efficiinte
organisatie door Klaas Scholte en van de verzorging van de planten door zijn medewerkers.
De bedrijfsleiding van de sector Akkerbouw van de A.P. Minderhoudhoeve, de heren Lettmga
en Heringa, en hun medewerkers hebben de veldproeven in de polder steeds zorgvuldig en
met veel bela.ngstellmg uitgevoerd. De veldproeven op de proefboerden] te Wageningen
werden vanwege de klemschahgheld soms met veel extra handwerk energlek uitgevoerd door
.de heer Mol en medewerkers. ‘ ,

Bij de fotosynthesemetlngen werd de bere1dW1111ge mdeWerkmg van dr. Bauke Deinum
- de ‘arch1tect' van het fotomobiel - en de technische dienst, de heren Mshring en Blokzijl,

. verkregen. De dames Evelyn .Zantman en Corry de Wit verrichtten onder \rarzérende omstandlg—- .
hed?n en op verschillende laboratoria nauwkeurige chemische analyses.

Martlm van Rmssum verrichtte op een zeer drukke post steeds voortreffelijk typewerk,
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voor de laatste bewerkingen kon gebruik gemaakt worden van de faciliteiten op de Afd.
Tekstverwerking, dank zij de viotte medewerking van mevrouw Vrieling en mevrouw Lach. De
tekeningen werden verzorgd door de heer Beekhof van het BGD. )

De redacteuren van de Netherlands Journal of Agricultural Science, dr. van den Bergh
en ir. Dirvén, en de bureau-redacteur, de heer Van ﬁer Heij, maakten een tijdige plaatsing
van de artikelen mogelijk. De heren Aalpol en Van den Heuvel van het Pudoc verzorgden de
redactie van het proefschrift, terwijl mevrouw Brouns de correctie van de Engelse tekst
van de 'omlijstende' hoofdstukken voor haar rekening nam.
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~ De auteur werd op 25 april 1941 geboren te Jabeek en behaalde in 1959 het diploma -
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1 Introduction

1.1 GENERAL

Wheat is among the most important crops for world feod and feed supply (Table 1).
Much wheat is grown under seasonal conditions comparable with those in which it evolved.
In Mediterranean climates, vegetative development and ear initiatien occur on cool, short
winter days. Ear differentiation takes place under conditions of increasing daylength and .
temperature, while grain filling occurs under conditions of high solar radiation and
warmth, In maritime climates at moderately high latitudes, as in Western Europe, ear
differentiation takes place under long and still increasing daylengths, but often with
relatively low temperatures and poor light conditions. During grain filling, mostly after
midswmmer, average day temperatures are moderate. However, due to ammual and seasomnal
variations the temperature range is quite large. Under more continental climates, the
winter wheat crop is exposed to-extreme iow temperatures during the winter period and to

Table 1. Acreage, yield and production of arable crops. Source: FAO-Yearbook, 1975,

Crop ‘ Acreage Yield Production
{x 1000 ha})  (kg/ha} (x 1000 tom) N

Wheat World 228169 1557 355172

Europe 25864 3025 78245

Rice World 140880 2441 343871

Europe 380 4987 i 1893

Maize World 114534 2816 322536

R Eurape 12079 3842 46406

Barley World 91504 1695 155083

Europe 19038 © 3056 58187

Millet World 71354 657 46871

; Europe H 24 1340 32

Pulses World 69560 661 45995

Europe 4326 641 2774

Soybeans World 46463 1971 - 68336

Europe 323 1369 442

Sorghum World 44599 1203 53632

] Europe 134 3563 477

CGats World - 31644 1549 49007

Europe 6446 2617 16870

Potatoes World 21783 ‘ 13374 291321

Europe 6400 18247 116784

Rye World 15021 1601 24044

o Europe 3389 2406 12966

Sugar cane World 12681 50268 637427

Europe 5 64585 342

Cassava World . 11551 3108 105209

' Europe - - - )

- Bugarbeet  World 8892 28097 249851 p

Europe  -3716 35301 131175




heat and drought during grain filling in midsumer. Thus the wheat plant has been adapted
by selection to a wide range of climatic conditions, especially to variations in
temperature and daylength.

As Evans & Wardlaw (1976) stated there have been fashions in the emphasis on whicH
physiological process limits cereal yield and also on the stage of the crop life cycle
regarded as most critical. Early studies by agronomists to gain insight into the factors
and processes that determine grain yields were based on yield component analysis (Engledow
& Wadham, 1923). Later growth analyses in terms of dry weight increase per unit leaf area
became an important research tool. Growth analysis of cereals were initiated and premoted
by Watson and co-workers at Rothamsted Experimental Station, England. They introduced the
concept of leaf area index (LAI), which is defined as the ratio of foliage area to ground
- area. This is considered as an important growth parameter for determining yield in relation
to envirormental factors (Watson, 1952). The main results of this approach were summarized
by Thorne {1965).

" In subsequent years mich more emphasis has been given to the final stage of the cereal
life cycle; various research workers (Birecka & Dakic-Wlodkowska, 1964; Stoy, 1965;
Thorne, 1966) have demonstrated that grain growth largely depends on post-floral assimil-
ation, Then grain yield was assumed to be limited primarily by photosynthesis and the
-supply of assimilates. Thus, particular attention was given to crop photosynthesis through-
.out the grain-filling period as a major determinant of grain yield (Puckridge, 1971;
Baldy, 1972; lupton, 1969; Apel et al., 1973; Austin et al., 1977; de.Vos, 1977). More
recently, however, much evidence has been found to show that the capacity of the grain to
store assimilates may limit yield just as much as the capacity of the crop to provide the
grains with assimilates does (Bremner, 1972; Rawson et al., 1976; Fischer et al., 1977).
Other crop physiologists have given more attention to processes such as assimilate
.transport' {Jenner & Rathjen, 1975; Wardlaw, 1968) and hormonal regulation of grain growth
(Radley, 1976; Goldbach & Michael, 1976; King, 1976). '

An early, more comprehensive whole-plant physiological approach of grain production
in wheat was chosen by Miller (1939} and by Stay (1965). This whole-plant approach was
also followed in my study of the effects of climatic factors and nitrogen supply on grain
production in contrasting wheat cultivars.

1.2 PURPOSE -OF STUDY

The sequence of experiments can be classified in three groups. The aim of the first
group of experiments was to study:
- the relation between green area duration and grain yield, considering the various green
organs of the wheat plant and differences between cultivars;
= the influence of a prolonged green area duration on grain growth and yvield, by means of
late nitrogen applications and disease-control with fung.icides.
These experiments were carried out in the field.

After some preliminary shading experiments in the field a second group of experlments,
carrled out in 2 controlled environment, were dlrected to study the effects of light




intensity and temperature on rate and duration of grain growth and consequently on assimi-~
lation and utilization of carbohydrates and nitrogen corpmmds. A sink-source approach was
included in the analysis of plant behaviour. .

A third group of experiments was carried out in the field under the favourable soil
conditions of the Flevopelder. The aim of these experiments was to analyse:

- the significance of annual variations in climatic factors for the pattern of grain
production; '

- the effect of various nitrogen treatments on crop development, grain growth and on
production and utilization of assimilates and nutrients; .

- the effect of cultivar differences on dry matter distribution (carbohydrate and nitrogen
economy) in relation to the pattern of grain preduction and grain yield. '

The field experiments were carried out at the experimental farms of the Agricultural
University in the Flevopolder and in Wageningen. The experiments under controlled environ-
mental conditions were done in the phytotron of the Department of Field Crops and Grass~ | °
land Husbandry of the Agricultural University at Wageningen.

1.3 LITERATURE

The developments in the various fields of crop physiclogy concerning grain production
of cereals are covered by the following reviews: Baldy (1972, 1973), Thorne (1974),

Evans et al. (1975), Austin & Jones (1976), Evans & Wardlaw (1976) and Biscoe & Gallagher
(1977).

Since there are extensive reviews on more general aspects, the following review Just
gives a background for the experimental work presented in Chapter 3. The most recent
literature has been partly included in this chapter and partly in the Gemeral discussion
{Chapter 4].

1.3.1 Growth of vegetative organs

The vegetative phase of the wheat plant extends from shoot emergence to ear initiation,
but growth of same vegetative organs (e.g. roots, top leaves and stem) continues until
anthesis and afterwards. In the early vegetative phase leaf and root growth predominate.
Root growth may exceed shoot growth at low temperatures (Welbank, 1971), but as temperature
rises the growth of shoots increases more than that of roots (Brouwer, 1966)}. Shoot growth
thus appears to have a higher optimum temperature than root growth; this difference may
result from increased competition for assimilates between root and shoot at higher tempe-
ratures (Friend, 1966). Low light intensities reduce root growth and tillering (Baldy,
1973). Similarly, limited nitrogen supply may reduce shoot growth, but increase root -
extension and the ratio rootishoot (Brouwer, 1966). Lower root mmbers caused by nitrogen
deficiency are compensated by greater lateral lengths in the seminal but not the nodal

. root systems (Tennant, 1976). :

Usually growth of the root system continues untll heading, after which root growth
may cease and roots may evén degenerate during the grain-filling period (Welbark, ]9711.,
With an adequate water and nutrient supply, however, root growth and nutrient uptake

.
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continue well into the grain-filling period (Campbell et al., 1977).

‘The rate of ‘leaf fomation as well as the size of the mature lamina depend on tempe-

rature, light intensity, daylength and nutritional status under which the plant is grown

. {Watson, 19711; Friend & Helson, 1970). Maximum leaf area per‘shoot is attained when the
flag leaf has fully emerged (Watson et al., 1963; Puckridge, 1971). Leaf arrangement is an
important aspect of canopy structure. Leaves formed prior to ear initiation originate
close to the ¢rown, but elongdtion of stem internodes separates the leaves in the vertical
plane, leading to a more effective light distribution within the canoﬁy.

Throughout the early life of the wheat plant, the Ieaf blades are the main photo-
synthetic organs and crop growth rate depends both on the rate of expansion of leaf area
and the rate of photosynthesis per unit leaf area. The increase of the leaf area index
(LAI) is closely paralleled by the increase in canopy photosynthesis (Puckridge, 1971).

" Towards the end of the life cycle, photosynthesis by the stems, leaf sheaths and ears
tends to become increasingly important as the leaves senesce {Austin et al., 1976).

The stem grows concurrently with the leaves, roots and ear; rapid car growth coincides
_ with that of the top internodes (Wardlaw, 1974). Consequently, growth of the stem under
limiting substrate conditions may compete with that of the ear (Rawson & Hofstra, 1568

Patrick, 1972). : '

"1.3.2 Growth and development of the ear

The double-ridge stage is usually considered as a key stage in the development offthe
wheat plant, by marking the end of vegetative development and the beginning of ear develop-
ment. Kirby (1974) suggested that ear development can be described quantitatively in terms
of (a) the rate of spikelet initiation, (b) the duration of spikelet initiation and
(c) the total number of primerdia. Both leaf and spikelet initiation proceed at more or

- less constant rates, but spikelets initiate considerably faster than leaves. The rate of
ear development is affected by light intensity, daylength and temperature (Friend et al.,
1963; Pnjckridge, 1968; Rawson, 1970; Lucas, 1972). The mmber of fertile spikelets formed
increases with higher light intensities (Friend, 1965); at high planting densities and in
densely tillered stands, therefore, the mumber of fertile spikelets may be reduced by
mutual shading. Nitrogen may affect spikelet mmber, but only when applied before the
stage of ear initiation; late nitrogen dressings may increase the rumber of fiorets per
spikelet {Langer & Lieuw, 1973}. After the terminal spikelet has been formed, environmental
conditions no longer influence spikelet mmber, but they may affect the mmber of florets
differentiated within each spikelet (Kirby, 1974). :

Differentiation of the spikelet primordia starts in the spikelets in the lower-mid
part of the ear. A maximm of nine florets per spikelet may be formed, though some of the
.last-formed primordia do not produce fertile florets (Kirby, 1974). High temperatures at
anthesis may- cause sterility and it appears that pollen development is particularly sensi-
tive to water stress and high temperatures (Fischer, 1973). Seed set is promoted by high
light intensity during fertilization {Wardlaw, 1970) and is very susceptible to water
stress (Asana & Saini, 1962). However, many other factors such as the position on the ear,

_ may also affect the number of grains set (Rawson & Evans, i970; Bremner, 1972).
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After cell wall formation, the endosperm increases rapidly in.cell number and size
(Wardlaw, 1970). Sofield et al. (1977} found a rapid increase in the amount of water in .
the grains during the period of active cell division and expansion of the endosperm, after
which there was little net change in the amount of water until completion of dry weight
accumulation. Starch storage begins one to two weeks after anthesis, depending on tempe-
rature. In the grain-filling period, in which most of the dry matter of the grain is accu-
mulated, grain volume continues to increase but at a reduced trate. From the beginning of
starch .synthesis onwards there is a period of almost linear increase in dry weight, followed
by an asymptotic increase to final grain weight. In this last phase, the amount of water
of the grains decreases and grain growth stops at about 40% water in the grain (Jennings
& Morton, 1963; Sofield et al., 1977}. We do not know yet whether the decrease in grain
water content at maturity causes or is a consequence of the cessation of grain growth.
Radiey (1976) suggested that the initiation of water loss from the grain at maturation
might result from an increase in the permeability of the pericarp. However, Sofield et al.
(1977) conclirded that prain growth was terminated by blockage of the transport system by,
lipids. Other authors suggested that the accunmulation of abscisic acid in the grain affects
. its maturation (Goldbach & Michael, 1976; King, 1976; Radley, 1976).

Temperature has a pronounced effect on the rate and duration of grain-filling
(Campbell & Read, 1968). In the experiments of Asana & Williams (1965) the main effoct was
due to day temperature, but Peters et al. (1971) found that a rise in night temperature
shortened the period of grain filling drastically. Phytotron experiments have shown,
however, that it is daily temperature that has a predominant effect on duration of grain
filling (Sofield et al., 1974; Spiertz, 1974; Warrington et al., 1977). )

Grains in different positions within amn ear grow at different rates and have different
mature grain weights. Grains in second florets begin later but may grow faster and attain
.a larger weight than those in basal flerets {Rawson & Evans, 1970; Bremmer, 1972}; grain
weight decreases fram the second floret to the apical floret. Grains in the upper spikelets
grow more slowly than those in the central spikelets; when the supply of assimilate from
the leaves is reduced by defoliation or shading, grain growth is most severely reduced in

_the upper spikelets {Bremmer, 1972).

Final grain size depends to some extent on the mumber of grains per ear. Bingham (1967}
found that the weight of grains in specific position increases as grain mumber per ear
decreases. This observation suggests that grain growth may have been limited also by the

. supply of assimilates. However, grain yield per ear fell considerably as the grain mumber
was reduced, indicating a restricted compensation capacity of the remaining grains,

~

1.3.3 Source — sink relations and the distribution of assimilates in the wheat plant

The terms 'source'’ and 'sink' are often used rather loosely and with various meanings.
Warren Wilson (1972) suggested that sources and sinks should be defined in terms of losses
and gains of a particular substance in a fmrticular plant part. Other authors prefer a
definition in metabolic terms, such as: :
= sources produce assimilates by assimilation of carbon and rutrogen compmmds or by mobi~
lization of stored wmaterials, while :



- sinks utilize assimilates in growth of structural and storage material and in respiration,
Thus the regions of production and consurption of assimilates in the plant are referred to
as 'source' and ‘sink', respectively {Wareing & Patnck 1975). h
Usually in cereals the grains are considered as smk and the photosynthetic active
parts of .the plant as source. This concept is an oversimplification because there are
alternative sinks in the wheat plant (stem, roots, tillers). However their priority and
capacity for utilization of assimilates is lower than for the ear. Rawson et al. (1976)
found that the response of leaf photosynthesis to the level of assimilate requirement by
the ear was influenced by the treatment of the vegetative tillers. Thus, the net photo-
- synthesis rate of the fl.'}.g leaf was decreased by a reduction in grain mumber or increased
by inhibition of photosynthesis in the ear, only when the vegetative tillers were kept
defoliated; when these tillers were allowed to grow normally, there was no influence of
ear treatment on leaf phofosynthesis. This observation might explain the contrast between
the findings of King et al. {1967) and others, who observed a strong dependence of the rate
of photosynthesis in the flag leaf of wheat on the level of requirement for assimilate by
the developing grains, and the studies by Apel et al. (1973) and Austin & Edrich (1975) in
which photosynthesis was independent of the level of assimilate requiremeht. '

A close corvelation between final grain yield and various parameters of leaf area

. after anthesis (Welbank et al., 1966; Simpson, 1968), together with the fact that most of

' the dry matter in ceveal grains is photosynthesized after anthesis (Thorne, 1965) have

freque:_ﬁ:ly led to the conclusion that grain yield is limited by the supply of photosynthate

during grain filling. This conclusion may not be made if initial ear size or potential

‘grain size is correlated with leaf area at anthesis and with leaf longevity. Treatments

involving partial defoliation (Boonstra, 1929) or partial grain removal and imhibition of

grain set (Bingham, 1967) usuazlly lead to disproportionately small effects on final vield

owing to photosynthetic or yield component compensation, respectively.

" Reviewing the literature, Gifford (1974) concluded that source and sink limitations

. usually co-exist and are only partial limitations. However, Stoy (1577} emphasized that

_ the photosynthetic performance of the sources as well as subsequent partitioning of the
assimilates obviocusly are controlled mainly by the metabolic activity of the sinks. Stoy's '
conclusion might refer especially to the first weeks of grain growth when a peol of readily
mebilisable reserves, mainly in the stem, may compensate for short-term deficiencies in

*photosynthetic capacity. During the second half of the grain-filling period, the inter-

+.action between envircmment and genotype might determine the rates of leaf senescence and

- grain maturation kand so the relative limitation by source or sink capacity. Comstraints on
water and nutrient supply affect photosynthetic capacity of the ileaves more than the

_storage capacity of the grains, which is reflected by a fast depletion and relocation of
carbohydrate reserves from the stem (Asana & Saini, 1962; Gallagher et al., 1976}, and of

.mtrogen compounds mainly from the leaves (Campbell & Read, 1968).

The distribution of dry matter between the various parts of the wheat plant has been

con51dered to be constant within a specific development phase (van der Sande Bakhuyzen, -

: 1937) The initial 1nterdependence between Toots and 1eaves is disturbed fram ear 1n1t1at10n



\

omwards. Successively stem, ear and developing grains become major-sinks for carbohydrates
and nitrogen compounds. Recently Sinclair & de Wit (7975} made a comparative analysis of
photosynthate and nitrogen requirements in the production of grains by varjous crops. They
concluded that the requirement for nitrogen by the grain, especially with high protein
grains, was so great that mostly nitrogen must be translocated from the vegetative plant
tissue to the kernels to sustain grain growth. A rapid loss of nitrogen from the vegetative
organs of the plant could cause a decline in physiological activity and thereby limit the
length of the grain-filling period. Periodic analysis of the changes in nitrogen content
of the various parts of the wheat culm showed a loss of nitrogen from the leaves and stem
concomitant with an increase in grain nitrogen (van der Sande Bakhuyzen, 1937; Williams,
1955} :

The increase in the amount of grain nitrogen, however, frequently exceeds the loss
by the leaves and stem during grain development. The balance of grain nitrogen must there-~
fore come from nitrogen reserves in the roots or from current root uptake. Depletion of
the leaf nitrogen pools leads to a progressive leaf senescence from the base to the top of
the wheat culm. Thus a balanced nitrogen economy of the wheat culm is a prerequisite for
the photosynthetic active functianing of the leaves during the grain-filling period.’

1.4 REFERENCES

Apel, P., C.0, Lehmann & A. Friedrich, 1973. Beziehungen zwischen Fahnenblattfliche, Photo-
syntheserate und Einzeldhrenertrag bei Somrerweizen. Ruliurpfianze 21: 89-95.

Asana, R.D. & A.D. Saini, 1962. Studies in physiological amalysis of yield. V. Grain
development in wheat in relation to temperature, scil moisture and changes with age
in the sugar content of the stem and in photosynthetic surface. Indign J. Pl. Physiol.

5: 128-171.
Asana, R.D. & R.F. Williams, 1965. The effect of temperature stress on grain development -~
in wheat. Aust. J. agric. Res. I6: 1-13.

Austin, R.B. & J.A. Edrich, 1975. Effects of ear removal 7B photosynthesis, carbohydrate
“ accumulation and on the distribution of assimilated * 'C in wheat. Amn, Bot. 3%9: 141-152,

Austin, R.B., J.A. Edri? , M.A. Ford & R.D. ‘Blackwell, 1977. The fate of the dry matter,
carbohydrates and € lost from the leaves and stems of wheat during grain-filling.
Ann. Bot, 41: 1309-1321,

Austin, R,B., M.A, Ford, J.A. Edrich & B.E. Hooper, 1976. Some effects of leaf posture on.
photosynthesis and yield in wheat, 4nn. appl. Biol. B3: 425-446.

Austin, R.B. & H.G. Jones, 1976. The physiology of wheat. Annual report {975, Plant
Breeding Institute, Cambridge, 20-73. : . . )

Baldy, Ch., 1972/1973. Sur l'énergie active en photosynthése, son utilisation par des

. gramin€es au couts de leur développement. dnnls agrom. (23)6: ?857699 and 524)15-!—3].

Baldy, Ch., [973. Progres récents concernant 1'5tude du systéme racinaire du blé {Triticum
8p.). Annls agron. (24)2; 241-276. . . . . .

Bingham, J., 1967. Investigations on the physiology of yield in winter wheat'by comparisons
"of varleties and by artificial variation in grain number per ear. J.agrie. Sci., Camb.
68: 411-422, - : :

Birecka, H} & L. Dakic-Wlodkowska, 1964, Photosynthesis, translocation and accymulation of
assimilates in cereals during grain development. IV. Contribution of products of
current photosynthesis after heading to the accumulation of organic compounds in the
grain of spring wheat. Acta Sce. Bot. Pol. 33: 407-426, . i

Biscoe, P.V, & J.N. Gallagher, 1977. Weather._dry matter production and y1e1g. In:

J.J. Landsherg & C.V. Cutting (Eds), Envirenmental effects on crop physiology.
Academic Press, London, Kew York, San Francisco, 75—190: . Y

Boonstra, A.E.H.R., 1929, Invlced van -de verschillende assimilerende delen op de korrel-

produktie bij Wilhelmina tarwe. Meded. Landeogesch.-Whgenzngen 333 3—%1. U

Bremner, P.M., 1972. The accumulation of dry matter a?d nitrogen by,gfalns in dlffergnt

i positions of the wheat ear as influenced by shading and defoliation. Aust. J. biol,

Sat. 25: 657-681. . R .

.




Brouwer, R., 1966, Root growth of prasses and cereals. In: F.L. Milthorpe & J.D. Ivins
(Eds), The Growth of Cereals and Grasses. Butterworth, Londom, 133-166. -

Campbell, C.A., D.R. Camercnm, W. Nicholaichuk & H.R. Davidson, 1977. gffects of fertilizer
N and soil moisture on growth, N-content and moisture use by spring wheat. (i dJ.
Soil Set. 57: 289-310. . .

Campbell, C.A. & D.W.L. Read, 1968. Influence of air temperature, light intenslty_and soil
moisture on the growth, yield and some growth analysis characteristics of Chinook
wheat grown in the growth chember. Cam. J. PL. Sef. 481 299-311. . .

Engledow, P.L. & S.M. Wadham, 1923, Investipations on yield in cereals. J. agric. Sci.,
Camb. 133 390-439. . .

Evane, L.T. & L.F. Wardlaw, 1976. Aspects of the comparative physiclogy of grain yield in

" cereals. Adv. Agrom. 28: 301-359. .

Evans, L.T., I.F. Wardlaw & R.A. Fischer, 1975. Wheat. In: L.T. Evans (Ed}, Crop physiology,
some case histories. Cambridge University Press. .

Fischer, R.A., 1973. The effect of water stress at various stages of development on yield
processes in wheat, In: Plant Response to Climatic Factors. UNESCO, Paris, 233-241.

" Fischer, R.A., I. Aquilar & D.R. Laing, 1977. Post-anthesis sink size im a high-yielding
dwarf wheat: yield respomse to¢ grain number. Aust. J. agrie. Res. (2B)2: 165-176.

Friend, D.J.C., 1965, Ear length and spikelet number of wheat grown at different tempera-
tures and light intensities. Can. J. Bot. 43: 345-353.

Friend, D.J.C., 1966. The effects of light and temperature on the growth of cereals. In:
F.L. Miithorpe & J.D. Ivins (Eds), The Growth of Cereals and Grasses. Butterworth,
London, 181-199, .

Friend, D.J.C., J.E. Fischer & V.A. Helson, 1963. The effect of light intensity and tempe-
rature on floral initiation and inflorescence development of Marques wheat. Car. J.
Bot. 41: 1663-1674,

Friend, D.J.C. & V.A. Helson, 1976. Thermoperiodic effects on the growth and photosynthesis
of wheat and other crop plants. Bot. Gaz. (137)1: 75-84.

Gallagher, J.N., P.V. Bigcoe & B. Hunter, 1976. Effects of drought on grain growth.

Nature 264: 541-542,

Gifford, R.M., 1974. Photosynthetic limitatioms to cereal yield. In: R.L. Bieleski,
A.R. Ferguson & M.M. Cresswell (Eds), Mechanisms of regulation of plant growth.
Bull. Ko. 12, Royal Society of New Zealand, 887-89%3.

Goldbach, H. & G. Michael, 1976. Abscisic acid content of barley grains during ripening
as affected by temperature and variety. Crop Sci, 16: 797-799.

Jennings, A.C. & R.K. Morton, 1963. Changes in carbohydrate, protein and non-protein
nitrogenous compounds of developing wheat graims. Aust. J. bfol. Sef. 16: 318-331.

Jemner, C.F. & A,J3. Rathjen, 1975. Factors regulating the accumulation of starch in
ripening wheat grain. Awst. J. PLl. Phyeiol. 21 3117322, .

King, R.W., 1976. Abscisic acid in developing wheat grains and its relationship tec grain

_ growth and maturation. Planta (Beriin) (132)1: 43~51,

King, R.W., I.F. Wardlaw & L.T. Evans, 1967. Lffect of assimilate utilization on photo~
synthetic rate in wheat. Planta (Berlin) 77: 261-276.

Kirby, E.J.M., 1974, Ear development in spring wheat. J, agrizc, Sei., Camb, B2: 437-447,

Langer, R.H.M. & F.K.Y. Lieuw, 1973, Effects of varying nitrogen supply at different
stages of development on spikelet and grain production and on grain nitrogen in
wheat. dust, J. agrie. Rea. 24: 647-656.

Lucas, D., 1972, The effect of daylength on primordia production of the wheat apex. Auat.
J. biol. Sei. 23: 1-15.

Lupton, F.G.H., [969. Estimation of yield in wheat from measurements of
and translocation in the field. 4mn. appl. Biol. 64: 363-374.

Miller, E.C., 1939, A physiological study of the winter wheat plant at different stages

: of its development. Bull. Kamoas St. agrie. Coll. 47, 84 pp.

Patrick, J.W., 1972. Distribution of assimilate
biol. Sei. 25: 455-467. .

[ Peters, D.B., J.W. Pendleton, R.H. Hageman & C.M. Brown, 1971. Effect of might air tempe-
. rature on grain yield of corn, wheat and soybeans. Agron, 4. 63: 809,
Puckridge, D.W., 1968. Competition for light and its effect on leaf and spikelet develop
meat of wheat plants. Aust. J. agrie. Res. 19: 191-201,
Puckridge, D.W., 197). Photosynthesis of wheat under field conditions. IIT. Seasonal
trends in carbon dioxide uptake of crop communities. Aust. dJ. agric. Reg. 22t 1-9.
Radley, M., 1976. The development of wheat grain in relation to endogenocus growth &
’ substances. J. exp. Bot. 27: 1009-1021. :
 Rawsor, H.M., 1970. Spikelet number
: Aust. J. biol. Sei. 23: 1-15,

photosynthesis

during stem elongation in wheat. Aust. J.

» its control and relation te yield per ear in wheat.



Rawson, H.M. & L.T. Evana, 1970, The pattern of grain growth within the ear of wheat.
Aust. J. biol, Sei, 23: 753-764.

Rawson, H.M., R.M. Gifford & P.M. Bremner, 1976 Carbon dioxide exchange in relation to
sink demand in wheat. Planta (132)1: 19-23, 14

Rawson, H.M. & G. Hofstra, 1969. Translocation and remobilization of ~ C assimilated at
different stages by each leaf of the wheat plant. Adugt. J. bfol. Sei. 22: 321-331,

Sande Bakhuyzen, H.L. van der, 1937. Studies on wheat grown under constant conditionms.
Stanford University Press, California, 400 pp.

Simpson, G.M., 1968. Association between grain yield per plant and photosynthetic area
above the flag leaf node in wheat. Can. J. PL. Sef. 48; 253-260.

S8inclair, T.R. & £.T. de Wit, 1975. Photosynthate and nitrogen requirements for seed
production by various crops. Science 189: 565-567.

Sofield, I., L.T. Evans & I.F. Wardlaw, 1974, The effects of temperature and light on
grain filling in wheat. In: R.L. Bieleski, A.R. Ferguson & M.M. Cresswell (Eds),
Mechanisms of regulation of plant growth. Bull, No. 12, Royal Society of New Zealand,
909-915.

Sofield, I., I.F. Wardlaw, L.T. Evans & S.Y. Zee, }1977. Nitrogen, phosphorus and water
contents during grain development and maturation im wheat. Aust, J. PL. Physiol. 4:
799-810.

Spiertz, J.H.J., 1974, Grain growth and distribution of dry matter in the wheat plant as
influenced by temperature, light eperpgy and ear size. Neth. J. agrie. Sei, 22: 207-220,

Stoy, V., 1965. Photosynthesis, respiration and carbehydrate accumulation in spring wheat
in relation to yield. Physiologia PL. Suppl. IV: 1-125.

Stoy, V., 1977. Trockensubstanzproduktion und Assimilataeinlagerung in das Getreidekorn.

Z. PFflErwdhr. Ding. Bodenk. 140: 35-50,

Tennant, D., 1976. Root growth of wheat. I. Early patterns of multiplication and extension

of wheat roots including effects of levels of nitrogen, phosphorus and potassium.
. Aust. J. agrie. Res. 27: 183-196.

Thorne, G.N., 1965. Photosynthesis of ears and flag leaves of wheat and barley. dnmn. Bot.
27: 155-174,

Thorne, G.N., 1966. Physiological aspects of grain yield in cereals. In: F.L. Milthorpe &
J.D. Ivins (Bds), The Growth of Cereals and Grasses. Butterworth, London, 88-183.

Thorne, G.N., 1974, Physiology of grain yield of wheat and barley., Report Rothamsted

Experiment Station for 1973, Part 2, 5-25.
, N.M. de, 1977. Wheat. In: Th. Alberda (Ed), Crop photosynthesis: methods and compila-
tion of data obtained with a moblle field equipment. Agrice. Res. Hep. 865, Pudoc,
Wageningen, 22-30.

Wardlaw, T.F., 1968. The control and pattern of movement of carbchydrates in planta.

Bot, Rev. 34: 79-105. :

Wardlaw, I.F., 1970. The early stages of grain development in wheat: response to light and
temperaturd in a single variety. Aust. J. bfol. Ser. 23: 765-774.

Wardlaw, I.F., 1974. The physlology and development of temperate cereals. In: A. Lazenby &
E.M. Matheson (Eds), Cereals in Australia. Angus and Robertson, Sydney, 58-98.

Warelng, P.F. & J. Patrick, 1975. Source - sink relations and the partition of assimilates
in the plant. In: J.P, Cooper {Ed), Photosynthesis and productivity in different
environments. Cambridge University Press, Chapter 21, 481-499.

Warren Wilsom, J., 1972, Control of crop proceases. In: A.R. Rees, K.E, Cockshull, D.W.
Hand & R.G. Hurd {Eds), Crop processes in controlled enviromments. Londoem, Academ1c
Press, 7-30.

Warrington, I.J,, R.L. Dunstone & L.M. Green, 1977. Temperature effects at three develop~
ment stages on the yield of the wheat ear. Aust. J. agrtc. Res, 28: 11-27,

Watson, D.J,, 1952, The physiclogical basis of variation in yield. Adv, Agron. 4:i 101-145,

Watson, D.J., 1971. Sige, structure and activity of the productive systems of crops. In:
J.P. Cooper & P.F, Wareing (Eds), Potential crop production. Heinemann, London, 76-88,

Watson, D. J" G.N. Thorne & S.A.W. French, 1963. Analysis of growth and yield of winter

and spring wheats. 4nn. Bot. 27: 1-22.
Welbank, P.J., 1971. Root growth of wheat varieties. Report Rothamsted Experiment Station

for 1971. Pave 1, 104-106.
Welbank, P.J., S.A.W. French & K.J. Witts, 1966. Dependence of yields of wheat var1et1es

: on their leaf-area duratioms. dnn. Bot. 30: 291-299.
Wllllsms, R.F., 1955. Re-distribution of mineral elements during development. Annm. Rev.

Plant Phys. 6: 25-42.



2 Experimental studies

SUMMARIES OF THE ARTICLES

Relation between greem avea duratiom and grain yield in some varieties of spring wheat =
J.H.J, Spiertz, B.A. ten Hag and L.J.P. Kupers, Netherlands Journal of Agmcultuml
Setence 19(1871}): 211-222.
Tn two experiments with spring wheat the relation was studied between green area
- duration (D) and grain yield during the period after heading. For this, the green arcas
of leaf, internode and ear were determined as accurately as possible in samples. '
' ‘The relation between grain yield and green area duration of the separate green
organs and of combinations of these was quantified by regression and correlation
.calculations. These calculations have shown that of the separate parts of the culm the
D values of flag leaf and peduncle were closely correlated with the grain yield.
By using the combined D value of flag leaf and peduncle as a yield determining
. factor, 81 and 61% of the variance in the grain yield could be statistically predicted
in 1967 and 1968, respectively. By including all the separate D values in a multiple
-correlation calculation the coefficients of determination of the variance in the grain
yield could be increased to 83% in 1967 and to 74% in 1948. In 1968, next to the D values
of flag leaf and peduncle, the D value of the ear was closely correlated to the grain
. yield. :

The photosynthetic efficiency of the green area was compared by the grain-leaf ratio,

Effects of euccepsive applications of maneb and benomyl on growth and yield of five vheat
varieties of different heights

- duH.J. Spterts, Netherlande Journal of Agricultural Setence 21(1973): 282-298.

_ The effect of some fingicide treatments on the production pattern of five wheat ' _
varieties with different culm lengths was investigated in a fieid experiment. The fungicide
treatments consisted of: a sequence of 2 pre-floral sprayings with 2 kg maneb per ha and .
2 post-floral sprayings with 1 kg benlate per ha. The varieties were Juliana (117 cm culm
length], Manella (82 am), Lely (80 cm), Mex.~-cross (69 cm) and Gaines (79 cm}. There was :
hardl)r any mildew in the crop but Septoria tritiei and Septoria modorum were very much in

“evidence in all the varieties. Of the group of r1pen1ng dlseases black moulds and
Fusmwn were found to a lesser degree.

The combined application of maneb and benomyl greatly delayed the spread of Septoria

m the v._:rop, as.a result of which the flag leaf in particular remained green for a longer

. Period and the grain filling period was lengthened. The growth rate of the grains during
10
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the phase from the nulk—rlpe stage to the dough-ripe stage was raised from 204 kg ha
' d.';l)r-1 to 230 kg ha 1 . The effect of the application was greater in the varieties
most susceptible to Septoma (Lely and Gaines) than in the other varieties. The increases '
in grain yield of the varieties Juliana, Manella, Lely, Mex.-cross and Gaines were 143,
23%, 32%, 16% and 42%, respectively. By statistical analysis 85% of the variance in the
grain yield within the varieties could he attributed to the green area of the flag leaf.
Thus, the main effect of Septoria seems to be a reduction of the photosynthetic area,
causing a decreased supply of assimilates to reach the grain, and in this way lowering
the 1000-grain weight.

The degree of disease infection was not significantly correlated with culm length or
the amount of leaf area, so the tolerance and resistance characteristics of the varieties
were not immediately due to differences in crop structure. Specific variety differences
were still present, even after reduction of the disease infection with the fungicides.

- Grain growth and distyibution of dry matter in the wheat plant as influenced by tempemture,
Light energy and ear size . g
J. H.J. Spilertz, Netherlands Journal of Agmculi‘uml Seience 22(1374): 207-220.

An experiment was carried out under controlled growing conditions to study the plant
response during the post-floral stage to temperature, light intensity and ear size. Within
the Tange of 15 to 25 °C a raise in temperature increased the growth rate of the grains
but the duration of the post-floral development of the plant was very ruch shortened. The
final result was that higher temperatures caused lower grain yields. An increase of light
intensity from 92 to 147 cal cm -2 c!ay has shom a more positive effect on grain welght :
than an increase from 147 to 175 cal am day . The artificial reduction of car size by
removing spikelets from the ear increased the thousand-grain weight but not enough to
compensate for the reduction in mmber of kernels per ear.

The effects of the main factors - temperature, light intensity and ear size - and of
the combined treatments on the supply and storage of carbohydrate are discussed w1th1n the

i

framework of a sink-source model.

The influence of temperature and light intensity on grain growth in relation to the

earbohydrate and nitrogen economy of the wheat plant
J.H.J. Spierta, Netherlamds Journal of Agricultural Satence 85(1877): 182-197.

The response of grain growth to temperature and 11ght intensity was studiedzunder
controlled conditions within the ranges from 10 to 25 OC and from 64 to 188 Wm “, respec-
tively. Warmth hastened the senescence of the wheat plant and enhanced the initial growth-
rate of the grains. Additional light promoted the rate of grain growth more at high than
at low temperatures; under the latter conditions there was a considerable accumulation of
-carbohydrates in the stem {up to:403%) from anthesis onwards. The rate of grain growth .

- ranged from 0.70 to 1.64 mg daly"1 ker'nel_I. The duraticn of grain growth was prblongec% by
decreasing the terr:peratufe from 25 to 10 ®c: the increase in growth duration from about-
30 to 80 days corresponded with a velatively stable temperature sum. Temperature and light



also affected the redistribution of assimilates and the chemical composition of the grain.
The rate of protein synthesis was promoted more by warmth than the rate of starch synthe-
sis. This resulted in an increased nitrogen content of the grain. The final content of
total non-structural carbohydrates (starch and sugars) was slightly decreased by warmth.
Additional 1light raised the carbohydrate content of all parts of the plant and so
decreased the nitrogen content of these parts. However, 1ight intensity had less effect
on nitrogen distribution and yield than temperature had.

Effects of nitrogen an crop development and grain growth of winter wheat in relation o
aesimilation and utilization of aesimilates and nutrients

J.H.J. Spiertz and J. Ellen, Netherlands Journal of Agricultural Science 26(1878): 210-231.

Grain growth and yield components of winter wheat (cv Lely) were studied in a field
experiment in 1976 with four regimes of nitrogen dressing (50, 100, 100 + 50 and 100 + 100
kg N ha'1). Growing conditions were characterized by a high level of solar radiation,
warmth, ample nutrient supply and no damage by diseases.

Nitrogen raised grain number per m?‘ from 16,700 to 20,600 and grain yield from 640
to 821 g dry weight n %, Grain growth duration was short, due to warmth, but the rate of
grain filling was very high: from 24.0 to 29.2 g n? d.ety-1 during the effective grain
filling periad. A high grain yield was associated with a high nitragen percentage of the
grains, which resulted in a grain inroteih yield ranging from 63.8 to 107.1 g m % with an
increased nitregen dressing from 50 to 200 kg ha -1,

The carbohydrate demand of the grains was provided by current photosynthesis and re-

" location of stem reserves. The latter was reflected in a decline of the stem weight after
the mid-kexnel filling stage. Nitrégen and phosphorus demand of the grains were supplied
by withdrawal from the vegetative organs (leaves, stem, chaff) and to a large extent by
post-floral uptake and assimilation.

Under the prevailing growing conditions the grains turned out to be very strong
sinks for carbohydrate, nitrogen and phosphorus as shown by the harvest-indices. Additio-
nal nitrogen dressings increased the harvest-indices of dry matter, nitrogen and phospho-

- Tus from 0.40 to 0.48, from 0.75 to 0.81 and from 0.91 to 0.93, respectively.
It was suggested that a more restricted vegetative crop development at high nitrogen

levels and a longer duration of root activity, photosynthesis and grain growth after:
anthesis would considerably favour grain yield.

C‘ultwar cmd nitrogen effects on gmm yield, crop photosynthests and distribution of
aseimilates in winter wheat

'

J.H.d. Spiertz and H. van de Haar, Fetherlande Jaumal of Agmcultuml Seience £6(1978):
233249,

A comparison between the crop performance of a semi-dwarf (Maris Hobbit) and a
standard height cultivar (Lely) at various levels of nitrogen supply was made. Grain
yields of Hobbit were considerable higher, due to a higher mumber of grains and a heavier
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grain weight. Owing to the higher grain yield and a lower stem weight the harvest-index

of Hobbit was higher compared to Lely: 0.47 and 0.40, respectively. The content of water-
soluble carbohydrates in the stems of both cultivars appeared to be very high until 3 weeks
after anthesis, despite the cccurrence of low light intensities. It was suggested that due
to the weather of 1577 low temperatures restricted early grain growth and respiration more
than photosynthesis was affected by light intensity. Lely used more assimilates for struc-
tural stem material than Maris Hobbit did. ‘

Quantity and time of nitrogen application affected grain number strongly, but grain
weight to a less extent. So within each cultivar grain muber per m” was the main deter-
minant of grain yield. Late nitrogen dressings promoted phetosynthetic production, grain
weight and protein content of the grains. The low protein percentages of the grains were
attributed to the low temperatures during the grain filling period. The distribution of
nitrogen within the wheat plant was only slightly influenced by hitrogen dressings and
cultivar differences.

Nitrogen harvest-index ranged from 0.74 to 0.79. Grain nitrogen was derived from the vege-
tative organs (63-94%) and from uptake after anthesis (6-37%). The importance of carbo-
hydrate and nitrogen economy for grain yield are discussed.
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3 General discussion

3.1 SIZE AND ACTIVITY OF THE GREEN ORGANS IN RELATION TO GRAIN PRODUCTLON

Following the work of Watson et al. (1963), Thorne et al. (1969) and Welbank et al.
(1966), we studied the relation between green area duration and grain yield in spring
wheat, as affected by sowing date and genotypic differences. The relation between grain
yield and green area duration of the various green organs were quantified by regression
and correlation calculations (Spiertz et al,, 1971). The results showed that green area
duration, calculated for the period from heading to ripening, was more closely correlated

- to grain yield than the green area duration from flowering to ripening. It was suggested
that photosynthesis during the pre-anthesis period would affect final grain yield by
influencing the mmber of grains set and the amount of reserves temporarily stored in the
stenm. ' \

Since the green areas of the various parts of the culm were closely inter-related,
it was not possible to calculate the exact contribution of each organ to grain growth.
Judging from the degree of correlation between green area duration and grain yield, we
considered the following organs to be important in grain filling: especially peduncle and
flag leaf, followed by the ear, last leaf and last intemode but one. The coefficient of
detenniﬁation of the variance in grain yield (Rz] amounted to 0.83 and 0.74 in two succes-
sive years, By late sowing vegetative growth was reduced more than ear formition, so that
the munber of grains per unit green area was'higher. Consequently the grain-leaf-ratio was
higher. However, in spite of a higher photosynthetic efficiency the late-sown crops yielded
less, because of a considerably lower green area duration. '

Similarly good correlations between grain yield and green area duration were reported
by Fischer & Kohn (1966)_, Simpson (1968) and Heu & Walton (1971). In later experiments the
-eorrelation. of grain yield with green area duration was not as good. Especially under
growing cenditions favourable for leaf growth - viz, high rates of nitrogen supply - appa-
Tently grain yield was.limited by factors-other than the amount of green area, Thorne &
Blacklock (1971) suggested that grain yield ceased to be well correlated with green area

duration after anthesis when grain yields exceeded about 500 g.m"2 and leaf area index
“(two-sided) at anthesis was higher than about seven,

However, such criteria depend on
growing conditions (light intensity),

cultivar differences, occurrence of diseases, etc,

own by an experiment with five cultivars of winter

wheat (Spiertz, 1973). Correlations between grain yield and leaf area were positive within
.’the cultivars and negative between them. The correlation was negative because a low grain
.yield in the. cultivar Juliana was associated with a high leaf area duration after anthesis.
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The reverse occurred with the cultivar Gaines. The variance in grain yield w1thm the cul-
tivars could be attributed for 85% to the variance in green area of the flag leaf at the
end of the kernel-filling pericd. This percentage increased when various degrees of leaf
infection were produced in a cultivar susceptible to Septoria sp. by a different frequency
of fungicide application. The very susceptible cultivar Lely showed a correlation of 0,99
between grain yield and percentage green area of the flag leaf on 20 July, whilst the more
resistant .cultivar had a correlation coefficient of 0.33. The main effect of diseases like
. Septoria seems to be a reduction of the photosynthetic area, causing a decreased supply of
assimilates to the grain and as a consequence a lower grain weight. '

More recently Ledent (1977a} studied the relation between grain yield and a number of
plant characters in wheat canopies in the field and in controlled enviromments. Simple
correlations, stepwise regression analysis and factor amalysis indicated that the plant
characters most closely related to grain yield were grain number, stem dry weight and
weight of sheaths of flag leaf and second leaf. Areas of leaves and internodes were less
strongly related to grain yield in the cultivars studied. McNeal & Berg (1977) found with
near-isogenic populations that flag leaf area, by itself, was not a good index for plant
performance. Differences in other characters (heading and plant height), however, might.
have been more important in these near-isogenic populations.

_ Removal of parts of leaf laminae or cutting vascular bundles in the upper leaves or
sheaths of wheat culms had little effect on mean weight per kernel. Removal of entire
laminae, complete leaf removal, and cutting vascular bundles at the base of the ear signi-
ficantly decreased mean kernel weight (Ledent, 1977b). In most cases, the decreases varied
by 10 to 20%. These findings confirm the results of Walpole & Morgan (1974}; they could .
not detect any significant effect on grain weight in the 14 days after defoliation. Later
the more severe defoliations reduced grain weight, and reductions in final grain yield
ranged from 16.6 to 45.5%. Generally, effects of a reduction in photosynthetic capacity

on grain yield will depend on the extent to which the 'source’ limits grain growth.

Canopy photosynthesis appears to increase asymptotically with increase in LAI,
reaching a maximm level at LAI values above 4 (Evans et al., 1975}. The relation between
net photosynthesis and LAI was wnaffected by either cultivar or by sowing density
(Puckridge & Ratkowsky, 1971). In our experiments {Spiertz & van de Haar, 1978) additio-
nal nitrogen applied at the boot stage promoted net photosynthesis more than it promoted
LAI, especially in the later stages of grain growth. This finding shows the importance of
maintaining the photosynthetic activity of the green organs during ageing rather than
increasing the area of the green organs as such. Toward the end of grain filling, stem and
ear photosynthesis can become the major source of current photosynthesis, but even in the .
earlier stages of grain growth, stem photosynthesis can be a substantial component [Evans
&% Rawson, '1970). This centribution from the stem might explain the high dry matter yields
found under growing conditions which did not favour ‘leaf growt:h (Spiertz & Ellen,- 1978] ,
but PI‘Omoted the formation of a high mumber of culms.

Grain growth can be also considerably affected by the carbon dioxide concentratlon
. (Gifford, 1977). COz—enrlc}nnent (0.20 ml. 1 ) gave a 32% larger total crop weight at

Y
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maturity and a 43% increase in grain yield, whilst a reduction (- 0.15 ml.l"’} gave a 43%
reduction in total crop weight and 44% reduction in grain yield. Most of the grain yield
* pesponse was brought about by an increased fertility of the side-tillers; obviously incident
 radiation was not limiting. Osman- (1971) shewed that net photosynthesis was more closely

related to light interception and crop growth rate than to leaf area index. Photosynthesis-
" -light curves turned out to be different for the various leaf layers. Lower, and thus
shaded, 'leaves had a lower level of maximm photosynthesis than top leaves, due to a higher
mesophyl and carboxylation resistance.

Hence the characters of the vegetative organs are only partly correlated with grain

‘yield. The degree of correlation depends on growing conditions and on the demand for assi-
milates by the grains.

3.2 RESPONSE OF GRATN NUMBER AND GRAIN GROWTH TO CLIMATIC FACTORS AND NITROGEN SUPPLY

Grain yield is a function of the mmber of grains per umit ground area and the mean
weight per grain at harvest. The number of graine per unit ground area is composed of grain
mmber per ear and number of ears per wnit ground area. Biscoe & Gallagher (1977) concluded
that the weather influences the physiological and developmental processes which determine
the number of grains more than the processes determining their size. This conclusion is
confirmed by comparing the variance in grain yield and grain mumber between years in our
field experiments (Fig. T}. The relationship between grain yield (¥) and grain rumber (&)
for the cultivar Lely under disease-free conditions in the growing seasons from 1972-1977
could be expressed by the following formila:

= 52.8 + 0.0357 ¥ {® = 0.85)

The main envirommental factors in these experiments were weather and nitrogen supply. If
other factors like disease, drought and nitrogen stress interfere during the post-floral ‘
period, then the rate and duration of grain growth would be far more important (Spiertz,
1973).

Apparently, poor light conditions during the pre—floral period can severely reduce
yields in wheat (Willey & Holliday, 1971; Fischer, 1975). Evans (1978) found that ear
nurbher (ranging from 402 to 1070 per mz) was closely related to irradiance during the
early reprodictive stage (from 35 to 15 days before anthesis). Grain mmber per ear was
influenced mostly by irradiance during the late reproductive” stage (from 15 days before to
5 days after anthesis). However, Fischer et al. (1977) concluded that grain yield in normal
crops was limited by both sink and post-anthe51s source. They established a wide range in
grain mumbers (4000 to 34000 per m ] by thimning, shading, application of carbon dioxide
and crowding. Grain yield increased, reaching -a maximm at a grain mmber well above those
of crops grown with optimal agronomic management but without manipulation. Kermel weight
fell linearly with increase in grain mmber over the whole range of grain mmbers studied,
but the rate of fall varied with the season. In our experiments additional nitrogen applied
at the boot stage increased mostly the mmber of grains as well as grain weight (Ellen &
Spiertz, 1975; Splertz & Ellen, 1978). Thus there are management treatments which break
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Fig. 1. Simple linear regression of grain dry matter yield (g.m_z) on grain numbher per mz
for six successive years with the cultivar Lely. .

the compensation mechanism. The same phenonenon was seen in the experiment to study diffe-
rence between cultivars (Spiertz & van de Haar, 1978). Darwinkel (1978) varied plant den-
sity from 5 to 800 plants per n® and found also a linear relation between grain yield and
grain mumber up to about 18000 grains per 2. above this level an increase in grain number
was completely compensated By a decrease in kernel weight. The extent to which the grains
are filled depends on the location within the ear and on the supply of assimilates.

Brermer & Rawson (1978) suggested that the different potentials for growth of grains within

a spikelet have a minor influence on mature grain weight, but that the relative ease with

- which assimilate reaches the grain has a major influence. The latter depended largely on
the distance of the grains from the spike rachis..

The effects of envirormental factors on the rate and duration of grain growth were studied
in growth chambers within the rénges from 10 to 25 9 and from 64 to 188 W 2. A rise in
temperature increased the growth rate of the grains considerably, but the duration of the
post-floral period was very mch shortened (Spiertz, 1974, 1977). Duration of grain growth -
was teduced from 80 to 30 days by a Tise in temperature from 10 to 25 Oc. Similar tempera~
ture effects were found in phytotron experiments with other cultivars of spring wheat -
(Sofield et al., 1974, 1977a; Ford & Thorne, .1975; Warrington et al., 1977; Chowdhury &
Wardlaw, 19-73] '- Thus respﬁnsé' in grain growth of thg wheat plant to tesperature seems :tp
. be very predictable. : B ' D '

1y
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Growth rate of the grains was closely associated with mean daily temperatures after
anthesis, as long as assimilate supply to the grains corresponded to the demand (Spiertz,
1977). Demands of the grains for assimilates increased with a rise in temperature. There-
fore the effect of light intensity on rate of grain growth was greater at higher tempera-
tures. In the phytotron experiments, the highest level of photosynthetic radiation . ~
(16 hours:188 W.m‘z) tumed out to be insufficient for an adequate supply of photosynthate
at high temperatures. This shortage of assimilates was also reflected in a fast depletion
of stem reserves. So final grain yield depends on the balance between supply of assimilates
and storage capacity of the ear.

The question remains to what extent temperature affects rate and duration of grain
growth in the field crop. Under growing conditions in the Netherlands great differences
are cbserved in temperature and light intensity from year to year (Fig. 2). In winter
wheat experiments with the cultivar Lely, the rates of grain growth between years from '
1972-1977 were compared. Per year plots with an optimum nitrogen dressihg were seiected;
other growing factors wefe rather favourable in these field experiments in the Fievopolder.
The rate of grain growth (dry matter) per unit ground area ranged between years from ahout
200 up to 350 kg.het'1 a7 (Fig. 3). After correction for differences in solar radiation
between years, by expressing the rate of grain growth per unit of light intensity [ug-J_1),
also under these field conditions temperature was positively related to grain growth during
the so-called linear phase of grain filling (Fig. 4A). The duration of grain growth turned
out to be inversely related to temperature (Fig. 4B). These responses of field crops to -
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temperature agreé very well with those found by Marcellos & Single (1972), Meredith &
Jenkin‘s (1976) and Pinthus & Sar-Shalom (1978). Under bright conditions assimilate supply
is favoured more than the demands of the growing grains. Therefore individual grain weights
in field crops are not affected by temperature as much as those in the phytotron experi-
ments.

Evans (1978) found that grain yield of wheat grown in a constant daylength and tempe~
Tature regime was more limited by irradiance between ear initiation and anthesis, when
storage capacity is determined, than by irradiance during grain growth. Sofield et al.
(1977a) found that with cultivars in which grain number was less affected by light inten-
sity, growth rate per grain was highly responsive to irradiamnce, especially in the more
dista) florets. They concluded that growth rate per grain depended mainly on floret posit-
ion within the ear, on differences. in grain size between cultivars and on temperature. A
higher rate of grain growth in cultivars with larger grains at maturity was also found in
our field experiment with the cultivars lely and Maris Hobbit (Spiertz & van de Haar, 1578).

kg-ha™! 300 kg. o™

9000 ; a :
- L/ TNa1976
A _ ~oadditional-N

8000} ;

05:_____0 1974

— 1877
6000 \"'
%1972

5000 /:’200 kg.ha'd™
4000

l/,
3000
2000 .
1000

1 el 1 1 1 1 L b I |
15/6 25/6 . /7 15/7 25/7 4/B 14/8 dates

Fig. 3. Patterns and rates of giain growth for different climatic conditions in successive
" yeare with the cultivar Lely at optimal nitrogen dressings.
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Fig. 4A. Relationship between the
growthlrate per unit light energy
{ug.J ")} and the mean daily tempera-
ture (°C) during the linear phase of
grain filling.

Fig. 4B. Relationship between the
duration (days) from anthesis to
ripeness and the mean daily tempera-
ture (“c) during this period. i =
-sum of mean daily temperatures (°C.d).

Buraticn of grain growth is related to senescence 6f vegetative organs as well as to
.maturation of the grains. The earlier senescence of the green organs of the wheat plant at
high temperatures can pe retarded by late nitrogen dressings. In a field experiment

(Spiertz & van de Haar, 1978) crop photosynthesis after mid-kernel £illing declined much

more slowly with an additional nitrogen dressing at the boot stage. Prolonged photosyn-

& Spiertz, 1975). The supply

and even stop grain growth towards the end of -

tissue (Spiertz, 1977; Sofield et al., 1977&);
From Stpdies by Jenner % Rathjen (1975
" .tal pattern of grain growth is determined i

7/

,.1977}_, it was éonclu'ded'that the developmen-
nternally by metabolic processes rather. than
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externally by the supply of sucrese and amino acids from the rest of the plant. They found -
from '4C-studies that the rate of starch production in the cultured endosperm rose to a maximum
at about the mid-point of grain development and then fell progressively to near zero. Other
research workers studied the relationship between grain water content and the cessation of
grain growth (Geslin & Jonard, 1948; Andersen et al., 1978).
It was shown that this relationship was affected by the abscisic acid (ABA) concen- :
tration in the wheat grains. Radley (1976) and King‘(1976) found that the water loss of
the grains is preceded by an increase in the ABA-concentration. Application of ABA to the -
ear had no effect on the rate of grain growth but resulted in an earlier cessation of
grain growth and hastened the drying of the grain. Goldbach (7975} found that temperatures
of 26 °C compared with 18 °C accelerated the increase in ABA-concentration up to the start -
of ripening. Late application of nitrogen decreased ABA-concentration. However, it is
'important to know whether the fall in the amount of water in the grain and rise of the
ABA-concentration at maturity caused or was a consequence of the cessation of grain growth,
- Sofield et al. {1977b) found no evidence of an increased rate of water loss by the
. grain at the stage of maximum grain dry weight. They suggested that the rapid fall in
" water content at the cessation of grain growth was due to a blockage of the chalaxal zone
of entry into the grain by deposition of lipids. This suggestion agrees with the finding
of Jennings & Morton (1963) that 1ipid content increased as wheat grains reached maturity.
Although the controlling factors of the cessation of grain growth are not completely
understood, the strong dependence of the duration of grain growth on temperature often
limits grain yield. It may be worthwhile to look for gemetic variability in this character.

- 3.3 ASSIMILATION AND UTILIZATION OF CARBOHYDRATES AND NITROGEN COMPOUNDS

The two main organic storage products in the wheat plant are carbohydrates and nitro- °
gen cdnpomds. Both have a dynamic pattern of assimilation, distribution, relocation and
storage. The mass fractions of water-soluble carbohydrates (w.s.c.), starch and nitrogen
were determined in the various parts of the wheat culm of plants grown either in the phyto-
tron or in the field. Although carbohydrate and nitrogen metabolism are partly interrelated,
they will be discussed sequentially.

Accumilation of carbohydrates in the vegetatlve organs of the wheat plant is governed
" by the balance between photosynthetic preduction and the utilization of assimilates fer
growth and respiration. When there is a surplus of carbohydrates, these are mainly stored
in the stem (Spiertz, 1974). Low temperatures and high light intensities increased the
carbchydrate content of all parts of the plant. Under these artificial climatic conditions
the mass fraction w.s.c. in the stem was raised to a level higher than 0.4 (40%) until 4
weeks after anthesis (Spiertz, 1977). The w.s.c.-mass fraction of leaves and roots showed
an increase as- rate of grain growth declined. With high temperatures w.s.c.-mass fractions -
decreased shortly after anthesis. / : : e

Also under field conditions high w.s.c.-contents were found in the stem up to a fort-
night after anthesis under the bright conditions of 1976 as well as with the cool overcast
weather of 1977 (Spiertz & Ellen; 1978; Spiertz & van de Haar, 1978)}. These results indi-
cate that temperature governs indirectly, by the rate of initial grain growth, also the -
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utilization of- the stem reserves. In 1976, a high level of radiation increased w,s.c.-
-content of ‘the stem before anthesis, but decreased it after anthesis mainly because of
rapid grain growth due to the high temperature. In 1977, low temperatures after anthesis
retarded grain growth and obvicusly kept respiration at a lower level, so that the mass
fraction of w.s.c. in the stem remained relatively high. Gifford (1977) concluded that the
wheat crop adjusts yield Components and possibly duration of grain filling to give near
constancy of kernel weight in different photosynthetic enviromments. The adaptation mecha~
nisms for regulating grain set and grain growth are still incompletely understood.
For many years there has been controversy about to what extent the carbohydrate

produced by photosynthesis before anthesis contributes to the grain yield of cereals.

Evans & Wardlaw (1576) concluded that reserves do contribute to grain yield to an extent
that depends on the type of cereal and the environmental conditions. Reserves of assimi-
late present at flowering and available for later translocation to the grains could buffer
grain growth against enviromental stresses during grain filling. Estimates of the contri-
bution of stem reserves to grain yield are derived from changes in stem weight after
anthesis {Gallagher ot al., 1976) or from ! 4C studies in whole wheat plants (Austin et al.,
-1977) and in labelling only specific organs (Pearman et al., 1978), The pre-anthesis
assimilate contribution was estimated to be no more than 20% (Stoy, 1963; Thorne, 1966
Birecka & Dakic-Wlodkowska, 1966). Later experiments gave estimates ranging from 27%
(Rawson & Evans, 1971} to 573 (Gallagher et al., 1978) of the grain dry matter yield in
_wheat. The latter percentage was criticized by Bidinger et aj. (1977). These authors
carried out field experiments with in sity labelling of the whole ¢rop canopy with G
at frequent intervals before and after anthesis, They found a 123 (irrigated crops} and
22% (droughted crops} contribution by pre-anthesis assimilates, mainly from stem reserves,
to the grain dry matter yield. Based on changes in dry weight of the stem after anthesis

2z

that the dry matter contribution of stem reserves ranged from 760 to 1360 kg ha™! s Which

yield with nitrogen dressings
1978). The largest part of stem

of water-soluble carbohydrates. The
d by ' relocation of various other
‘Mutrients) and to a small extent by lignification

of 200 and 50 kg.ha"1, Tespectively (Spiertz & Ellen,
weight losses was due to a sharp decline of the amount
remaining proportion of dry weight losses may be cause
compounds (aming acids, organic acids,
processes. :

weight of stems and. leaves,

_ The phenomenon of a surplus of assimilates during the first
weeks after anthesis was als

. 0 observed in our experiments (Spiertz & van de Haar, 1978).
].)1fferences between a semi~dwarf and a standard cultivar were, however, more pronounced
in stem and ear weight at anthesis than in dry weight loss of +

s . he stem during grain
filling, This finding is confirmed by 14

C-studies of Mekunga et al. (1978); they suggest
. N . - h
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|
that the lower Stén weight of semi-dwarf cultivars is a more important cause of differences
in harvest index than the greater movement of post-anthesis photosynthate to the grain.
Cultivars with more grains per ear had larger ear weights at anthesis and incorporated
moTe T3¢ into the ear before anthesis during floret differentiation. Ruckenbauer (1975)
found that mere 14(: reached the ear of Maris Hobbit than that of Maris Huntsman, but
Hobbit had also more grains per ear.

Considering the function of'leaves in assimilate distribution and utilization of the
plant, nitrogen compounds play a complex role. Referring to the model proposed by Thornley
(1977) nitrogen compounds can be divided into three categories: (1) storage material
(2} biologically active material, (3) inert material. Nitrogen compounds accumilated and
stored in the green organs of the wheat plant, especially the leaves (blade and sheath)
are usually the main nitrogen source for the growing grains (Nair et al., 1978}. At-the
same time some nitrogen compounds are biologically active and determine the activity and
duration of physiological processes, viz. photosynthesis and nitrate assimilation.

In our experiments in the phytotron as well as in field experiments we found that -
high temperatures raised the rate of nitrogen uptake by the grains more than the carbo-
hydrate accumulation (Spiertz, 1977; gpiertz & Ellen, 1978). So warmth during the grain-
~filling period promoted the nitrogen mass fraction of the grain. Already in 1914 Le-Clerc
& Yoder demonstrated with their curious tri-local soil-exchange experiment that climate
has a much greater influence on the protein content of wheat grain than soil fertility.

Under controlled environmental conditions Campbell & Read (1968) found that increasing
either day temperature (from 21 to 27 -°C) or night temperature (from 13 to 21 °C] raised
the protein content of the grain. There were only small interactions with light intensity
and soil moisture stress, It was stated that reduced light intensity lowers the grain
nitrogen content to about the same extent as grain weight, with the result that the mass
fraction of nitrogen is little affected (Bremner, 1972). However, in our phytotron expe-
riment (Spiertz, 1977) and in the experiments of Kolderup {1975) and Sofield et al. (1977b)
there was.also a clear inverse relation between light intensity and the mass fraction of
nitrogen in the grain. Striking was the weak response of nitrogen yield and distribution -
of nitrogen to envirommental conditions. Obviously, nitrogen economy is more under genetic
control than carbohydrate econamy; the latter seems to reflect the photosynthetic condi- .
tions. .

In the phytotron experiment with regular nitrogen supply to the plants, about 65% of
the grain nitrogen was derived from the vegetative aerial parts, whilst 35% was uptake
f£rom the roots or the soil after anthesis. These proportions correspond with data of
Deherain & Dupont (1902). In our field experiments with late N applications, we found ‘
about 50% (100 kg.ha'1) of the nitrogen qptake after zi‘nthesis in the less leafy crop of
1976 (Spiertz & Ellen, 1978) and about 20% (25 kg.ha ') in the crops with an early vigorous
development in 1977. pustin et al. (1977) and Pearman et al. (1977} reported for British
growing conditions that post-anthesis nitrogen uptake accounted for only 17% and 15 to 28%,
rogen uptake is strongly affected by root activity, '

respectively. The post-anthesis nit
moisture level and nitrogen supply, a2s shown by extensive studies of Campbell et al. .

(1977a, b) and Canpbell & Paul {1978).
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A late nitrogen dressing at the boot stage to a crop with an intermediate plant den-

sity turned out to favour grain mmber as well as supply of assimilates to the grains . °

' (Spiertz & Ellen, 1978; Spiertz & van de Haar, 1978). The latter was due to a retarded
depletion of the nitrogen content in the green organs of the wheat plant and a prolonged
photosynthetic capacity. Supply with nitrogen compounds was more favoured than carbohydrate
supply to the grains. Therefore nitrogen harvest index (percentage grain nitrogen) was
raised from 0.75 to 081 and from 0.74 to 0.79 in the years 1976 and 1977, respectively.
This efficiency of nitrogen distribution was also found by Dalling et al. {1876), whilst
Austin et al. (1977) reported a nitrogen harvest index of (.68 as an average value for
various genotypes. Canvin (1976} stated that nitrogen harvesi index is not a constant
feature of a cultivar and that there is as much variation within a cultivar as there is
between cultivars.’

3.4 AGRONOMIC POSSIBILITIES' AND LIMITATIONS FOR INCREASING GRAIN YIELD

Discussions of whether assimilate supply (= source) or storage capacity (= sink)
limits yield refer mostly to'the grain-filling stage, since most grain growth is supported
by concurrent photosynthesis rather than by stored reserves of carbohydrate (see Section
3.3). However, the sink or storage capacity for assimilates at the grain filling stage is
to a large degree determined by the extent of photosynthesis, nitrogen assimilation and
dry matter distribution before anthesis, especially from ear initiation omwards (see Sec-
© tion 3.2). Thus, whether source or sink limits grain development depends on the balance
between growth and devélopmnt of the crop during the various stages of the life cycle.
Productive cultivars are adapted to the growing conditions in such a way that their produc-
tion pattern has a large potential for maximizing the/ utilization of irradiance and the
storage of photosynthates in the grain. ‘ : .

The comparison of grain mmbers and grain yields of the cultivar Lely (Fig. 1) in
" various seasons showed that, under growing conditions in the Netherlands with disease-free
Crops, grain number per unit grourd area is mostly limiting.. This relationship suggests
that for ‘achieving top yields a grain mmber per m2 of about 20 000 is required. Darwinkel
(1978) found a minimm value of 18 000 grains per n’, but this figure was established
under the poor light conditions of 1977.: Under high irradiation in controlled environments

ﬁth micro-crops Evans (1978) found a linear relationship between grain number and grain .
¥ield up to 28 600 grains per mz. ' :

of assimilates, but also on the distributi

- 3.3) that there exist genotypic differences in sink-strength of the developing ear, which
are rgflected in a higher ear weight and a lower stem weight at anthesis. This trend has

. 247



Another approach to increase the mumber of gfains PeT ear was ocutlined By Donald (1968)
in his concept of a wheat ideotype: single culm, strong stem, dwarf stature and large spike.
The first uniculm type of wheat was crossed in Israel. Atsmon & Jacobs (1977) reported an
average grain number per ear of 106 within a range from 80 to 180. These huge numbers of
grains were due to a higher mmber of grains per spikelet and more spikelets pe‘r ear. The
high grain number per ear was associated with an average grain dry matter weight of 62.5 mg
per kernel and a grain dry matter yield per plant of 4.4 g. However, vegetative parts were
robust and vigorous, including broad, thick, dark green leaves and thick, stiff straw. The
larger and proliferous ear had a considerably higher chaff weight. This uniculm fulfils
only part of Donald's concept of the ideotype, because it is not a weak competitor and
ultimately sensitive to mutual light competition. Agronomically it is questionable whether
a low plant density with large ears is more favourable than a dense crop with smaller ears
if grain mmber per unit ground area is equal. Further the lack of tillering capacity may _
be a disadvantage of winter wheat under poor or variable establishment conditions.-

Assuming that grain number per unit ground area can be increased, then the increased
demand for assimilates must be considered. High‘ temperatures enhance the conversion of
precursors (sucrose and amino acids) into storage products (starch and protein) in the
grain, but also the rate of respiration (Spiertz, 1977; Apel & Tschipe, 1973). Under these
growing conditions the utilization of assimilates can be greater than current photosmthe-
sis and nitrogen assimilation [Spiertz & Ellen, 1978}. The demands for carbohydrates are
buffered by the stem reserves, but high Tequirements for nitrogen would accelerate senes-
cence and shorten the grain-filling period (Fig- 5). '

As photosynthesis depends on solar radiation and ambient COz—concentration, there is
no evidence for a considerable increase of net crop photosynthesis. Sibma (1977} inferred
from a comparison between potential gross production and crop growth rate derived from
light interception that photosynthetic production of wheat can be increased by prolonging
the'growth period. If water is available additional nitrogen dressings at the bopt: stage
and adequate disease control favour net photosynthesis at the end of the growing period
(Spiertz, 1973; Ellen & Spiertz, 1975; Spiertz % van de Haar, 1978). However, it has
already been observed that in the field the ears sometimes mature before the vegetative

organs senesce. ’ ' \

‘High grain yield, associated if possible with a high content of grain protein,
requires either large nitrogen rTeserves in the vegetative organs or a continued uptake of
nitrogen after anthesis. Assuming as a goal 10 tons of grain dry matter per ha with a
nitrogen mass fraction of 0.025 (2.5%), then a nitrogen supply of 250 kg. ha™! is required.

'Normally in a good winter wheat crop, nitrogen yield at anthesis amounts to about 150 kg.
ha™! of which about 100 kg.ha~' is available for relocation to the grains (Coic, 19605 -
Spiertz & Ellen, 1978). So a large quantity of nitrogen must be absorbed and assimilated
after anthesis; this absorption also needs a prolonged activity of the roots. '

Up to now mostly potential gram yields of wheat have been calculated from the photo-
synthetic potentials (de Wit, 1965; Evans, 1970). The consequences of these potential
vields for the nitrogen econamy of the wheat plant are mostly overlooked. The majority of
the studies on nltrogen in the wheat plant concern the nltrogen content of the grain and.
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Further research on achieving higher grain
¢ production but also nitrogen economy and

grain yield has been narrowed in the past by

broviding better growing conditions through improved cultivation methods, such as ferti-
lizer application, weed contrel, soil tillage, irrigation, etc. In the last decade the _
application of fungicides, when genetic disease-resistance failed, contributed to still
higher and more stable grain yields. Further Progress has to be made by preventing damages
through pathogens of the Toots. . '

Improvement of growing conditions and of
stable grain yields of wheat and as a result
available land acreage, '

gehotypes will lead to higher and more
to a better use of solar energy and of the

26 _ . . .



3.5 REFERENCES

Andersen, K., Chr.?. Lysgaard & S. Andersen, 1978. Increase in dry weight and nitrogen
content in barley varieties grown at different temperatures. Acta agrie. Seand. 28:
$0-96. . :

Apel, F. & M. Tschipe, 1973. Die Ahrenatmumg in der Phase der Kornfiillung bei Weizen
(Triticum aestivum L.). Bfochem. Physiol. Fflanz. 164: 266-275,

Atsmon, B. & E, Jacobs, 1977. A newly bred 'Gigas' form of bread wheat (Triticum aestiv
L.): morphological features and thermo-photoperiodic responses. Crop Scf, 17: 31-35.

Austin, R.B., J.A, Edri?g. M.A. Ford & R.D. Blackwell, [977. The fate of the dry matter,
carbohydrates and *'C lost from the leaves and stems of wheat during grain filling.
Ann. Bet. 41: 1309-1321,

Bidinger, F., R.B, Musgrave & R.A. Fischer, 1977. Contributioen of stored pre-anthesis
assimilate to grain yield in wheat and barley. Nature 270: 431-433.

Birecka, H, & L. Dakic-Wlodkowska, [966. Photosynthetic activity and productivity before
and after ear emergence in gpring wheat. Acta Soc. Bot. Pol. 353 637-662,

Biscoe, P.V. & J.N. Gallagher, 1977. Weather, dry matter production and yield. In:

J.J. Landsberg & C.V. Cutting (Eds), Enviromnmental effects on Crop Physiclogy.
Academic Press, New York, Londom, 75-100. i

Bremner, P.M., 1972. Accumulation of dry matter and nitrogen by grains in different posit~
ions of the wheat ear as influenced by shading and defoliation. Aust. J. bfol. Sct.
25: 657-668. '

Bremner, P.M. & H.M. Rawson, 1978. The weights of individual grains of the wheat ear in
relatjon to their growth potential, the supply of assimilate and interaction between
grains. Aust., J. PL. Payaiol. 5@ 61-72.

Campbell, C.A., D.R. Cameron, W. Nicholaichuk & H.R. Davidson, 1977a. Effects of fertilizer
N.and soil moisture on growth, N content and meisture uge by spring wheat., Can. J.
Soil Sei. 57: 289-310.

Campbell, C.A., H.R. Davidson & F.G, Warder, 1977b. Effects of fertilizer N and soil
meisture on yield, yield components, protein content and N accumulation in the. above-
ground parts of spring wheat. Caw. J. Soil Set. 57: 311-327.

Campbell, C.A. & E.A. Paul, 1978, Effects of fertilizer N and soil moisture on mineraliza-
tion, N-recovery and A-values under spring wheat grown in small lysimeters. fan. o..
Sotl Sei. 58: 39-51.

Campbell, C.A. & D.W.L. Read, 196B. Influences of air temperature, light intensity and
soil moisture on the growth, yield and some growth analyses characteristics of
Chinook wheat grown im the growth chamber. Can. oJ. PL. Sei. 4B: 299-31],

Canvin, D.T., 1976. Interrelationships between carbohydrate and nitrogen wetabolism. Ing
Genetic improvement of seed proteins. National Academy of Sciences, Washington D.C.,

172-190. . . ]
Chowdhury, $.1. & I.F, Wardlaw, 1978, The effect of temperature on kernel development in

cereals. dust. J. agric. Hes. 29: 205-223. o N .
Coie, Y., 1960. Les bases physiologiques de la nutrition et de la fertilisation rationelle

du bl&. Tn: Progressive Wheat Production, Centre d'Etude de 1'Azote, 4, Geneva, 95-116.
Dalling, M.J., G. Boland & J.H. Wilson, 1976, Relation between acid proteinase activity

and re-distribution of nitrogen during grain development in wheat. Aust. J. FL.

Phystol. 3: 721-730. ' X i . .
Datwinkel, A., 1978. Patterns of tillering and grain production of winter wheat at a wide

range of plant densities. Neth. J. agric. Set. 26 Fin press).. ) )
Deherain, P.P. & C. Dupont, 1902, Sur l'origine de 1'amidon du grain de blé. Annle agron.

28: 522-527.. . L
Donald, C.M., 1968. The breeding of crop ideotypes. Fuplytica 17: 385-403.

Ellen, J. & J.H.J., Spiertz, 1975. The influence of nitrogen and benlate on leaf-area dura-
tion, graim growth and pattern of N-, P- and K-uptake of winterwheat (Triticum aesti-
vum}. Z. Acker— w. PflBau 1541: 231-239. . o

Bvans, L.T., [978. The influence of irradiance before and after anthesis cn grain yield and
its components in microeraops of wheat grown in a constant daylength and temperature

. regime. FLd Crops Res. 1i 5-19. . i o )
Evans, L.T. & I.F, Wardlaw, 1976. Aspects of the comparative physiclogy of grain yield in

cereals. Adv. Agron. 28: 301-359. N
Evans, L.T., I.F. Wardlaw & R.A. Fischer, 19?5. Wyea:. In: L.T. Evans (Ed), Crop Physio-
' logy: some case histories. Cambridge University Press, 101-145.
Evans, L.T. & H.M. Rawson, 1970. Photosynthesis a?d respiration by th? flag %eaf and com~
ponents of the ear during grain development in wheat. Aust. J. biol. Sei. 23: 245-254,

Fiecher, R.A., 1975. Yield potential in a dwarf spring wheat and the effect of shading,
Crop Set. 15: 607-613.




Fischer, R.A., I. Aquilar & D.R. Laing, 1977. Post-anthesis slnk size in a high-yielding
 dwarf wheat: yield response to grain number. Aust. J. agric. Res. (28)2: 165~176.
Fischer, R.A. & G.W. Kohn, 1966. The relationship of grain yield to vegetative growth and
post flowerlng leaf-atea in the wheat crop under conditions of limited soil molsture.

Aust. J. agric. Res. 17: 181-285.

Ford, M.A. & G.N. Thorne, 1975. Effects of variation in temperature and light intensity
at different times on prowth and yield of sprinmg wheat. Ann. gppl. Biol. 80: 283-299.

Gallagher, J.N., P.V. Biscoe & B. Hunter, 1976. Effects of drought on grain growth.
Nature 264: 541-342.

Geslin, H. & J. Jonard, 1948. Maturation du blé et climat. Ann. Nutr. Alim. 2@ 111-121.

Gifford, R.M., 1977. Growth pattern, carbon dioxyde exchange and dry weight distribution
in wheat growing under differing photosynthetxc environments. Aust. J. Pl. Physiol.
48 99-110.

Goldbach, H., 1975. The abscisic acid content of ripening grains of various barley culti-
vars in relation to temperature and N-nutrition. Thesis, Universitidt Hohenheim,
Stuttgart.

Hsu, P. & P.D. Walton, 1971. Relationship between yield and its components and structures
above’the flag~leaf node in spring wheat. Crop Sei. 11: 190-193.

Jenner, C.F, & A.J. Rathjen, 1975. Factors regulating the accumulation of starch in
ripening wheat grain. Aust. J. Pl. Physiol. 2: 311-322.

Jennmer, C.F. & A.J. Rathjen, 1977. Supply of sucrose and its metabolism in develaping

' grains of wheat. Aust. J. Pl. Physiol. 4: 691-701.

Jennings, A,C, & R.K. Morton, 1963. Changes in nucleic acids and other phosphorus-
containing compounds of developing wheat grain. Aust. J. biol. Sez. 16: 332-341.

King, R.W., 1976, Abscisic acid in developing wheat grains and its relatlonshlp to grain
growth and maturation. Planta 132, 1: 43-51.

Kolderup, F., 1975, Effect of soil m01sture, air humidity and temperature on seed setting
and ear size in wheat. dcta agrie., Seand. 25: 97-10%.

Kramer, Th., 1978. Mogelijkheden tot verbetering van de stikstofbenutting door planten-
veredeling. Landbowwk. Tijdschrift 90: 24=31.

Le Clerc, J.A. & R.A. Yoder, 1914, Env1:onmental influences on the phy51ca1 and chemlcal
characteristics of wheat. J. agric. Res. 1: 275-291.

Ledent, J. F., 1977a2. Relations entre rendement par épi et caractdres morphologiques &

: maturité€ chez diverses variétés de blé€ d'hiver (Triticum aestivum L. ) Annls Agron.
(28)4: 391-407.

Ledent, J. F., 1977b. Effect of partial defoliation and vein cutting on grain growth and
yield in winter wheat (Triticum aestivum L.). Bull. Soe. r. Bot. Belg. 110: 239-250.

Makunga, 0.H.D., I. Pearman, S.M. Thomas & G.N. Thorne, 1978. Distribution of photosynthate
produced before and after anthesis in tall and semi~dwarf winter wheat, as affected
by nitrogen fertilizer., Amm. appl. Biol. B8: 429-437.

Marcellos, H. & W.V. Single, 1972. The influence of cultxvar, temperature and photoperiod
on post-flowering development of wheat. Aust. J. agrtc. Res., 23: 533-540.

MeNeal, F.H, & M.A. Berg, 1977. Flag leaf area in five spring wheat crosses and the
relationship to grain yield. Euphytica 26: 739-744.

Meredith, P. & L.D. Jenkins, 1976. The developing starch granule. 3. The filling of the
wheat grain. N.2, Ji. Sei. 19: 115-123.

Nair, T.V.R., H.L. Grover & Y.P. Abrel, 1978. Nitrogen metabolism of the upper three leaf
blades of wheat at different soil nitrogen levels. Physzolagza PL. 42+ 293-300.

Osman, A.M., 1971. Dry matter production of a wheat crop inm relation to light 1ntercept10n

) and photosynthetic capacity of leaves. Amn. Bot., 35: 1017~1035.

Pearman, I., S.M. Thomas & G.N. Thorne, 1977. Effects of nltrogen fertilizer on growth and
yield of spring wheat. Amn, Bot. 41: 93-108.

Pearman, Y., S.M. Thomas & G.N. Thorne, 1978, Effects of nitrogen fertilizer on the dis-
tribution of photosyntate during grain growth of spring wheat. Ann., Bot., 42: 91-99.

Pinthus, M.J. & Y. Sar-Shalom, 1978. Dry matter accumulation in the grains of wheat (Tri-..
ticum aestivum L.} cultivars differing in grain weight. dmn. Bot. 42: 469-471.

Puckridge, D.W, &.D.A, Ratkowsky, 1971. Photosynthesis of wheat under field conditions.
IV. The influence of density and leaf arez index on the tesponse to radiation.

Aust. J. agrie. Res. 22: 11-20. .

Radley, M., 1976. The development of wheat grain in relatlon to endogenous growth sub-
stances. J. exp. Bot. 27: 1009-1021.

Rawson, H.M. & L.T. Evans, 1971, The contributionm of stem reserves to grain development
in a range of wheat cultivars of different height. Aust. J. agrtc. Reg. 22: 851-863.

Ruckenbauer, P., 1975. Photosynthetic and translocation pattern in contrastlng winter
wheat varieties. Amm. appl Biol. 79: 351-359,

28



Sibma, L., 1977. Maximization of arable crop yields in the Netherlands. Neth. J. agric,

© Sei. 25: 278-287. !

‘Simpson, G.M., 1968. Association between grain yield per plant and photosynthetic area .
above the flag-leaf node in wheat. Can. J. PL. Sei. 48; 253-260.

Sofield, I., L.T. Evans, M.G. Coak & 1.F. Wardlaw, 1977a. Factors influencing the rate and
duration of grain f£illing in wheat. Aust. J. Pl. Phystol. 4: 783-797.

Sofield, I., L.T. Evans & L.F. Wardlaw, 1974. The effects of temperature and light on
grain £illing in wheat. Full. R. Soe. N.Z. 123 909-915.

Sofield, I., I.F. Wardlaw, L.T. Evans & 5.Y. Zee, 1977b. Nitrogen, phosphorus and water
contents during grain development and maturation in wheat. Aust. J. PL. Phyaiol.

4: 799-810. : '

Spiertz, J.H.J., 1973, Effects '»f successive applications of maneb and benomyl on growth
and yield of five wheat varieties of different heights. Neth. J. agrie. Sei. 213
282-296. . .

spiertz, J.H.J., 1974. Grain growth and distribution of dry matter in the wheat plant as
influenced by temperature, light energy and ear size. Neth. J. agrie. Sei. 22: 207-220.

Spiertz, J.H.J., 1977. The influence of temperature and light intensity on grain growth in
relation to the carbohydrate and nitrogen economy of the wheat plant. Neth. d. agric.
Set. 25: 182-197.

Spiertz, J.H.J. & J. Ellen, 1978. Effects of nitrogen on crop development and grain growth
of winter wheat in relation.to assimilation and utilization of assimilates and
autrients. Neth. J. agrie. Sct. 263 210-231.

Spiertz, J.H.J. & H. van de Haar, 1978. Cultivar differemces and nitrogen effects on grain
yield, erop photosynthesis and distribution of assimilates in winter wheat. Neth. .
agrie. Sei. 265 233-249. ' ' ,

Spiertz, J.H.J., B.A. ten Hag & L.J.P. Kupers, 1971, Relation between greefl area duration
and grain yield in some varietie§4of gpring wheat. Reth. . agrie. Sei, 19: 211-222.

Stoy, V., 1963. The translocation of C-labelled photosynthetic products from the leaf
to the ear in wheat. Physiologia Pl. 16: 851-866. ‘ .

Thotne, G.N., 1966. Physiclogical aspects of grain yield in cereals. In: F.L. Milthorpe &
3.0, Ivins (Eds), The Growth of Cereals and Grasses. Butterworth, London, §87105;

Thorne, G.N. & J.C. Blacklock, 1971. Effects of plant density and nitrogen fertilizer on
growth and yield of short varieties of wheat derived from Norin 10. Ann. appl. Biol.
68: 93-111.

Thorne, G.N., P.J. Welbank & G.C.

. of spring wheat derived from Norin 10 and of tw
63: 241-251. '

Thornley, J.H.M., 1977. Crowth, mainten
41: -1191-1203. .

Walpole, P.R. & D.G. Morgan, 1974. The influence of leaf removal upon the development of

the grain of winter wheat. Ann. Bot. 38: 779-782.
Warrington, I.J., R.L. Dunstone & L.M. Green, 1977. Temperature effects at three develop-

ment stages on the yield of the wheat ear. Aust. J. agrie. Res. 28: !1-27. .
Watson, D.J., G.N. Thorne & S.A.W. French, 1963. Analysis of growth and yield of winter

and spring wheats. Ann. Bot. 27: 1-22. - : . L
Welbank, P.J., S.A.W. Freach & K.J. Witts, 1966. Dependence of yields of wheat varietles

‘  on their leaf-area durations. Ann. Bot. 305 291-299:
Willey, R.W. & R. Holliday, 1971, Plant population, shading and

J. agric. Set., Camb. 77% 453-461. \
" Wi, C.T. de, 1965. Photosynthesis on leaf canopies. Agric. Res. Rep. 663, Pudoc,

Wageningen, 1-37.

Blackwood, 1969. Growth and yield of six short variegies
o European varieties. Amt. appl. Biol.

ance and respiration: 2 re-interpretation. Ann. Bot.

thinning studies in wheat.



Summary

" The main purpose of growing a wheat crop has always been to produce grain. Final grain
vield is a2 function of mumber of ears per mz, number of grains per ear and mean :mdi\_ridual
grain weight.

Since research workers found that grain growth is based largely on post-floral assi-
milation, much emphasis has been given to the significance of the size and the longevity
of the photosynthetic active organs for the grain yield. Following the concepts about leaf
area index (LAI) and leaf area duration (LAD} of Watson and co-workers, we studied the
relation between grain yield and green area duration of the various green organs under
growing conditions in the Netherlands. By nultiple regression analysis, up to 83% {Rz} of
the variance in grain yield could be attributed to the variance in green area duration of
flag leaf, peduncle (incl. leaf sheath), ear, penultimate leaf and last internode. From

_these calculations it could be derived that the area durations of flag leaf and peduncle
were most strongly associated with grain yield. However, within a wheat plant there is a
high degree of co-variation between, the green area durations of individual organs, so that
it was not possible to estimate the exact contribution of these organs to grain growth.

Even with a high correlation between green area duration and grain yield, it is not possible
to determine whether grain growth is directly affected by environmental conditions or in-
directly through the supply of assimilates by the vegetative (green) parts of the plant.

Therefore the effects of light intensity and temperature on the duration and rate of
grain growth and on the assimilation and utilization of photosynthates were studied in
phytotron experiments. High temperatures considerably increased the rate of grain growth,
but likewise shortened the duration of grain growth. Thus the daily requirements of the
grains for assimilates increased with a rise in temperature. As grain growth is sustained
largely by current photosynthesis, light intensity affected grain yield more at high than
at low temperatures. The restricted grain growth at low temperatures led to a surplus of
assimilates, which accumlated in the vegetative organs; especially carbohydrates were
stored temporarily in the stem,

A high temperature during grain filling promoted the accumilation of nitrogen in the
grains relatively more than it promoted the storage of starch. Light intensity had only a
minor effect on nitrogen accurmlation ard protein synthesis in the grain. The change in
- nitrogen content of the grams was caused by the effect of light mtensn:y on carbohydrate
supply. : :

Although warmth raised the rate of nltrogen uptake by the grain cons1derab1y, the
nitrogen yield of the grains was hardly affected. This result indicates that without post-
.floral nitrogen uptake, the duration of the grain-filling period is determined by the
" amount of nitrogen reserves in the vheat culm at anthesis and by the rate of nitrogen
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., cultivars. The relative importance ©

relacation from the vegetative organs to the grains.

The responses of spring wheat to temperature and light intensity in the phytotron
were compared with the behaviour of winter wheat in field experiments during five growing
_seasons, which covered a large range of climatic coﬁditions during the grain-filling
period. It was found that also under field conditions temperature was the main determinant
of the rate of grain growth and its duration. However, temperature effects on grain yield
under field conditions were masked, due to co-variation between light intensity and tempe-
rature. From the pattern of carbohydrate accumilation in the stem and assimilate utiliza-
tion by the grains, it was concluded that grain growth during the first three weeks of the
grain-filling period was more governed by temperature than by the availability of assimi-
lates. During the latter part of this period additional assimilates, made available by a
prolonged photosynthetic activity, favoured grain growth. ‘ :

I suggested that under the growing conditions for winter wheat in the Netherlands the
storage capacity of the grains is {imiting during the first weeks after anthesis (sink-
limitation), whilst later on the supply of assimilates to the grains might be limiting
(source-1imitation), due to constraints of water, nitrogen and diseases. By late nitrogen
applications and disease control with fimgicides, the longevity of the photosynthetic
active organs could be prolonged and grain yield enhanced. A late mitrogen application,
however, increased the mumber of grains per ear- '

Crop performance under various environmental conditions depends on differences between
£ various traits of a semi-dwarf and a standard wheat
cultivar were assessed. The higher harvest-index of the semi-dwarf cultivar was brought
about partly by a favoured ear growth during the prefloral period and partly by a faster
grain growth during the first half of the grain-filling period. The semi-dwarf cultivar
had a reduced stem weight; leaf and chaff weight were affected positively, but only to a
small extent. There were only small differences in nitrogen yield and distribution between
the cultivars. However, nitrogen content of the grains differed strongly due to differences
in starch accumlation. The niirogen content of the grains varied also strongly within a

. cultivar: a warm growing season jncreased the protein mass fraction (up to 0.14), whilst a
otein mass fraction (about 0.08). The nitrogen

cool growing season resulted in a low pr
cultivars, when split nitrogen '

harvest-index did not vary widely between seasons and

dressings were applied. This index ranged from 0.74 to 0.81.
en seasons in the amount of nitrogen uptake

after anthesis; this amount ranged on average between 20 and 50% of the final grain-nitro-
gen yield. Especially when vegetative growth was restricted, post-floral nitrogen uptake
‘was needed to fulfill the requirements:of the grains at a high yield level. A late uptake
of nitrogen in the aerial parts of the wheat culm indica
system or a prolonged activity of the root system.

A much greater variation occurred betwe

tes nitrogen reserves in the oot

.

The agronomic possibilities and limitations for increasing grain yield are discussed.
has to be made in such a way that the wheat

Further progress in increasing grain yield
al conditions. It is hypothesized

crop.is adapted as much as possible to the envirorment
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that further increase in grain yield might be expected from a higher grain number per unit
ground area, from a longer root activity after anthesis and from a prolonged capability of
the grains to accumulate assimilates and convert these into storage products.
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- Samenvatting P

Korrelprodukiie en assimilatenhuishouding bij tarwe in relatie tot raseigenschappen,

weergfactoren en stikstofvoorziening
:

Het hoofddoel bij de teelt van tarwe is steeds de produktie van korrels geweest. De
‘korrelopbrengst is een functie van het aantal aren per mz, het aantal korrels per aar en
het gemiddelde gewicht per korrel. Sinds door onderzockers werd vastgesteld dat de korrel- ‘
groei grotendeels afhankelijk is van de postflorale fotosynthese, js er veel aandacht ge-
geven aan de betekenis van de grootte en de levensduur van de fotosynthetisch actiove or-
ganen voor de korrelopbrengst.

In aansiuiting op de opvattingen van Watson en medewerkers over de bebladerings-
-index (leaf area index, LAI} en de bebladeringsduur (leaf area duration, LAD) werd de
samenhang tussen de korrelopbrengst en het in de tijd geintegreerde groene oppervlak van
de afzonderlijke organen bestudeerd onder Nederlandse gmei-omtandigheden. Door middel
van meervoudige regressie-analyse kon tot 83% (RZ) van de variatie in korrelopbrengst toe-
gerekend worden aan de variaties in de geintegreerde groene oppervlakken van het vlagblad,
de aarsteel, het voorlaatste blad en internodium, Uit deze analyse kon worden afgeleid dat
het vlagblad en de aarsteel het sterkst gerclateerd waren aan de korrelopbrengst. Vanwege
de hoge mate van co-variantie tussen groene opperviakken van de individuele organen was

het niet mogelijk de exacte bijdrage van de afzonderlijke organen te berekenen. Zelfs cen
engst geeft geen antwoord op de vraag

hoge correlatie tussen groen oppervlak en korrelopbr
r uitwendige omstandigheden dan wel

of de groei van de korrels direct wordt beinvloed doo

indirect door de toevoer van de assimilaten uit de groene organen. _
en temperatuur op de duur en snelheid van

Hiertoe werden de invloeden van licht
korrelgroei en op de stofwisselingsprocessen in de tarweplant bestudeerd door middel van
n de groeisnelheid van de korrels sterk

fytotronproeven. Het bleek dat hoge temperature:

verhoogden, maar tevens de groeiduur bekortten. Dazrdoor werd de dagelijkse behoefte van
de korrels aan assimilaten vergroot met het stijgen van de temperatuur. Onlat in de assi-~
milatenbehoefte van de korrels grotendeels wordt voorzien door de fotosynthese tijdens de
korrelvulling, is de hoeveelheid licht belangrijker voor de korrelopbrengst bij hoge dan
bij lage temperaturen. De trage korrelgroei bij lage temperaturen veroorzaakte zelfs een
overschot aan assimilaten, die opgeslagen werden in de vegetatieve organen; met name vond

er opslag van water-oplosbare-koolhydraten in de stengel plaats.

: . Hoge temperaturen gedurende de xorrelvulling bevorderden de opslag van stikstof in
de korrels meer dan de toename van zetmeel. D¢ lichtintensiteit had slechts een gering
effect op de stikstofopname en ciwitsynthese in de korrel, maar beinvloedde desondanks
het eiwitgehalte van de korrel door een verandering van de koolhydratentoevoer naar de
korrel. Ofschoon hoge temperaturen de stikstofopname in de korrel aanzienlijk vers_nelden,\ :
werd de totale hoeveelheid stikstof in de korrels nauwelijks beinvioed. Dit duidt erop
dat bij afwezigheid van stikstofopname door de tarweplant na de bloei de duur van de kor-

relvulling mede wordt bepaald door de stikstofvoorraad in de halm bij de bloei en door
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de snelheid van herverdeling van stikstaf vanuit de vegetatieve organen naar de korrel.

, De reacties van (zomer-)tarwe op variaties in temperatuur en lichtintensiteit in het
fytotron werden vergeleken met het gedrag van (winter-)tarwe onder veldomstandigheden ge-
durende zes jaren; deze jaren vertegenwoordigden een brede variatie in weersfactoren ge-
durende de korrelvulling, Er werd vastgesteld dat ook onder veldomstandigheden de tempe-
ratwur van bepalende invloed is op de snelheid en duur van de korrelvulling. De invloed
van de temperatuur op de korrelopbrengst wordt echter gemaskeerd door de co-variantie
tussen temperatuur en lichtintensiteit in het veld.

Uit het verloop van de koolhydratenaccumilatie in de stengel en de benutting van
assimilaten door de korrel werd afgeleid dat de korrelgroei gedurende de eerste drie weken
na de bloei meer gereguleerd wordt door de temperatuur dan door de beschikbaarheid van
assimilaten. Gedurende de tweede helft van de korrelvullingsperiode reageerden de korrels
positief in groeisnelheid op de extra assimilaten die beschikbaar komen bij een verlenging
van de fotosynthese-activiteit. Dit wijst op een sub-optimale toevoer van assimilaten in
deze fase. Er werd geconcludeerd dat onder Nederlandse groei-omstandigheden bij winter~
tarwe de opslagcapaciteit van de korrels beperkend is gedurende de eerste weken na de
bloei ('sink’-beperking), terwijl nadien de toevoer van assimilaten naar de korrel beper-
kend is. ( 'source'-beperking}. Tekorten aan water, stikstof etc. of het optreden van ziek-

- ten spelen hierbij een rol. Door late stikstofgiften en bestrijding van ziekten met fimgi-
ciden kon de levensduur van de fotosynthetisch actieve organen verlengd worden en ‘daarmee

de korrelopbrengst verhoogd. Een late, gedeelde stikstofgift vergrootte echter ook het
aantal korrels per aar.

De produktiviteit van een gewas onder vari&rende uitwendige omstandigheden hangt sterk
af van de raseigenschappen. De relatieve betekenis van enkele verschillende raseigenschap-
pen werden vastgesteld door een vergelijking van een half-dwerg (semi-dwarf) en een stan-
daardras. Het bleek dat de hogere harvest-index {aandeel van de korrel in de bovengrondse
massa) van de half-dwerg ten dele werd veroorzaakt door een gunstigere aarvorming v&ér de
bloei en ten dele door. een hogere groeisnelheid van de korrels gedurende de eerste weken
na de bloei., De half-dwerg had een duidelijk lager stengelgewicht; daarentegen waren blad-
en kafgewicht-iets hoger dan bij het standaardras. -

Tussen de rassen waren er slechts kleine verschillen in stikstofopbrengst en -verde-
ling, maar grote verschillen in de eiwitgehalten van de korrels, Het eiwitgehalte van de
korrels bleek per ras sterk te reageren op weersinvloeden; een warm groeiseizoen verhoogde
het eiwitgehalte sterk, terwijl in een koel seizcen dit gehalte laag bleef. De harvest-
-index voor stikstof varieerde nauwvelijks tussen de seizoenen en tussen de rassen bij hoge,
gedeelde stikstofgiften {van 0,74 tot 0,81). Tussen de groeiseizoenen bleek een grote va-
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De landbouwkundige mogelijkheden en beperkingen voor een verdere verhoging van de
korrelopbrengst zijn besproken. Er wordt geconcludeerd, dat een verdere verbetering van
de kori‘elopbrengst op een everwichtige wijze moet worden nagestreefd, opdat de gewassen
aangepast blijven aan de beperkingen van hun groeimilieu. Tevens wordt opgemerkt dat een
verdere toename van de korrelopbrengst kan worden verwacht van een groter aantal korrels
per eenheid van grondoppervlak, van een langere activiteit van het wortelstelsel na de
- bloei en van een verlengde duur van opname en omzetting van assimilaten door de korrel.
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Summary

In two experiments with spring wheat the relation was studied between green area
duration (D) and grain yield during the period after heading. For this, the green areas
of leaf, internode and ear were determined as accurately as possible in samples,

The relation between grain yield and green area duration of the separate green
organs and of combinations of these was quantified by regression and correiation
Calculations. These calculations have shown that of the separate parts of the culm the
D values of flag leaf and peduncle were closely correlated with the grain yield.

By using the combined D value of flag leaf and peduncle as a yield determining
factor, 81 and 61 9/, o7 the variance in the grain yield could be statistically predicted
in 1967 and 1968, respectively, By including all the separate D values in a multiple
correlation calculation the coefficients of determination of the variance in the grain yield
could be increased to 83 % in 1967 and to 74 % in 1968. In 1968, next to the D values
of flag leaf and peduncle, the D value of the ear was closely correlated to the grain
yield.

The photosynthetic efficiency of the green areas was compared by the grain-leaf ratio.

Introduction

The contribution of the various green organs in the wheat plant in ear filling for many
¥ears has been a subject of study for several workers. In these studies different methods
Wwere applied, among others, shading or klipping some parts of the culm (Boonstra,
1929; Asana and Mani, 1955; Birecka, 1968; Puckridge, 1968) and measuring the rate
of photosynthesis and distribution of the assimilates with #CQ, (Birecka et al.,, 1963;
Stoy, 1963; Carr and Wardlaw, 1965; Lupton, 1968; Rawson and Hofstra, 1969). These
studies, especially the more recent ones, show that the carbohydrates in the grain are
mainly provided by the flag leaf and the peduncle (including leaf sheath) and to a less
txtent by the ear, and the last leaf and internode, but one. The data on the size of
the contribution by each of these organs in ear filling vary widely which may be partly
due to differences in experimental conditions or techniques. . )

In various experiments it was found that the carbohydrates for ear filling are mainly
formed during the period from heading onwards (Archbold, 1942; Thorne, 1965) and

! Present address: Research and Advisory Institute for Field Crops, Wageningen, the Netherlands,

211



1. /. ]. SPIERTZ, B, A. TEN HAG AND L. I. P. KUPERS

that from the carbohydrates formed before flowering 5 to 10 % are available to the
grain by re-distribution (Stoy, 1965; Wardlaw and Porter, 1967; Lupton, 1968). There-
fore, the greater part of the assimilates available for ear filling is dependent on the
size and the duration of the green organs in the period after flowering.

Many of these experiments were done with single plants in pots or in the field, in
which the growing conditions, dependent on the treatments always deviate to a more
or less extent from crop conditions. In field experiments with ‘undisturbed’ crops the dif-
ferences in grain yield between old and new varieties have been related by Watson et al.
(1963) with the size and duration of the green parts of the culm. An usual measure of
the laster is the green avea duration (D), the green area per unit area of land integrated
over the period of grain growth. The photosynthetic efficiency of the green organs for
grain filling was estimated by deviding the grain yield by the green area duration,
called the grain leaf ratio (G).

Welbank et al. (1966) found by calculating G values, first, a good correlation be-
tween the grain yield and the green area duration, and secondly, that the standard
deviation of <G was smaller if the green area duration only included the green area of
the fiag leaf and the peduncle (Dypy,.) during the period after flowering.

With reference to this work from Great Britain, two experiments were conducted
with spring wheat to study which D value was closed correlated to the grain yield, and
in particular during which period DD had to be calculated and which parts of the culm
the D value would be composed of. By means of correlation and regression calculations
the relationships between the D values of the imporiant green parts and the grain yields
have been analysed. Should the parameter, green area duration, show a close correla-
tion with the differences in grain yield, this might lead the breeder to make more
purposeful use of genetic differences in the concerning morphological characteristics
in the wheat plant and it might give the cereal grower a better idea of the effect of

certain cultivation measures, as ¢.g. a late nitrogen application, on the production
. pattern of the crop. '

Material and methods

“The field experiments were conducted in 1967 and 1968 with spring wheat on a fine-
textured (about 35 % clay} soil on subrecent Rhine sediments. To vary the crop
structure the following treatments were applied:

1967

- 2 varieties: ‘Opal’ and ‘Orca’

- 3 sowing dates: 17 March, 12 April and 5 May

- 3 seed rates: 160 kg, 180 kg and 200 kg per ha

Nitrogen fertilizing was the same for all the treatments, viz 30 kg N/ha at sowing,

20 lkg N/ba in the F stage and 20 kg N/ha in the F ,, stage (according to the Feckes
scale); _ _ ’

1968: .

—3 varieties: *Opal’, ‘Gaby’ and ‘Orca’

~ 2 sowing dates: 4 March and 16 April : :

= 2 CCC levels: without CCC and 2 1 CCC per ha, applied in the F, stage

~ 2 N levels: 75 kg N/ha and 75 kg + 25 kg N/ha at the beginning of flowering.

. Neth. 1. agric. Sci. 19 (1971)
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The former experiment had a split plot design and the second a block design; both
experiments were set out in four replicates. The total number of plots in 1967 and
1968 was 72 and 96, respectively. : :

1t has to be pointed out that the different ‘crops’ obtained in such an experimental
design do not grow under equal conditions with respect to light intensity, temperature,
. precipitation, etc., although the growing periods overlap for the greater part. In the
_two years the climatical conditions differed to such an extent that the resuits are

discussed separately.

To determine the dry matter weights and the green area, there were five intermediate
harvests from heading onwards, viz:

Hi: when 50 9/o of the culms were heading (Fio.3)

H,: at flowering (Fios59)

H,: two weeks after flowering

H,: four weeks after flowering

H,: at a grain moisture content of about 35 % (1967} or six weeks after flowering
(1968).

At the final harvest in 1967 54 m? was available and 3.7 m? in 1967. Per inter-
mediate harvest a sample of 0.25 m® was harvested from each plot, of wh.ich the total
dry-matter weight and the number of culms were determined. In counting, the last
culm of each ten was used to make a sub-sample of 10 culms. Of these culms the
following green parts were measured: .

o of each leaf lamina separately, its length (cm) and the greatest width (mm);
b. length (cm) and diameter (mm) of the internodes, including the leaf sheaths;
c. the dimensions of the stem and the ear.

After this, the ten culms were separated in leaves, stems and ears for dry-matter
determination of the separate parts. .

The leaf area in 1967 was obtained by multiplying the product of l_ength and width
with a correction factor (Table 1. This factor was determined at f:ach _mtel"medlatfa har-
vest, because the shape of the green lcaf area is not constant during ripening. This was
done by means of photographic prints which gave the actual areas.

The date of 1967 showed a good corTelation between the length and the 'area
of the flag leaf and leaf 2, a correlation coefficient of 0.94_ and 0.97, respectively
(n-= 288). Based on this, in 1968 leaf length was used as an index for the leaf area;

the leaf coefficient in this case is the quotient of the photographical area and leaf length.

The green area of the internodes (including leaf sheaths) was calculated as the area
of a cylinder with the formula: height X circumference. The green area of the ear was
calculated in 1967 as length X width of the separate sides; in 1968 the per_pendlcular
projections of the sides on the horizontal plane were measured photo-electrically.

Table 1. Average leaf coefficients of flag leaf, leaf 2 and leaf 3;
calculated as the quotient of the photographical area and the
praduct of length and width (1967 trial).

Flag leaf Leaf 2* Leaf 3%
Harvest 1 0.80 0.88 . 093
Harvest 2 0.86 0.92 0.94
Harvast 3 0.92 056 1.01

% Leaves and internodes were umbered from top t0 bottom.

Neth. J. agric. Sci. 19 (1971) 2
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Results

In both years there was a significant varietal as well as sowing date effect on the grain
yields and on the size of almost all the green areas. In addition there was a great deal
of interaction between the varieties and the sowing dates. The chlormequat (CCO)
treatment in 1968 had significant effects on the grain yield and the green areas of
some organs; this did not apply to the factor seed rate (1967) and the late top dressing
of nitrogen in 1968,

Green area

The green areas of the organs are not constant during the post-floral period: the green
leaf area decreases more rapidly as the leaves on the culm are older, whereas the green
area of the top internodes and ear continues to increase until 14 days after flowering,
when they decrease rapidly (Table 2).

The size of the green area of the various assimilating parts of the plants has also
been calculated as green area index = 1 (Fig. 1), by multiplying the green areas per
culm with the number of culms per m2 The differences in green area indices (1) be-
tween the treatments were smaller than the differences in green area per culm, because
a greater number of culms was accompanied by a smaller area per culm.

The size and the duration of the green parts can be expressed in one parametet,
green area duration (D). This is calculated as the integral of the green area index
against time. In the calculations the green area index was assumed to be linear and the
green area duration can be found with the following formula:

I(n-1) - I(n) number of day

e
D=3 X {dimension: weeks)
n=2 2 7

The D values in 1967 were calculated from heading to ripening as well as from
flowering to ripening; in 1968 the D values were also calculated for each interval be-
tween two harvests. . '

Of the Dy value mentioned in Table 3 of flag leaf + peduncle + ear about 20 %
were realized before flowering and about 80 % after; the latier percentage was divided
as follows: 35 % in the first 14 days after flowering, 30 % in the next 14-day period
and 15 % in the remaining period.

In all the D values there was a distinct varietal and sowing date effect, either as a
major effect or as an interaction effect. The D values of the late-sown treatments were

Table 2, Average green area {cm) of the different parts of the culm
at five intermediate harvests (1967 trial),

H. H: . Hy H, H;
Flag leaf 29.1 295 26.7 15.7 —
Leaf 2 27.8 26.5 235 35 —_
Leaf 3 199 17.9 10.3 0.3 —
Leaf 4 1.1 6.1 — —_ —
Leaf total §5.4 80.3 617 195 —_
Peduncle 137 284 - 308 230 1.5
Internode 248 24.8 251 208 1.8
Ear 201 257 J337 278 2

a4 Neth. I. agrie, Sei. 19 (1971)
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Fig, 1. Trend in the green area index (A1) of the onwards with

separate culm parts from heading
three different sowing dates. .

distinctly lower than those of the early sowi. This decrease was mainly due to a lower
number of culms, as the Tesult of less tillering, the soonper ripening of the late-sown
treatments also affecting the D values. Of the rernaining treatments chlormequat (CCC)
gave a significant (@ < 0.001) decrease in the Dg value; for untreated and treated
plots 19.2 and 16.5 weeks, respectively. This difference was caused by the decline in
.green area by chlormequaf, especially of the peduncle. These data show that due to
varietal characters and cultivation methods, the scrops’ differ in duration and size of
the green area.

Grain yicld ‘ ' :

The grain yields were very much affected by the sowing date; especially_ the late-sown
treatments had a much lower yield, .8 in ‘Orca’ (Fig. 2)- As is shown Table 4 the
sowing date effect was not identical in the two years on equal sowing dates; this was
due to the differing climatical conditions.

The grain yield is composed of the following components: number of f:ars/m{
number of grains/ear and the 1000-grain weight. In 196’{ .the 1000-grain weight was
the main determinant of the grain yield (r = 0.85). In addl_tlon the numl?er of ears per
m? was important (r = 0.59), whereas the number of grains per ear did not show a

Neth, J. agric. Sei. 19 (1971) w
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Table 3. Green area duration {weeks) in the period from heading to ripening,

1967 trigl ’

Varicty (V) - ‘Opal’ ‘Orca

Sowing date () -~ 1773 1274 5.5 17/3  12/4  5/5 mean g Vi1 St V5t
Rk Bl

Flag leaf (F) 6.4 7.7 42 7.6 7.4 4.1 62 06 ns .

Leaf 2 5.0 49 38 5.0 5.6 36 47 05 ns :** ::*

Leaf 3 22 1.4 2.1 11 3.2 11 25 04 *k ®

Leaf total 140 140 104 167 170 124 141 14 as *:: fi*

Peduncle (P) 8.2 7.6 4.8 9.6 7.2 4.4 70 0.8 ns :w

Internode 2 64 6.2 46 1.8 6.8 5.4 62 0.6 ek Y gs

Ear (E) 6.3 62 59 9.2 9.0 7.9- 74 06 ek *

De=F+P+E 209 215 149 264 236 164 206 1.7 Hok rEE *

1968 trial
Variety (V) — ‘Opal’ ‘Gaby’ ‘Orea’
Sowing date (S)— 4/3 16,4 43 16/4 473 16/4  mean g Vi St VSt

DE=F+P+E 235 165 2002 129 219 122 179 16 R L o

! ns: nonsignificant (¢ > 0.05); *; 0.05 2 a > 0015 ¥: 001 3 g > 0.001; **;  0.001.

Table 4, Dry matter yields (kg . ha-1) and the rélevant vield components,

1967 trial
Vatiety (V) — ‘Opal’ ‘Orca’

Sowing date (S)~ 17,3 124 5 /5 17/3  12/4 545 mean 4 g St V5!
Yield (kg.ha-1): FTTS
Grain 4510 4527 3335 5106 4703 2943 4188 243 - + i

Straw 5661 5747 4354 6764 6495 5324 5724 360 e ees .
Total 10171 10274 7689 11870 11198 8267 9912 - _. — -
Components ; : *
Ears/m? 404 412 g 502 474 420 423 - 20 ewe o wkw #
Grains fear 378 423 432 336 332 342 374 34 wex * *
1000-grain N
weight (g) 383 359 313 387 383 134 363 1.0 eex . wr e
1968 trial

Variety (V) — ‘Opal’ ‘Gaby’ ‘Orca’

Sowing date (8) ~ 4/3 16,4 43 16/4  4/3  16/4  mean 5 Vi 8t Vst
Yield (kg . ha-1):

Grain 4440 3005 4155 2917 4025 2375 386 420 wer s ns
Straw 4960 3470 4390 3430 - 4360 3790 4068 @ —  mee skw wwx
Total 2400 6475 8545 6347 . gigs 6165 7§52 — eax wax %
Components; ’ .

Fars/m? 550 482 550  s14 558 521 529 —. e s ke
Grains/ear _ 301 28.1 23.5 272 __ LT — —
1000-grain .

weight (g) 338 306 320 293 350 292 3.7 — ok - W .

1 ns: non-significant (o s 0.05); *: 0.05 > a > 0.01; **; 0p1 >a S 0.001; ®x a< 0.001.
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sowing date grain weight
17 March ’ qa'rrlz

12 April
5 May T 600
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weeks after flowering

Flg 2. Trend in green area index (AL) of the flag leaf + peduncle in relation to grain production

with three sowing dates (1967).

significant correlation to the grain yield T = 017. _

In 1968 there were also appreciable differences 1n number 9f grains per-ear t')ct'ween

the varieties. The number of ears per m? and the 1000-grain weight were distinctly
g date.

affected by an interaction of variety and sowin
t of the number of ears per m?, the number o:f grains
per ear and the 1000-grain weight is higher than the actual yield. This is due to systematic ?v:i:-
estimation of the 1000-grain weight or the number of gramns per ear and an underestimation of the

s - i tively.
actual yield due to sampling errors and threshing losses, TeSPEC - .
In tlfe furth:r calculgﬁoﬁs this level difference between actual and calculated yicids wili not be

essential, because calculated and actual yields were found to be very closely correlated.

Attention is called to the fact that the produc

217
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Table 5. Estimated proportion (R} of the variance in grain vield that can be attributed to its linear
regression on the green area duration of the different green organs, :

1967 trial 1968 trial
period from
period {rom period from  heading on-
heading on. flowering on.  wards (n="96)
wards (n=72) wards (n=72)

Flag leaf 0.72 0.67 0.41

Leaf 2 0.53 0.45 0.38
Leaf 3 0 0 0.05
Leaf total 0.47 0.36 —
Peduncle 0,79 .73 05T
Internode 2 0.56 0.13 0.27
Ear 0.13 0.16 0.52
Flag leaf 4+ peduncle 0.81 0.79 0.61
Flag Ieaf 4 leaf 2 070 0.63 0.44
Peduncle - internode 2 0.75 0.60 —
Flag leaf 4 peduncle + ear : 0.68 0.62 0.63
Flag leaf -+ leaf 2 4+ peduncle <+ internode 2 4 ear (.68 0.60 0.55

— correlation not calculated,

Relation between grain yield and green area duration
In the quantitative determination of the relation between grain yield and green area

D values during the latter period. The 1D values of the flag leaf and the peduncle were
very closely correlated with the grain yield in both years. By adding the separate
D values, mainly the combination flag leaf -+ peduncle gave a higher correlation
coefficient in the two years.

No correlation was found between the D values of leaf 3 and the grain yield which
suggests that there is no direct contribution of leaf 3 to the ear filling, This is in ac-
cordance with the mentioned results of the C experiments. The relation between the
D value of the ear and the grain yield differed between the years, which was probably
due to differences in the method of determining the green ear area. :

The correlations between the grain yield and the green area duration were higher in
‘Orca’ than in ‘Opal’, ‘Gaby’ being intermediate. The regression line of ‘Orca’ had a
somewhat steeper trend than that of ‘Opal’, which was due to the differing response of
the varieties'to the sowing date. In ‘Orca’ the grain yield was more than proportionally
lower than the D value, as the sowing date was later, in ‘Opal’ the grain yield and the D
value showed a similar response to late sowing.

The trends resulting form the simple regression and correlation calculations are re-
flected more distinctly by multiple regression calculations, In the 1967 trial the greater
part of the variance in grain yield could be determined by the linear equations:

Y = 17.3 D flag leaf +- 25.0 D peduncle + 141.9 R®=083 n= 72
In the separate varieties: :

218 Neth. J. agric. Sci, 19 (1971)
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Table 6. Correlation matrix {r X 100} of the D values (1967 trial).

1 2 3 4 5 &
1. D flag leaf 100 86 0. 84 79 43
2, D leaf 2 100 27 70 75 50
3. D leaf 3 | 100G 2 32 79
4, D peduncle . - 100 85 18
5. D internode 2 100 64
6. D ear 100

Opal: Y = 133 D flag Jeaf + 20.5 D peduncle + 194.3 Rz =074 n=236
Orca: Y = 23.9 D flag leaf + 24.8 D peduncle + 1027 RZ=089 n= 36
Y = grain yield in g.m?*; D = green area duration in weeks. N
These equations indicate that flag leaf and peduncle are essential in ear filling. The
partial regression coefficients, however, are not of absolute significance, because the
D values of flag leaf peduncle are not only closely interrelated, but also correlated
with the D values of other plant organs (see Table 6). ‘
The D values of flag leaf and peduncie representin the-preceding therefore, 2 photo-
synthetic system including more than only their own green areas.

Grain-leaf ratio : e e : it
The efficiency of the plant organs with respect to ear fll.llng, mdlcgted.m the British
literature as grain-leaf ratio (G), is calculated as the quotient of grain yield and green
area duration (). i

In 1967 the G value referred to the D values of flag Jeaf + peduncle and in 1968

to the D values of flag leaf - peduncle + ear (see Table 7), becavse these D values
showed the better correlation with grain yield. The average G value 1n 1968 was

19.8 g.m®week?, and in 1967, when the D value of the ear was i_ncludefl in the
calculation, 20.1 g.m*.week™. When the very late sowing date (3 May) is not included,

Table 7. G values (g.m-2.week-1), calculated from the grain yield and the D value at the final

Rarvest. -
1967 trial '
Variety (V) — ‘Qpal’ ‘Orea’
o
VSt

Sowing date (§) — 17/3 1274 5/5 11/3 12/4 575 mean & A2 St

G (flag leaf +

- [Ty »
peduncle) 114 302 379 302 328 151 329 32 ns

o

1968 trial
Variety (V) — ‘Opal’ Gaby' ‘Orca
473 16/4 mean o Vi St Vst

Sowing date (5) ~ 4/3 - 16/4 473 16/4

G (flag leaf +

% *
peduncle + eary 188 ~ 18.3 206 226 184 193 198 28 * ns

o a< o

' 1 — nonsignificant; * 0.05 2 & = 0.01; =
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Table 8. The relation between the number of grains and the green area of flag leaf and peduncle.

Variety (V) — ‘Opal’ ‘Orca’

Sowing date (S) — 17/3 12/4 5/5. 17/3 12/4 5/5

Number of grains
per 10 cm® green }
area 8.2 75 109 7.8 8.1 11.0

the difference in G value between 1967 and 1968 is greater still: a sunny year and a
wet and dark growing season, respectively.

Within the varieties the G value of ‘Gaby’ was significantly higher than in ‘Opa}l’
and ‘Orca’. Simijlar as with the late sowing date, this did not result in a higher grain
yield, because the green area duration was proportionally more decreased than the
increase in the G value.

The G value was not constant throughout the ear-filling period; in 1968 the G value
‘in the three subsequent fortnight periods after flowering was 26.4, 43.0 and 18.1
g.m2week-, respectively. In the first 14-day period the assimilating area was some-
what larger than in the second, but the rate of ear filling was much retarded, for the
period 1 and 2 this was 120 and 170 kgha'.day?, respectively. Immediately after
flowering more carbohydrates may have been available than could be utilized by the

growing grains. In the third post-floral period the lower G value was probably caused
by aging of the assimilating organs.

Discussion

Various workers state that the grain vield is determined by the quantity of carbo-
hydrates formed by the photosynthetically active green organs for the benefit of the
ear filling after flowering. As a measure for the production capacity of carbohydrates
the green area duration of special organs is used, viz the flag leaf {lamina and sheath),
the peduncle and the ear. Direct ™C analyses of the plant have shown that the greater
part of the assimilates produced in the post-floral period in these organs is translocated
to the ear. Within this framework -two experiments were conducted to study the cor-
relation of the green area duration of special organs of the culm and the grain yield.
The results show (see Table 5) that green area duration caleulated of the period
from heading to ripening is more closely correlated to the grain yield than the green
area duration in the period from flowering to ripening. On the other hand, Welbank et
al. (1966) found that the green area duration from flowering to ripening was more close-
ly correlated to the grain yield. However, it is not impossible, though ear filling only
starts after flowering, that the photosynthesis in the period between heading and flower-
ing affects the ultimate grain yield. This may be by:
a. re-distribution of the assimilates being temporarily reserved in the peduncle, forming
a contribution to ear filling;
b, the effect of the assimilates available before and during flowering on the potential

number of fertile grains per ear (Bremner, 1967; Ruckenbaner, 1970) which determine
the sink strength of the ear for assimilates,

20 Neth. 1. agric. Sci. 19 (1971)
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The calculations further showed that in 1967 the green area duration of the flag
leaf + peduncle gave the better correlation to the grain yield and that in 1968 an
essential improvement in the correlation was obtained by also including the D value
of the ear in the calculations. The D values of leaf 2 and internode 2 were less closely
corr_elated to the grain yield, the D value of leaf 3 showing no cogrelation at all.

Since the D values of the various green parts of the culm were closely interrelated
as well '(T able 6), it was not possible 10 calculate the exact contribution of the separate
organs In ear filling by regression calculations. The degree of correlation between grain
yield and green area duration did indicate which organs were important in ear filling;
these were, especially the peduncle (including the sheath of the flag leaf} and the flag
leaf, followed by the ear, the last leaf and internode, but one. These also are the organs
which to a more or less extent were found to be important as production centres of
Cal‘_bohydrates for ear filling in the literature mentioned in the introduction. The
eS}lmated contribution of the separate Organs in ear filling was also found to vary
with the C method depending on the variety, experimental conditions and techniques
applied. The older clipping and shading experiments had already shown that in a
- wheat culm the lost function of an climinated organ is compensated to 2 considerable

extent by the other green organs. Compensation effects are the greater as the effect of

the treatment lasts longer.
For a better understanding of the importance of the crops structure in ear filling
ured in addition to the

the rate of photosynthesis and translocation should be meas
green area of the organs {l.upton, 1969).

An idea of the average photosynthetic cfficiency of the gree
ﬂ}e grain-leaf ratio (G). The G value of the late SOWI treatment
high. One of the reasons for this could be:

a.a higher photosynthetic rate of the relatively young of|
light intensity in the crop due.to the lower density; _ _
b. a greater requirement for assimilates due to the great aumber of grains per ear.

The effect of the number of grains per ear on the G value can be inferred from the

relation between the number of grains and the green ared of the fiag leaf and peduncle

" during the first two weeks of the post-floral period.
The paralleliism in these figures with the G values (Table 7) shows that the sink
strength might influence the G value.

In general it may be assumed that the correlation between green ared duration and
grain yield will be important, when the green area present cannot yet provide in the
carbohydrate requirement of the ear. When sufficient carbohydrates are provided the
grain yield is increasingly determined by the <ink strength of the ear, i.e. the number

of grains.

The efficiency of the green organs, in addition to the internal sink source relation
will be influenced by climatical factors, in particulaf, the light regime in the crop and
by the growing conditions, especially the availability of watet and nitrogen.

n parts is obtained by
in 1967 was strikingly

gans accompanied by 2 higher
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Summary

T:he effect of some fungicide treatments on the production pattern of five wheat va-
Tieties with different culm lengths was investigated in a field experiment, The fungicide
treatments consisted of: a sequence of 2 pre-floral sprayings with 2 kg maneb per ha
and 2 post-floral sprayings with 1 kg benlate per ha. The varietics were Juliana (117
cm culm length), Manella (82 cm), Lely, (80 cm), Mex.-cross (69 cm) and Gaines (79
cm). There was hardly any mildew in the crop but Septoria writici and Septoria nodorum
Were very much in evidence in all the varieties. Of the group of ripening diseases, black
moulds and Fusarium were found to a lesser degree.

The combined application of maneb and benomyl greatly delayed th.e spread of Sep-
- loria in the crop, as a result of which the flag leaf in particular remained green fm" a
longer period and the grain filling period was lengthened. The growth ratrf of the grains
during the phase from the milk-ripe stage to the dough-ripe stage was raised from 204
ke ha—t day-1 to 230 kg ha-t day-. The effect of the application was grea'tel: in the
varieties most susceptible to Septoria (Lely and Gaines) than in the other varieties. tl"he
Hcreases in grain yield of the varieties Juliana, Manella, Lely, Mex.-cross zgnd Gaines
Were 14 % 23 9%, 32 %, 16 % and 42 %, tespectively. By statistical analysis 85 % of
the variance in the grain yield within the varieties could be attributed to the green area
of the flag leaf. Thus, the main effect of Septoria seems to be a reduction of the photo-
Synthetic area, causing a decreased supply of assimilates to reach the grain, and in this
Way lowering the 1000-grain weight. .

The degree of disease infection was not significantly correlated with culm lengt.h or
the amount of leaf area, so the tolerance and resistance characteristics of the varieties
Were not immediately due to differences in crop structure. Specific variety differences
Were still present, even after reduction of the disease infection with the fungicides.

Introduction

Cereal growers have always relied-on breeding for resistance and on such methods
as crop rotation, seed dressing, etc. for minimizing damage due to diseases. Owing to
the increased disease intensity, which apparently is a consequence of narrower crop
Totation and more intensive cultivation by using higher seed rates and more bitrogen
fertitizer, the resistance of present-day wheat varieties to fungal diseases has in many
cases proved inadequate (Dilz, 1970). Inadequate resistance is particularly evident in
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periods in which climatic conditions encourage the spread of mould's. Under 'such con-
ditions the application of fungicides would seem worthwhile, par'tlcularly since, with
the present high level of yields, a small effect will increase the yield enough to com-
pensate for the cost of a fungicide dressing (de Jong, 1970).

Besides the effects of climate on'the incidence of disease, is has been found (_Feekl_as,
1967) that there is a great difference between the varieties with regard to thEIrll't‘-SlS-
tance to and tolerance of such discases as Erysiphe graminis, Puccinia striiformis and
Septoria norodum. Is is also assumed that culm length is an important feature for su-
sceptibility to diseases; in this view varieties with short culms are more readily and se-
riously infected than those with longer culms (Brénnimann, 1969a), In the case of
Septoria nodorum, this is supposed to be due to the shorter infection path from ?he
soil via stern and leaf to the €ar, or to the microclimate in crops with short culms being
more favourable for fungi. Therefore the question arises whether varieties with grea_‘tly
differing morphology differ in production owing to their variety-dependent susceptibi-
lity to diseases or owing to factors attributable to the physiology of growth. This should
be tested by comparing crops with and without disease control by fungicides,

A field experiment was undertaken with five varieties of winter wheat to study the

Methods

- The experiment was carried out in 1972 on good clayey soil in the Flevo polder, The

Iollowing varieties and crosses of winter wheat were used: ©

Duteh varieties: '

Juliana — Wilkelmina % Essex gladkaf; crossed in 1903, 1921 accepted in Dutch variety
list; :

Manella - Alba x Heine’s 7; crossed in 1950, 1964 variety list;

Lely — Cebeco 30 x Flevina; crossed in 1960, 1970 variety list. -

Semidwarfs; :

Mex.-cross — (Nord X Heine’s 7)103 X Mex. dwarf; made available by Dr W. Feckes
of Geertsema’s Nurseries at Groningen;

Gaines — (Norin 10 X Brevor, sel 14) X Brevor X Oro X Turkey X Florence X
Oro X Fortyfold X Federation; crossed in Washington, USA, CI No 13448,

Sowing date: 15 October 1971; seed rate: 120 kg per ha. Fertilized in autumn with
60 kg P,0s superphosphate per ha. Potassium is abundant in this young marine clay,
S0 no additional fertilizing was required. Two nitrogen dressings were given, viz 30 kg
N per ha, as Ca (NOs)z on 20 March, followed by a second dose of 30 kg N per ha on
4 May 1972.

Owing to the mild winter there was a good deal of chick-weed (Stellaria media) in-.
April; this was controlled by spraying with 4 litres of MCPP and 4 litres MCPA per ha
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Date  Stage on Preparation
Feekes scale
(Large, 1954) name of agent concen- quantity
tration of product
15 May Freos manganous ethylene- ‘
29 May Fow 10 } maneh _bis[dithiocarbamate] 80 % sol. 2 kg/ba
20 June Fro3—105 benomyl: methyl-butyl
11 Tuly idem + benlate carbamoyl benzidiazolyl 50 % sol. 1 kg/ha
3 weeks carbamate :

Number of plots: 5 (varieties) X 2 (Maneb + Benlate) X 6 (replicates) = 60.
The following intermediate harvests (H) were carried out to determine the dry matter
weights, the number of tillers and the green areas:

Hi_.: 10 March, 17 April, 2 May, 16 May; 0.25 m? per variety;
Hs_o: 30 May, 13 June, 27 June, 10 July, 25 July; 0.25 m* of each plot;
Hie : 9 August; 1 m2 of each plot;

Hy  : 21 August; 60 m? harvesied with the combine harvester.

The degree of disease infection in the field crop was estimated by rating on the har-
vesting dates Hi_s; systematic estimates per leaf layer were made on 30 May, 7 june,
25 June and 10 July. On 20 July the leaf necrosis due to disease could no longer be
clearly distinguished from normal dying off; therefore, only the percentage of green
area of the flag leaf was ascertained on that date.

On 14 July the light interception at 3 heights in the cr
with the aid of an integrating photometer 1 metre long.

ops was ascertained in all plots

Results

Degree of infection

In 1972 the growing season was mainly dull, cold and wet, except for the sec_:ond half .
of July, when there was a dry, sunny and extremely hot spell. Comifng as it did after a
mild winter, these weather conditions caused great disease intensity in the crop. Symp-

toms of the following diseases Were determined:

at the base of culm: Cercosporella herpotrichoides — eyespot
on leaf and ear  : Septoria tritici — leaf -blotch

. Septoria nodorum — glume blotch
on the ear -« Fusarium sp. — fusarium

Cercosporella. On 15 June 2 test for soil-borne pathogens was carried out on 50 culms
per plot. The degree of infection was calculated according to Fehrmann (1972) with

the formula:

(% slightly infected + 2 X o severely infected)/100
The indices (scale: 0—2) thus calculated for Juliana, Manella, Lely, Mex.-cross and

Gaines were 1.11, 1.23, 1.29, 1.16 and 0.95, respectively. 1t is evident from these figures
that all varieties were moderately infected with soil-borne pathogens, thus causing an
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increased risk of lodging. Lodging in all varietics with the exception of Juliarfa was
presumably prevented by a relatively low nitrogen dressing and an early application
of chiormequat,

Septoria. The severest leaf infection was by Septoria (S. tritici and S. nodorum). By
mid-May it was found that in all the varictics Septoria had covered the entire 5th leaf
from the top and approximately 40 % of the 4th leaf. The first symptoms after anthesis
were seen in the flag leaves in the untreated plots, whereas they did not appear m_the
“plots treated with maneb and benomyl until a fortnight later. Early maneb sprayings
followed by benomyl sprayings before and after anthesis dit not eradicate Seproria but
did Yargely inhibit its spread (Table 1). This is most evident from the green area of the
ﬂag leaf on 20 July, viz during grain growth

Table 1. Infection in leaves and ears on 10 July and preen area of flag leaves
and two topmost internodes on 20 July,

% of area covered with Septoria

symptoms on 10/7 % of area green on 20/7
flag 2nd 3rd eart flag ist and 2nd
leaf leaf” leaf leaf internodes
Juliana + 0.0 125 £62.0 21 900 . 392
— 10 408 95.0 49 715 442
Manella + 0.7 1.5 72.5 118 933 17.5
— 50 60.9 99.2 236 325 21.5
Lely + 1.3 2.5 91.5 9.0 90.8 35.0
— 922 95.0 100.0 15.8 12.5 31.7
Mex.-cross + 0.0 15 242 229 842 200
— 18 10.8 742 341 400 13.3
Gaines + 1.2 68.2 100.0 179 64.2 15.8
— 550 100.0 100.0 252 50 12.5
Average + 0.8 224 .4 127 4.5 21.3
— 144 61.3 93.7 20.7 . 333 21.5

t In the ear Septoria and Fusarium symptoms.
“b =2 X maneb } 2 X benlate; — == untreated.

Fusarium. On 10 July a test for ear diseases was carried out on 20 ears per plot. The
degree of infection by Septoria nodorum and S. tritici and by Fusarium culmorum is
represented by one figure for both diseases (Table 1). Manella, Mex.-cross and Gaines

were most susceptible to ear diseases. On average the ear infection was decreased by
fungicides from 20.7 to 12.7 %.

The effect of the fungicide on green leaf area was found to be greatest in the varie-
ties that were most severely infected with Seproria; the sequence from high to low was:
Gaines, Lely, Manella, Mex.-cross and Juliana.

A point that should be noted is that the shortest and tallest varicty -were the least

infected by Septoria; consequently, other variety characteristics besides the length of the
culm must have affected resistance.
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The following discases were also observed to a lesser degree of infection:

at the base of the culm : Gdummanomyces graminis — take-all
on the leaf . Erysiphe graminis ~ mildew

: Puccinia recondita " . brown rust
in the ear (and on
some other parts . Cladosporium sp. - — black moulds
of the culm) : Alternaria sp.

Effect of fungicides on production pattern

From anthesis onwards, the areas of the separate leaves were measured. Significant
(2 < 0.05) positive effects of maneb and benomyl on leaf area were observed in leaf (4)
on 13 June, in leaf (4) and leaf (3) on 27 June, in leaf (3), leaf (2) and flag leaf on 10
July, and in the fiag leaf on 25 July. The differences in leaf area observed on 13 and
27 June were the results of the two treatments with maneb on 15 and 29 May; they had
1o effect on the number of grains per ear (Table 2). In this experiment the indirect ef-
fect of maneb on grain filling by the longer protection of the two topmost leaves from
Septoria could not be distinguished from the fungicidal action of penomyl sprayed on
20 June and 11 July. The observation that maneb only protects the leaf against fungal
diseases for a limited time (approximately a fortnight), would imply that it was due to

o, LAI- flag leaf+ second leaf

Juligna Maneila Lely Mex-cross Galines

276 1¥7 27 276 10/7 25/7
dats

Q
276 1VYT 25/7 27/610/7 25/7 276 10/7 2847
om0 & 2% maneb+2xbenomyl

b. Seed yield (9 m?) u-smnx = untreated
00 _ _ - [
500 - B /h" . N
e,
400} o ] - L -
——t
=
300} ] B l
200} . B L
'J
100} : 5 L

r

10/7 25/ 7B 218 ’27:"610’7 o5/7 /e 218 276 17 25/79/821/8

a
A6 407 0577 O/8 21/8 26 0/726/THE 28 2w data

Fig. 1. Trend in the leaf area index of the f1a8 leaf and second leaf (a) and in the seed yield (b)
from flowering onwards with five yarieties of wheat.
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benomyl that the topmost leaves in the treated plots remained healthier during the grain
filling period.

The curves in Fig. 1 show that the differences in leaf area index of the two topmost
leaves correspond in magnitude to the differences between the grain yields of the
treated and untreated plots. As the differences in grain weight did not oceur until after
10 July, the size of the green area of the flag leaf in particular would appear to have
been the determining factor, the more so since there were hardly any significant differ-
ences between the treated and untreated varieties in the green area of the leaf-sheath
and the peduncle. The varieties with the greatest differences in area indices, viz Gaines,
Lely and Manella, also show the greatest differences in grain yield.

The differences in grain yield came about in three phases:

1. Owing to be noticeable accelerated growth in the treated plots during the steep part
of the growth curve in the period between 10 and 25 July (Table 3), the growth rate in-
creased on average over the five variefies from 204 to 230 kg per ha per day.

2. During ripening, from 25 July to 9 August, the grain growth in the untreated plots
came practically to a standstill, whereas in all the treated plots there was a further in-
crease in grain weights.

3. A decrease of kernel weight in the unireated plots from 9 to 22 August, after the
morphological maturity stage, owing perhaps to greater respiration losses in the un-
treated than in the treated plots. The differences between the colour of untreated crops
and those treated with fungicides showed that there were great differences in infection
with black moulds,

] Statistical calculations (Table 2) showed that there were significant differences in the
Increase of grain yield of the five varieties owing to the application of maneb and ben-
omyl. The absolute differences in seed yield for Juliana, Manella, Lely, Mex.-cross and
Gaines were +470, +980, + 1410, +800 and 1550 kg of dry matter per ha, respec-
tively. The straw vields were only noticeable higher in the Juliana, Lely and Mex.-
Cross varieties, viz +380, +270 and 4490 kg of dry matter per ha, respectively. The
relatively disproportionate increase in grain weight compared with straw weight was
clearly expressed by the higher harvest indices for the Gaines and Lely varieties, which
are very susceptible to Septoria; the increases due to maneb and benlate were from 0.36
fo 0.42 and from 0.40 to 0.44, respectively, Striking was that despite great differences
in grain weight and straw weight there were only slight differences (<_ 5 %) between
the varieties with regard to their total dry matter yield above ground in both treated
and untreated plots. These differences, in fact, are mainly the result of differences
between the varieties with respect to distribution of the assimilates over grain aand
straw; this is particularly true of the Juliana variety. o

On the yield componerts, i.e. number of culms per m?, 1000-g1'a1n._we1ght and num-
ber of grains per ear, the 1000-grain weight was the most determinative for the differ-

eDces in grain yield per ha. There was a slight negative fungicide effect on the number

Table 3, Growth rates of gmm (kg ha-* day-1) in the period from 10 to 25 July.

Jutiana Manella Lely _ Mex.~<ross Gaines
Maneb + heno 1 217 233 254 229 217
Untreateq i 198 215 215 214 176
Difference +19 +18 +39 £15 +41
— .
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of culms per m?, resulting possibly from a phytotoxic action of maneb; there was no
fungicide effect on the number of grains per ear. A very interesting point is that in the
case of Lely and Mex.-cross a large number of grains per ear is accompanied by a high
1000-grain weight, whereas in that of Juliana and Gaines the opposite is observed;
Manella occupies an intermediate position with a low number of grains and a high
1000-grain weight.

Correlation and regression analysis

To analyse the differences observed in grain yield, linear correlations between the grain
yield in g per m? and a number of crop parameters such as yield components, green
area, degree of infection and light profile have been worked out.
Owing to the great differences between the varieties, the simple correlation have been
calculated in three ways (see Table 4):
a) from the variance in y and x per variety;
b) from the variance in y and x within the five varieties;
¢) from the variance in y and x between the five varieties.
The variance in y and x per variety and within the five varieties is mainly attributable
to the effects of fungicides, whereas the variance between the five varieties is caused by
varietal differences.

After elimination of the varietal differences, the grain yield showed a highly positive
correlation with the 1000-grain weight (r = 0.92); there was a high negative correlation
with the degree of Septoria infection (r = —0.88) in the topmost leaves, and with the

Septoria and Fusarium infection in the ear (r = -0.50).
The effects of the Septoria infection were particularly cvident from a reduction in
the green area of the leaves, which resulted in a negative correlation (r = -0.86)

between the degree of Seproria infection in the period between 26 June and 10 July
and the flag leaf green area percentage on 20 July. The relation between leaf infection
and ear diseases was fairly weak (r = 0.36); this was due to an occurrence of Fusarium
in the ear not directly associated with Septoria.

Correlations between grain vield and green leal area were positive within the varieties
and negative between them (sec variables 5 to 9 in Table 4), The negative corrclation
is due to the combination of much leat apd a low grain yield in Juliana and of littie leaf
and a relatively high grain yield in Gaines, the other varieties occupying an intermediate
position. Except in the case of Juliana, the correlation between grain yield and the leaf
area of the topmost leaves was most significantly positive within the varieties and with-
in each variety individually. The extreme differences between the Juliana and Gaines
varieties also explain the negative correlation between grain yield and the green area
of the internodes (see variable 10 in Table 4). A positive correlation within the varie-
ties was expected for this interrelationship, but it did not come about, since in a few
varicties the Jeaf sheaths remained green for a longer period in the plots in which the
leaves died first because of the damage of Septoria.

Measuring the light interception at various heights in the crop, which was done only
once on 14 July, gave a good picture of the differences between the varicties, but was
too inaccurate to give a reliable explanation of differences due to Septoria infection
(variables 13 and 14). A belter idea of the effect of leaf diseases on the light distribuiion
in the crop could-be obtained by the erectness scores of the plants (variable 15); it
should be noted that only Juliana lodged completely; the other varieties only drooped
slightly during ripening. Within the varieties as well as between them the correlations

Neth. 1. agric, Sci. 21 (1973) . ‘ ’ . 289
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EFFECT OF MANEB AND BENOMYL ON GROWTH AND YIELD OF WHEAT VARIETIES

Table 5. Simple and multiple regression equations calculated from varfance within the five varicties
(n = 55).

Variablet Mean b b Student Constant 100 R cv.-y
-t

¥ = kernel yield 453.8 13.2

Simple regressions with R2 being > 0.50

% = 1000-kernel 317 17.9 t+ 1.6 11.0 -115.9 69.1 74
weight

% = LAlleaf 1 4 2 20 103.0 +13.0 7.9 246.4 539 9.1
on 10/7 '

x7 = LAD Jeaf 1 + 2 2.7 50.7 + 92 5.5 1369 531 9.2
from. 10/7 to end

X = % green area 59.0 1.9 * 01 174 343.1 84.8 52
flag on 2077

X1 = % Septoria on
leaves 1 + 2 312 - 15 + 0.1 149 503.6 76.6 6.3
on 10/7

Multiple vegression, with 9 x-variables in the sequence: Xe, X7, Xu, Xa1, iz, Xi5, Xuz, Xg and X2 ':Dhe
only x-variables inclnded in the equation are those whose t 0.05 value of the regression coefficient
was greater than 1.96.
¥ = aXs + bxyg + X + dxa + C
X = % green flag %0 1.2 + 0.2 7.3 (84.8)
leaf on 20/7
Al internodes 0.4 -317.2 +85.0 3.7 {86.7)
1 4 2 on 10/7
X1 = % Septoria on 332 ~ 1.2 + 0.2 5.5 (90.8)
leaves 1 + 2
on 10/7
xs = number of culms  566.2 0.2 * 0l 2.6 420.2 919 39
per md

X10

1

t The coding of the x-variables tallies with the coding of Table 4.

between grain yield and a high erectness score were significantly positive, the corre-
lation being 36.8 and 95.3, respectively.

The correlations between 1000-grain weight and the variables in Table 4 were of the
same order of magnitude as for grain yield.

Quantification of the correlations between grain yield and crop parameters by means
of simple and multiple regression calculations is of relatively littfe value becanse the
explanatory variables are not ali independent and the causality of-the correlations is
only partly known. For these reasons only the most reliable and informative regression
equations are given in Table 5,

The simple lincar regression equations bring out once again the close correlation
between grain yield and the parameters for the green area of the flag leaf. To illustrate
this, Fig. 2 sets out the correlation between grain yield and green area, both expressed
in relative values so as to eliminate differences in the levels of varieties.

The muitiple regression analysis with the yield components as variables left 30 % of
the variance in grain yield unaccounted for; the number of grains per ear and the
number of ears per m? did not help o clarify the position. A regression analysis with
9 variables, including yield components, morphological characteristics and crop traits,

Neth. I, agric. Sci, 21 (1973) : . ™
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relative seed yield
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re 0,84
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* *
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relative green area flagleat at 20 July

]F ‘g 2. Relation between the relative seed yield at harvest and the relative green area of the flag
%af at 20 July. For each vatiety the means of the x and y variables are fixed at 104.

Tesulled in a formula with 4 variables which together accounted for approximately 92 %
01? the original variance in grain yields (Table 5). The green area of the flag leaf con-
situted the major proportion (85 %). This parameter also largely represents the re-
Maining green area of the second leaf and the ear. The Septoria infection mainly af-
IeCt.ed the grain weigth and grain yield by reducing the photosynthetic leaf area, in
2ddition it had an effect of its own of approximately 4 %.

Nitrogen metabolism

The nitrogen content of the seed on 25 July (dough-ripe) was clearly lower in the plots
treatad Wwith fungicides (1.68 % as against 1.84 %) but in the total culm the differences
Wwere slighter (0.91 % as against 0.97 %). The differences must be the result of a more
T8pid grain growth in the plots treated with fungicides, as the quantities of nitrogen
Yaken up in the cylm did not differ. The content therefore declines as a result of a
dilutent effect. , )

In the period between 25 July and the final harvest on 22 August the nitrogen con-
tent of the seed was found to bave increased in both untreated and trea.ted plot:s; the
content was 1,86 o and 1.95 % nitrogen, respectively. The quantity of nitrogen in the

292 Neth. 1. agric. Sci, 21 (1973)
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a.nitrogen content fn the seed
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b

and the increased grain weight, resulting in differences of +7.6%, +19.7%, +32.0%,
+9.5% and +30.5% for the Juliana, Manella, Lely, Mex.-cross and Gaines varieties,
respectively, compared with the untreated plots, The nitrogen content and the quantity
of nitrogen taken up in the seed also varied greatly from variety to variety (Fig. 3A and
3B). A high N content in the Juliana variety did not correspond with a high uptake
whereas the highest yield of nitrogen was found in the seed of Lely, which had a
relatively low nitrogen content. It was impossible to establish whether the increase in
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g;e qllantity of. nitrogen in the seed in the plots treated with fungicides was the result
° retranslocation. from leal and stem of direct uptake from the soil via the roots.
ecause no analysis were carried out on the siraw at the final harvest,

Discussion

ilzzol:;ildmce of" fut}gal diseases is depe.ndtant to a high degree on climatic conditions.
o :r?dt?s Bronnimann (1968) the .prmcq‘)aI disease in this experiment, Septoria no-
(pors. com . tritici occur regularly in regions with high precipitation. Van der Wal
. .rt' mun. 1972) states that a relatively low temperature and a long wet-leaf period

particular promote the spread of Septoria. The weather factors in the 1972 growing

Sea;gn provided these conditions.
e differences observed between the five varieties with regard to disease occurTence
because the shortest and

i‘;: 1::1'; the direct consequence of morphological differences,
index est variety werce tl'_u;-: least diseased and the varicties with the Jowest leal area
of were most heavily infected. It cannot be denied, however, that the morphology
4 crop can affect the microclimate and consequently also the amount of infection
within a variety.
ra;f(?nc?,ntIOI as wide a spectrum of fungal diseases as possible, one systematic prepa- '
tained (benomyl) and one pon-systematic (maneb) were used. Bouch‘et et al. (%9_72) ab-
their eiter results with a combination of fungicides than with single funglm_des. In
and fexperlments the extra yields of winter wheat ranged from 4%. to 21.7% in 1970
b rom 3.7% to 56.3% in 1971. The results depended very much indeed on the com-
nation used and the moment at which the dressing is applied-

thAlthnu.gh Septorin does not usually occur i the grain—producing organs until late in
e growing seasom, it can do considerably damage. Shipton (1968) quotes from the
o 95% for S. tritici and

;eievaut literature yicld-losses of 28% and extreme values up t :
n nodorum, Tespectively, after natural infection; the damage done py §. rritici might
crease to 45% by artificial inoculation. ‘Although the plots treated with benomyl and

m - : . -
aneb in our own experiment were not free from disease, there were extra yields ©
Lely, Mex.-cross and

iff %, 23.4%, 32.3%, 15.6% and 42.1% for Juliana, Manella,

aft nes, respectively, compared with the untreated plots. 1t should be noted‘ that eve
after treatment with fungicides the yield this year fell far short of the potential level in
the Netherlands.

E:y Sta‘fisﬁcal analysis 69% of the variance in grain yield was attributable to the 1000-
%l:an-l weight; the number of grains per car was scarcely affected by fungicide treatment.
Similar results were obtained by Bronnimann ( i Schepers (1972)
nogzimm_mann (1969) noted yicld Josses after the infection of separate organs with
leaf ;um, 40.6%, 45.7%, 14.8% and 1.1% of which were the fl
fissu eif 2 and leaf 3, respectively. He suggeste to the asm_mllatwe
owﬂef-t ere is also disturbance of the translocation rains, Our
the kemdmg,s concerning the relationship between the gree
co-va tnel yield (R# = 0.85) stress the imp _ by, Th
fn riance between infections with leaf and ear d as only 0.3(}. The flag leal’s
b ftmn' of supplying assimilates to the growing grain was also confirmed repeatedly

Y HC tests (Rawson & Hofstra, 1969, and others). The muitiple ot
gression caleulation showed that all but 4% of the total effect of Septoria on the Va-
riance in grain yield was attributable to & change in the assimilative area.

4 Neth. J. agric. Sei. 21 (1973)



EFFECT OF MANEB AND BENOMYL ON GROWTH AND YIELD OF WHEAT VARIETIES

Fusarium and black moulds as well as Septoria occwired in the ear during ripening.
The latter group in particular appeared to be considerably inhibited by benomyl. The
very slight weight losses in the treated compared with the untreated plots in the period
from 9 to 22 August were possibly due to benomyl.

1t is known that benomy! is also active against Cercosporella herpotrichoides (Fehr-
mann, 1972). There are one or two indications that even late applications of benomyl
(before and after anthesis) reduced somewhat the fairly high degree of infection by
soil-borne pathogens, since the culms in the treated plots, wit the exception of Juliana,
drooped less than in the untreated ones. At the same time the uptake of nitrogen by
the seed in the period from 25 July to 22 August averaged 14% in the plots treated
with fungicide, whereas there was no further uptake in the untreated plots. This in-
dicates greater oot activity in the treated plots, since in the Lely variety in particular
the 25 kg increase of nitrogen in the seed is to great io have became available merely
from the 49 kg store in the straw at 25 July.

It may be concluded that the control of fungal diseases in wheat varieties with maneb
and benomyl in crops with differing crop structure and disease susceptibility in each
case resulted in an increase in the grain yield or straw yield. The higher grain yield in
this experiment was brought about mainly by the flag leaf and other assimilative organs
remaining green for a longer period, so that in the last fortnight of grain filling there
were marked differences between the treated and the unireated plots, Quantitatively, the
effect of treatment was greatest in the varieties most sensitive to Septoria, viz Lely and
Gaines, Characteristic differences between the varieties even remained after the in-
hibition of several fungal diseases, particularly with regard to their dry matter distri-
bution (harvest index) and the uptake of nitrogen in the above-ground parts.
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Summary

An experiment was carried out under controlled growing conditions to study the plant
response during the postfloral stage to temperature, light intensity and ear mzet.
Within the range of 15 to 25 °C a raise in temperature increased the growth rate Oh
the grains but the duration of the post-floral development of the plant was very muc
shortened, The finai result was that higher temperatures caused lower grain ytgl‘ds.'
An increase of light intensity from 92 to 147 cal cm-? day-! has shown a more p Qift'.v ©
¢ffect on grain weight than an increase from 147 to 175 cal em-? day -t The artificiaa
feduction of ear size by removing spikelets from the ear increased the thousand-grain
Weight but not enough to compensate for the reduction in number of kernels perdeaol}

The effects of the main factors — temperature, light intensity and ear size ~ an p
th.e combined treatments on the supply and storage of carbohydrate are discussc
Wwithin the framework of a sink-source model.

lntroduction

Grain yield in a wheat plant is partly determined in the pre-floral period, f;)r msrta;:scre
¥ the size of the photosynthetic area and the potential n}xmber of' kerne s;hp; efor;.
but mainly in the post-floral period by the rate and the duration of grain growar;d ieht
cAr initiation, tillering and leaf production are affected by temperature influence
tensity (Friend, 1965); during the booting stage temperature has 2 .stront% number
On the developmental rate (Friend, 1966), while light intensity dewm"_‘e‘;"e 1965).
of ears per plant and the development of the spikelets (Puckridge, 1968; tiVilt ey; nd the
© Supply of assimilates to the growing organs depends on th.elacth . Yleaves. A
duration of photosynthesis in the green organs of the plant, mainly | of assimi-
Tather complete description of the contribution by each leaf to the total p oi-esented by
fates availapye for growth and the iranslocation at different stages lsinip contribute

Wson & Hofstra (1969), They concluded that the lower leaves mainly o ido the
their assimilates 1o the roots and the side tillers, while the top leaves pthe source
assimilate Tequirements of stem and ear. Much research has been donivmrldlaw 1965;
functiog of the flag leaf, the peduncle and the ear {Stoy, 1965;.Carr &. ato th,e oy
Lupton, 197, Evans & Rawson, 1970, and many others) in relg:mr;ate of photo-
demand of the grains. Often there was evidence that leaf area and ef 2in growih,
Synthesis did pot limit the supply of assimilates in the early stages of gr
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Climatic Physiological  Preduction Plfysica.l
factor proceas system dimension
temp, + light -~ Senescence " e phOtosynthetic area cn?

. i x 2 1
light + {temp.) - photosynthesis et assimilation pate g om® day
temperature - regpiration

SOURCE g day”
1
- diffusien zzz:dar !
. hormonal
tempersature - carrier = X —2 TRANSPPRT regulation
metabolism| translo- 1
cation ! -1
rate SINK g day
- ‘ -1
temperature suerose uptake —y gink strength g g dasy

- starch formetion

X
temperature - cell division ———=, gink pize ’ g

- cell elongation

Fig. 1 Model for grain growth.

For that reason more attention has been paid to other possible limiting factors in
grain growth, in particular: :
— the transport through the vascuiar system (Evans et al, 1970; Hanif & Langer,
1972);

- all the processes involved in converting sucrose to starch in the endosperm cells
(Jenner & Rathjen, 1972);

~ the pattern of the grain growth within the ear (Rawson & Evans, 1970; Walpole &
.Morgan, 1970; Bremner, 1972).

There is evidence, too, that 2 hormonal mechanism regulates the attraction and the
competmon for asmmtlates within the ear (Micha&l et al., 1970).

The rate of grain growth in wheat iz related to various physmloglca] processes. The
connections between these processes can be illustrated within a sink-source model
(Fig. 1). As the model shows, assimilate supply (source) is determined by light energy and
temperature, while transport and sink capacity are influenced by temperature in many
ways. In the single plant situation, temperature has a key function in grain growth;
in the crop situation, light may be more important due to mutual shading. At present
knowledge about the influence of temperature is rather scarce. To study the effect of
temperature on the relationship between sink and source during the post-floral period,
an experiment was carried out in a controiled environment with four temperatul'e
treatments, combined w1th three levels of light lntenSIty and three ear sizes. '

.
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GRAIN GROWTH AND DISTRIBUTION OF DRY MATTER IN WHEAT

Material and methods

The experiments were done in the phytotron of the Department of Field Crops and
Grassland Husbandry of the Agricultural University, Wageningen.

Seeds of the spring wheat variety Orca with a diameter of 3.0-3.4 mm were used
for the experiments. In 240 pots filled with 5 kg soil consisting of 50 % sand and
50 9% marine clay, 20 seeds were sOWn at random; two weeks after germination the
number of seedlings was reduced to 15 per pot {(area = 300 cme). To prevent seed-
borne diseases and mildew the seeds were dressed with Aatisan and Milstem; during
the growing period insecticides and fungicides werc applied regularly. The plants grew
under natural daylength and a temperature regime of .15 °C during the day and 10 °C
at night. ‘ .

From flowering onwards the following freatments Were applied:

Group A T Te Ts Ts

1 - 4 temperatures: day 15°C 15°C 25°C 25 °C (16 hours)
night 1s°c  25°C 15 °C 25 °C ( 8 hours)

11 — 3 light intensities: L: Ls La .
92 146 175 cal cm-2 day!
some spikelets at flowering the number of

kernels was reduced. In 120 pots each with 15 main culms, five ears were kept at
normal length, from five ears the top spikelets and from another five ears the top and
d. This interference resulted in three groups of

the ‘central spikelets were remove
five ears each with a different number of kernels (as a mean for the light and
- 36.6 kernels per

* temperature treatments): So : 47.0 kernels per car {control); 51
ear; Sz : 24.3 kernels per ear.

II - 3 ear sizes: by artificially Temoving

Grbup B . :
The same treatments as Ai-and As, however, with an additional cold treatment (2 °C)
of soaked seeds at germination. This resulted in a one week delay of flowering and 18

an additional 1.3 spikelet per ear.

The pots were fertilized weekly or fortnightly with a mineral solution of NHsNOs,
. Ca(NOs):, KNOs, KHePO4 and MgS04. The total amount of minerals for the whole
growing period was (in meq per pot): 27.5 NHs+; 95 NOs—; 70 K+; 12.5 Ca?+;

25 Mg2+; 32.5 HePOy—; and 22.5 SO42—. The micro-clements were applied once at .

. the beginning of the growing period.

Observations were made on the following dates: _
i Ho Hi H: Hs Ha Hs Hs

T. = 15/15°C 20/8 99 - 2219 - 6/10  13/10
Te = 15/25 °C. 20/8 9’(9 P 22/9 - 6/10 13/10
Ty = 25/15°C 208 99 1179 22/9  29/9 - -
T: = 25/25°C 20/8 99 179 22/9  29/9 - -

he final harvest the measurements were carried out on

At the intermediate and at t
the main culms. To determine dry matter weights and leaf area the culms were 5€-

. parated into: ] -
a) flag leaf, other green leaves and dead leaves;

Neth. I. agric Sci. 22 (1974)
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H
b} peduncle and remaining internodes;

¢) ear; in some cases divided into the top, the central and the basal part,

The side culms were scparated into ears and straw, Stubble and root weights were
determined together for all culms per pot. _

After 18 hours drying at 70 °C the individual samples were weighed and the ears

were treshed. The anthrone method (Yemm & Willis, 1954) was used to determine the
content of water-soluble carbohydrate by an auto-analyser.
The measurements of photosynthesis and respiration with the Gilson respirometer were
carried out on small parts, about 200 mg fresh weight, of the flag leaf, the peduncle
and the ear (one or two spikelets); under steady state conditions photosynthesis and
respiration were measured during 4 intervals of 15 minutes.

Results

Analysis of variance

In the first analysis of the effects of the four temperature treatments, the main effects
of 15 and 25 °C during day-time and at night were calculated. The effect of tempera-
ture during day-time was mostly twice as large as that of the night temperature, but

Table 1. The effects of various treatments on the weight of the components of the main culm (Group A).

S

Component Date - Mean [\R'S Ear Tempera- Light
size ture (L) SxL 8xT L¥
‘ (8 (T) :
1. weight per ear 20/8 473 - - - - - - -
(mg) 9/9 - 1289 6.1 EEK sk Hkk * ks n.5. ns.
23/9 1874 5.7 P11 P g% * o ns
ripeness 2248 4.4 ok ok *Hr ns. ** !
2, seed weight 9/9 897 14.3 *ux e bk ns. ns. ns.
per main ear 229 1456 7.0 hk whr w44 * ® as
(mg) ripeness 1603 6.4 e we wex ns. * *
3. kernel weight 9/9 253 59 wick rEE Rk n.s, n.s. ¥
© {mg) 22/ 43.6 3.6 ok *Ex okt * n.s. *
ripeness 44.3 6.4 ok ok .5, n.s. n.s. s
4. number of kernels 9/9 36.0 13.1 wex | one n.s. ‘s ns a5
(mg) 2/9 334 53 e * * n.s. n.s. s
5. weight of 9/9 556 6.5 i 2k T n.s. ns. ns
peduncle (mg) 22/9 79 438 rx T ek n.s. n.s. n.s. R
ripeness 462 4.6 hiid i n.s. n.s. 1.5. ns.
6. weight of the 9/9 1134 83 o *hx o n.s. n.s. ns.
other internodes ~ 22/9 961 5.2 *ox Hoks * ns. n.s. as.
{mg) ' ripeness 906 35 e ey ns. n.s. ns. B
7. weight of the 92/9 540 9.3 ns, n.s. : n.8. ns. n.s. n.s.
leaves (mg) ) 224 502 8.4 n.s. *k © LS. n.s. n.s. n.s.
) ripeness 436 8.8 ns, . %% TS, n.s. .. '
8. total aerial 9/9 3520 3.8 txu *x - * n.s. ns
weight of main 249 3816 3.7 e s nx ns. * ns
culm (mg) ripeness 3792 3.7 *ha *Ek *ie ns, - ¥ *

n.s.: o > 0.05; x: 0.05 2 a > 0.01; xx: 0.01 = a > 0,001; xxx a < 0.001,
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Table 2. The analysis of variance by means of a multiple regression with real variables.

Variable Level b b Student Degrees Constant 100 Rt c.v.
: ~t of

freedom

y = seed vield \
- kL] - 100 39.0

main culm (mg/eary) 1,810 - -

X1 = mean temp. (°C) 20 -145.2 20.2 1.2 34 4,715 39.6 249

%1 = mean temp. (°C) 20 -145.2 19.9 7.3

x: = light intensity 138.2 35 2.5 14 33 4,238 374 24.6
{cal cm-2 day-*)

X1 = mean temp. (°C) 20 - 9%43 2.0 103

X2 = light intensity 138.2 21 1.0 2.1
{cal cm-2 day-1)

X = carsize 40 325 25 130 2 2,099 60 100
(kernels/ear)

also the day-length (16 hours) was twice the night period (8 hours). For that reason
the four temperature treatments — 15/15 °C, 15/25°C, 25/15 °C and 2525 ¢C — will
be considered as mean daily temperatures of 15, 18.3,21.7 and 25 °C. )

The experiment was carried out as a split-plot design with the factor temperature in
the main split and light in the sub-split. The results of the analysis of variance for the
components of the main culm (Group A) are presented in Table 1. All the ?arameters
which are related with grain growth, were strongly influenced by the main factors:
ear size, light intensity and temperature.

The first-order interactions were of minor importance. The results of Group B were
of the same magnitude. _'

By means of a multiple regression analysis with all main factors and 'fxrst-order
interactions as dummy variables, the coefficient of variation for the seed yield of l}le
main culm was decreased from 39.0 to 8.9 5. Thereby temperature, light intensity
and ear size accounted for 74.0, 2.1 and 18.8 % of the variance in seed yield respec-
tively. The calculations with real variables gave about the same results (Table 2).

A change in temperature caused a decrease of 94.3 mg seed/culm per °Cand a change
in light intensity or ear size gave an increase of Z:1vand 32.5 mg seed/culm, per calc_ne
and per kernel, respectively. So the total response of seed yield to tem[_)erat.ure |s‘negat1\‘fe
mainly due to the earlier senescence of the plants. An increase in light intensity or in
number of kernels per ear resultedina higher seed yield per culm. .

Influence of temperature ] ith Tisi

During the post-floral period the growth rate of the kernels increased with rising tem-
perature, but the senescence of the leaves and other green parts of ﬁ!e plant also
increased. The resultant of these opposite processes was an initially hlgh_er growth
rate during a relatively short period at 45 °C and a slower growth rate during a long

period at 15 °C; 18.3 ° and 21.7 °C were intermediate in their effect upon growth. -

rate and senescence (Fig. 2). The acceleration of leaf senescence and rip_enin_g of the
the ultimate grain yield than

kernels by higher temperatures was more jmportant for : :
the increase of the growth rate. The period between flowering and a dry matter
content in the ear of 65 9% has lasted 52, 40, 31 and 26 days for 15, 18.3, 21.7 -and

Neth. J, agric Sci. 22 (1974) -
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Fig. 2. The influence of temperature on grain growth and dry matter content of the ear (data of
Group B),

25 °C, respectively. Thus the kernel filling period was doubled by a decrease in
temperature of 10 °C,

The influence of temperature on leaf area duration is demonstrated by the leaf al'f_:a
at three weeks after flowering: a decrease from 63, 47, 34 to 21 cm? per culm within
the temperature range 15-25 °C. Which factor first stops grain growth is not clear;
there is some evidence that it might be the supply of assimilates; because at the highest
temperature grain growth stopped at a dry matter content in the ear of about 40 %,
while at 15 °C grain growth continued up to 65 % dry matter. There are many
literature sources, which feport a physiological limit for grain growth at 35 %
moisture content. This percentage will be somewhat lower for the ears, because the
rachilla and the glumes contain less moisture than the kernels. "

‘The distribution of the assimilates was also influenced by temperature (Fig. 3). With
higher temperatures mare assimilates were used for grain growth at the expense of -
the weight of the internodes and perhaps also of the roots. The weight of the -
peduncle increased during the first two weeks after flowering and from that time
onwards the peduncle weight decreased slowly, whereas the weight of the other in-
ternodes dropped sharply after flowering, especially at higher temperatures.

This decrease in dry matter weight of the stem was greater than the gain in kernel
weight, Therefore the supply of assimilates to the grains by remobilization out of the
stem may only have been a part of the loss in weight. Much more of the weight loss was
caused by the increase of Tespiration at higher temperatures. This can be illustrated"
by a few measurements of photosynthesis and respiration with a Gilson respirometer,
takenat 15 and 25 °C {Table 3) for the four temperature treatments, _

- The increase of temperature gave 2 Quo value for the respiration of more than 2 as a

a2 - Neth. J. agric Sci. 22 (1974)
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Fig.3. The influence of temperature- on dry matter distribution after flowering (data of Group A}

Table 3. The magnitude of photosynthesis in flag leaf and of respiration in flag leaf, peduncle and
ear at the milk to dough ripe stage (x1 Ox/g fresh weight/minute).

Flag leaf Peduncle Ear
i
photosynthesis ~ dark respiration dark respiration dark respiration
S —
15°C 15°C 25°C 159C 25°C 15°C 25°C
Ty 15115 4.0 16 19.2 3.1 147 5.6 124
Te: 15125 49.5 49 10.2 4.5 9.3 4.4 2.4
T 25/15 512 - - - - 5.8 11.0
3.4 9.4

Ty 25125 58.9 - - - -

(1 g fresh weight = 55 cm# flag leaf.)

mean. To compare the organs, attention should be paid to the fresh weight ratio of’
these organs per plant; here the ratio for flag leaf, peduncle and ear was 1:4:15
So per plant the respiration of the car is much higher than that of the leaf.

Influence of light intensity o

‘Seed yield and growth rate of the grains gave a higher response to an increase of light

intensity from 92 to 142 cal cm?® day! than to an increase from 147 to 175 cal em?

day-1 (Fig. 4). '
During the first two weeks aft

the weight of the other internodes was significantly increase

er flowering the weight of the peduncle as well as
d by a higher light intensity. -

This means that shortly after flowering there is some basipetal transport of assimifates

in tke plant. The amount of downward transport, however, will depend on the supply
and on the storage of assimilates in the ear; the remainder of assimilates will be .
stored mainly in the stem. i : :
The advantage of a higher light inten
the more rapid leaf senescence, With 92,
culm three weeks after flowering amoun
pectively, .

sity for grain growth was partly redeced by
147 and 175 cal cm2 dayt the leaf area per
ted to 45.7, 41.5 and 36.5 cm? culmri, res-
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Table 4. Grain weight of main culm and site culm with three different numbers of kernels per main ear
{g ear-1),

Dates Main culm Side culm
Number of kernels  So S1 82 Ss St Sy
on main culm (control) (<25 %) (=50 o)  (control) (-25 %) (50 %)
3 weeks after flowering 1.13 0.92 0.64 0.82 093 0.97
5 weeks after flowering ' 1.72 1.56 1.09 1.29 1.35 1.46
7 weeks after flowering 1.97 1.68 1.18 1.37 1.51 159

Influence of the ear size

The storage capacity in the ear was reduced by removing some of the top and central
spikelets. This interference resulted in three storage capacitics with 47.0, 36.6 and
24.3 kernels per ear, respectively. ‘

Because of the reduced storage capacity there was initiaily an increase in the dry
weight of the peduncle and the other internodes; this increase Was, however, not
sufficient to compensate for the decrease of the ear weight (Fig. 5). .

The differences in dry weight of the internodes diminished during ripening, those of
the ear remained up to the mature stage. Striking was the fact that the removal of
spikelets on the main culm resulted in a significant increase of the seed yield f)f the
side culms (Table 4). This indicates that when the storage capacity of the mamn car

mg/kernel mg/spikelet
200 )
50 seed weight seed yield . 5
-—ld'\.._ x 5
. 1
45t \ o Sp
! VAN

-~ ‘160 Y
L }’\’l-.kx..x \ . \ .,
. o0 b.gpu.an\ P \/ \'\x

=]
N\ o7 \E- 120k /HI! ; P‘D
35- » Y
o /,n’:/ c\

40

‘%“"u \

S N ol %
ol \

\
158 .
) 1 13 15 17 19 21 23
spikelet number

MEEEUUE ARV SR S TR S TR T I cnnn
5 7 9 11 131517 18 21 23 a5 789

Fig. 6. The influence -of the number of kernels per spikelets on individual grain weight and grain

yield per spikelet (data of Group A: averaged for Ts and T0). _
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Table 5. The absclute growth rate (AGR) and the relative growth rate (RGR) of ear and kernels.

Ear * Kernel
' So 5, 5: S 5 S:
(control) (=25 %) (-50 %) (control) (-25 %) (-50 %)
AGR (mg day-)
2008 - 99 88.8 90.3 64.6 . 1.38 212 234
99 - 2219 515 43.5 0.6 1.11 1.27 1.56
22/9 - &/10 29.1 25.2 21.7 0.43 0.52 0.42
RGR (mg gt day-) ,
20/8- 9/9 98 124 148 259 304 370
9/9 - 22/9 25 25 27 38 38 41
22/9- 610 13 12 14 5 6 4

is very limited there is a downward flow of assimilates, which probably indirectly
(e.g. by means of a better root activity) favours the grain growth in the side culms.

The most important compensation for the reduction in number of kernels per car
was a considerable increase of the individual kernel weight. So the initial 50 % redl_Jc'
tion in kernel number resulted in a 25 % increase of the kernel weight. By removing
the top spikelets, the kernel weights of the spikelets on the basal part of the ear were
favoured by the additional supply of assimilates (Fig. 6).

To analyse the effect of different ear sizes on the physiological activity of the ear
and the kernels as a storage organ the absolute and the relative growth rate have to
be compared (Table 5). : L

The absolute growth rate of the total ear was decreased by reducing the ear size,
whereas the growth rate of the individual kernel was increased up to the ripening
stage. Difference in ear size affected the relative growth rate only a fortnight after
flowering in such a way that the growth rate of both the total ear and the indivlldual
kernel were increased corresponding to the reduction in ear size. During the remainder
of the kernel filling period there were hardly any differences in relative growth rate.
Obviously in that phase there is a factor other than carbohydrate supply which is
limiting the growth rate.

- The content of water-soluble carbohydrates (wsc) ‘ ]
Before anthesis water-soluble carbohydrates accumulate in the stem. The contribution
of these stem reserves to grain growth depends on the growing conditions, However,
in the wheat plant the stem acts as a pool of available carbohydrates which increases
with a surplus of photosynthates and decreases with consumption of carbohydrates,
either by respiration or by retranslocation. The extend to which this pool was affected
by temperature and light intensity is presented in Table 6. oo
From flowering onwards the content of water-soluble carbohydrates of the stem .
was strongly affected by temperature as well as by light intensity. The lower wsc content
at higher temperatures might be caused by a more rapid retranslocation to the kernels,
by a higher respiration rate of the stem or a greater carbohydrate consumption by the
roots. Especially at lower temperatures higher light intensities resulted in an increased
wsc content; 50 under low temperature conditions there is a greater surplus of carbo-
hydrates than at hi gher temperatures, : '

a6 . : - c . Neth. T, agric Sci. 22 (1974)
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Table 6. The content of water-soluble carbohydrates of the peduncle and the remaining internodes of
the stem (Group B) at different temperatures (T etc.) and Bight intensities (L1 etc).

T T - Ty T

L: L: Ls L1 L: La L1 L. La L: L. La

Peduncle

9/9 153 188 224 84 202 209 67 105 156 12 85 134
229 150 214 244 31 91 110 14 17 2s 1.0 12 13
2919 - . - - - - - 14 14 12 0 09 09
6710 : 13 126 104 08 08 1% - - - - - -
Lower internodes .

99 s82 299 351 249 251 302 208 2L7 a4 102 117 151
22/9 . 245 /1 292 89 122 142 24 g 30 23 28 28
2919 - - - - - 0o 15 24 o071 10 Il

6/10 117 134 180 11 25 L5 - - - -

i

The reduction of the ear had a smaller effect on the wsc content: a reduction of
the kernels per ear with 50.9% caused an increase in-wsc content of about 15 %.

Discussion

It was stressed earlier that grain growth was determined by the supply of carbohydrate
and the sink capacity of the ear. In this experiment the surplus of carbohydrates was
varicd by light intensity and temperature. It was found that reducing the light intensity
from 175 fo 92 cal cm? day (400-700 nm) did not decrease the grain yield propor-
tionally. Also Willey (1965) found relatively small reductions in yield with Shad"llxg
experiments in the field during the grain filling period. Of course the nmgmm"l"h"flt ';
mutual shading of the plants will depend on the number of cu!ms and on t te r;:d
area per culm. Generally, light competition during the pre-flowering phase has 11965'
out to be more critical for grain yield than competition at a later stagc (willey, ;
Puckridge, 1968; Fischer, 1972). ) ) First the
Temperature has influenced the supply of assimilates in various ways. lrls 0
senescence of the leaves was accelerated by raised temperatures and sccondly the
respiration of leaves, stem and ear was increased. Despite this increase of resp iration,
the growth rate of the kernels did not decrease, but was even greater. Th1§ 1pd1catee:
that there was up to 3 weeks after flowering no absolute shortage of asm_r:]ulatelst ?s
higher temperatures; only the content of wsc in the stem decreased raP; I{- At
unknown whether a lower carbohydrate level in the plant causes a much faster : of
of scnescence; there is some evidence that with higher temperatures the mover:n;r;‘ctor
nitrogen from the leaves into the grain is greater. This may be an u';.umrtan1 o ot
affecting the leaf area duration. Studying the duration of P°5t"}mh°5’s d?vthPmcan
under field conditions, Marcellos & Single (1971) found that an increase ?d © duced
daily temperature from 17.5 to 22.5 °C during the post-flowering pero ?; ¢ of
the duration of this phase by about 30 %. In this phytotron experiment the e Z‘f: the
temperature was greater, which might be explained by the add'tlfmal mflu&m‘:;r field
environmental temperaturc on -the roots of the plants grown in pots. Uh

' 217
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conditions soil temperature is affected less by the aerial temperature and by diurnal
variations in temperature,

The storage capacity of the ear depends on the potential size of the grains and on
the number of grains (Bingham, 1967). The latter of these two components was
artificially varied in this experiment after flowering; normally in a field crop the
number of grains is predominantly affected by the growing conditions before flowering
(Fischer, 1972). The potential size of the grains seems to be partly genetically con-
trolled, but also temperature and light intensity affect the number of endosperm celis
(Wardlaw, 1970). From recent work (Jenner & Rathjen, 1972) it may be concluded
that also the rate at which carbohydrate can accumulate in the ear is determined by
the flow rate of sucrose into the grain. Jenner (1970) showed that the concentration
of sucrose in the endosperm was closely related to the rate at which starch was
deposited. However, the level of sucrose in the endosperm was not linearly related
to the amounts of sucrose in the other parts of the ear. It was concluded that the
transport of sucrose into the grains is in some way very restricted on the final stages
of its passage into the endosperm,

In this experiment the sink capacity of the ear was determined by temperature
and ear size; during the carly phase of kernel filling temperature predominated over
the effect of ear size by affecting the growth rate of the kernels (Fig. 7). The effect of ear
size on the growth rate of the kernels was greater with higher temperatures; at 25 °C
there was a decrease in the weight of individual grains with an increasing number
of kernels per ear, while at 15 °C there was hardly any differences. Thus under
circumstances with a fast growth rate of the kernels the supply of carbohydrates will
be limiting, That is why the positive effect of a higher light intensity also was greater
with raised temperatures. This phenomenon was confirmed by the effects of tem-
perature and light intensity on the changes in thousand-grain weight during the kernel
filling period (Fig. 8) and on the content of water soluble carbohydrates in the stem.
At low temperatures the effect of a relative shortage of carbohydrates on the thou-
sand-grain weight came about at a later stage of kernel filling,

The quantity of wsc in the stem may be considered as a balance between the pro-
duction {photosynthesis of green tissues) and the consumption (respiration, starch for-
mation, etc.) of assimilates. The data of Table 6 show very clearly that at low

15°C 18.3°C 21.7°C 25°C
g/1000 kernels ‘
60 I . '; } © e ear size:Sy
X=X - X eqr size: 5y

SOL ot a¢ar sizesSq

/ — s | ST e
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Fig.7. The influence of temperature and ear size on thousand-grain weight (data of Group A) . -
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Fig.8, The change in thousand-grain weigh—t after flowering,
intensity {(data of Group A: alone S data).

temperatures there were initially higher contents of wsc in the stem, whic!l decreased
rather slowly during kernel filling. At high temperatures the wsc content in the stem
decreased even in the early stage of kernel filling. This decrease of the ws¢ content
“will be caused mainly by increased respiration (Table 3) and by more‘re_translocallon
to the grains. The increased loss of stem sugars at higher temperatures 1s In agreement
with the results of Asana & Saini (1962).
The conclusion might be that the final grain yield depends on the balance pctween
carbohydrate supply and ear capacity. The carbohydrate supply was determined _}Jy
temperature and light intensity, because poth climatic factors affec:,ted 'fhc n‘et assimi a-
tion rate and the leaf area duration. Low temperatures together with bigh light intensi-
ties resulted in a surplus of available carbohydrates. Under such circumstances there
must be a favourable effect of a greater ear capacity on grain yield; or oné m_1ght a_al;o
conclude, that with low temperatures during the kernel filling period a high lig }
intensity is not necessary to achieve a normal grain weight. The storage capacity ©
the ear is more limited be removing the kernels from the central spikelets than frotr)n
the top of the ear. The reduction in number of kernels per ear could only par(tiiy e
compensated by an increase in thousand-grain weight. Temperature af‘fect; ::rr
capacity by influencing the rate at which carbohydrate can accumulate in ’tl e t'orl
There is some evidence that various processes are involved, such as the trans oczr:) n
rate of assimilates, the passage of sucrose into the grain, the rate of converting s; rose
nto starch. To what extent these processes are important for grain growth an
grain size would be worthwile for further resarch.
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Summary

The response of grain growth to temperature and light intensity was studied under
controlliég éonditigons w%thin the ranges from 10 to 25 °C and from 64 to 188 W m—2,
r‘3SPectivelf. Warmth hastiened the senescence of the wheat plant and enh:'mced the
initial growth rate of the grains. Additional light promated the‘ rate of grain growth
more at high than at low temperatures; under the latter conditions there was a con-
siderable agcumulation of carbohydrates in the stem (up to 40 %) froin anthesnis
onwards. The rate of grain growth ranged from 0.70 to 1.64 mg day~* kernel~
The duration of grain growth was prolonged by decreasing the temperature from
2510 10 °C;"'thc increase in growth duration from about 30 to 1‘30 days corresponded
with a relatjvely stable temperature sum. Temperature and light also affected the
redistribution of assimilates and the chemical composition of the grain. The ra‘te
of protein synthesis was promoted more by warmth thaq the rate'of starch synthesis,
This resulted in an increased nitrogen content of the grain. The final content of total
non-structural carbohydrates (starch and sugars) was slightly decreased by warmth.
Additional light raised the carbohydrate content of all par:cs of- the p}ant and so
decreased the nitrogen content of these parts. However, light intensity had less

effect on nitrogen distribution and yield than temperature had.

Introduction

From site 1o site and from year to year great variations in light energy and_temp?_
rature occur during the grain-filling period of wheat. Lower radiation during this
period affects grain growth by decreasing photosynthesis and the supply of assi-
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milates (Willey & Holliday, 1971; Fischer, 1975). The effect of temperature on
grain growth is more complex than the effect of light intensity: there are effects on
‘source” processes (¢.g. carlier senescence of the leaves) and on ‘sink’ processes (&.g.
faster initial growth rate of the kernels). Usually a rise in temperature shortens the
kernel-filling period and decreases the final grain yield (Thorne, 1973; Sofield et al.,
1974; Spiertz, 1974; Ford & Thorne, 1975; Meredith & Jenkins, 1976). The im-
portance of the various components and aspects involved in the physiology of grain
growth has been extensively reviewed by Evans & Wardlaw (1976).

This paper presents the results of an experiment in which the main objectives
were {o investigate the influence of light energy and temperature on grain growth
and on the distribution of assimilates, in relation to the carbohydrate and nitrogen
economy of the wheat plant during the grain-filling period.

Matexials and methods

The experiment was carried out in the phytotron of the Department of Field Crops
and Grassland Husbandry of the Agricultural University, Wageningen.

Plant material and growth conditions :
Seeds of the spring wheat variety Orca with a diameter of at least 2.6 mm were
used for the experiment. To prevent seedborne diseases, the seeds were dressed with
Quinolate V-4, Twenty seeds were sown at random per pot; about two weeks after
emergence the number of seedlings was reduced to 15 per pot of 300 cm?. :
Each pot contained 5 kg of sandy soil. Chemical analysis of this soil gave the
following data: pHgg, 5.7; K-value 6.0; P-value 25; organic matter content 4.1 %.
The pots were fertilized weekly or fortnightly with a mineral solution of NH,NO,,
Ga(N03)2, KNO,, KH,PO, and MgSO,. The total amount of minerals (in meq per
pot) for the whole growing period was: 210 N (ratio NH, *NO,;— was 1:2.5), 60 P,
120 K, 30 Ca, 30 Mg, and 30 S. The micro-elements were apphed twice.

During the growing period, insecticides and fungicides were apphed regularly to
keep the plants healthy

Arrangement of experiments

From sowing to ear emergence (12 March to 15 June) the plants were grown ina
greenhouse with natural daylength and temperature contro]led at 12 and 8-°C for
day and night, respectively.

- Just before ear emergence the plants were transferred to growth rooms. The
temperature was kept at 15 °C and the daylength at 16 hours.

From flowering (29 June) onwards, 12 temperature,/light intensity combinations
were imposed as follows:
— 4 temperatures (°C): 10 (t,), 15 (t,), 20 (t,) and 25 (t,)
- — 3 light intensities (W ror-*; 0.4-0.7 nm): 188 (L,), 118 (L,) and 64 (L,).

The daily quantities of light energy (MJ m—2) intercepted on different heights during
a 16 hour llght perlod 3 weeks after flowermg were:

2
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: L, L, L,
level just above the plants (== 2.00 m) 10.80 6.82 3.68
level of the ears : (= 1.80 m) 8.58 5.02 2.80
level of the flag leaves (= 1.60 m) 4.81 2.68 1.39
level of the second leaves (= 1.40 m) 1.93 0.96 0.42
Ievel of the plant base (= 1.00 m) 1.05 0.46 0.13

The relative humidity was kept between 80 and 90 % with the higher values for
the 10 and 15 °C treatments and the lower values for the 20 and 25 °C treatments.

Sampling and observations

Plants were sampled at various times by harvesting 4 pots per treatment; most of
the observations were made on the main culms, To determine dry matter weights
and leaf area the culms were separated into :

a) flag leaf, penultimate leaf, other green leaves and dead leaves;

b) peduncle, penultimate and remaining internodes;

¢) ear (chaff and grains). . :

The side culms were separated into ears and straw. Stubble and root weights were

determined together for all culms per pot.
" The coefficients of variation ranged from 2.7 to 14.4 % for the various dry

weight observations.

Determining the photosynthesis and respiration rates
Photosynthetic and respiratory rates were determined with an infrared gas analyser
(URAS, Hartmann Brown: Co., Frankfurt am Main)} by enclosing leaves and ears
in an assimilation chamber. The tube-shaped chamber was 40 cm long and 25 mm
wide. The measuremehts were made under the light conditions in the growth room.
The temperature of the air in the chamber was adjusted to 20 °C when determining
the photosynthetic rate and adjusted to the temperature of the different treatments
for determining the respiratory rates. |

The air passed through the chamber at a rate of 3.8 1 min—" and a CO, concen-
tration of about 325 ul 1. The rates of photosynthesis and respiration were cal-
culated from the differerice in CO, concentration in the air between inlet and outlet

of the chamber.

Determining nitrogen and sugar content . .
The samples of the different parts of the plant were dried at 70 C to a constant

weight. The dried material was ground through a 1-mm sieve and stored in air-tight
plastic bags. To determine total nitrogen, a modified Kjeldahl method was used.

To determine water-soluble carbohydrates, 500 mg of dried material was boiled
in 50 ml water for 10 minutes. After cooling, 5 ml of a mixed solution of 238 g zinc
acetate + 30 g acetic acid, dissolved in 1000 ml of water were added. One minute
later, 5 ml of a solution of 106 g K ,Fe(CN); * 3 H,0, dissolved in 1000 mi of water
~were added. This mixtare was made up 10 100.ml with water and filtered; 5 ml of
filtrate were diluted with water and used for the determination of the total soluble
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carbohydrates with anthrone by means of an auto-analyser.

To determine the starch content, 250 mg of dried material were used; after being
boiled in water the samples were treated for 2 hours in an autoclave at 120 °C and
149 cm water pressure. After cooling, 2.5 ml of acetate buifer and 10 mg amylo-
glucosidase per 100 mg (expected) starch were added. This solution was made up
to 50 ml with water and placed in a waterbath at 60 °C for one hour. After cooling,
the samples were treated similarly to the analysis of the water-soluble carbo-
hydrates.

Total soluble carbohydrate and starch content were expressed in glucose units.

Results

Influence of light intensity and temperature after anthesis on the area of green parts
of the plants, photosynthetic activity and respiration :
The total green area of the main culm at anthesis was composed of 152 cm?® of leaf
area, 80 cm? of stem area and an undetermined area of the ear. Both flag leaf and
penultimate leaf had an area of 54 cm?, whilst the dry weights amounted to 163 and
145 mg per leaf, vespectively. The green area of the two side culms per plant was
not determined. It was found that warmth hastened the senescence of the leaves
and the yellowing of the other green organs (Table 1). At 25 °C the senescence
was almost completed after 4 weeks, whilst at 10 °C there remained some green
leaf area even after 11 weeks. '

Light intensity also had a slight influence; the green coloration lasted longer at
low light intensities. ~ :

The rate of uptake of CO, (apparent photosynthesis) of thg flag leaf was about

23.5 mg dm—h—! at ear emergence; at anthesis this value had decreased to about
: i

mg €O, dm?h! mg €O, dm2n!
20 ftag teat - flag leaf
18l anthesis +3 weeks . N anthesis+3 weeks

16} / . L /\
14} x . N
Q

10 L
-] - o
e e
6 a—" ° . 0\!
se—e = 10°C B o
4 #emx = 15°C L —e =83 Wm"?
o—0= 20°C H——X e 7 .
2 Aemas P5°0 - om0z 25 »
0 3 1 L 1 1
83w m? 10 15 20 25 °C

Fig. 1. The rate of apparent photosynthesis of the fiag leaf at 3 weeks after anthesis in relation
1o the post-floral temperature and light treatments. :
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Table 1. Amount of green area of the flag leaves expressed as percentage of the leaf area at
anthesis, \

Temperature (°C) Anthesis + 2 weeks  Anthesis + 4 weeks  Anthesis -+ 6 weeks

10 160 85 42
15 100 69 36
20 100 3 0
25 106 2 0

21.5 mg. During the first few weeks after anthesis the rate of photosynthesis re-
mained constant per unit green area at all temperatures except 25 °C. At 3 weeks
after anthesis the 15 °C treatment showed the highest rate of photosynthesis
(Fig. 1). The decrease in photosynthetic rate at higher temperatures may have been
caused by faster ageing of the leaves, whilst the photosynthetic rate at 10 °C may
have been limited by the slow-down of metabolic processes and the very high carbo-
hydrate content of the vegetative organs.

The rate of dark respiration of the flag leaf at ear emergence and anthesis
amounted to 6.0 % and 4.8 % of the rate of apparent photosynthesis, respectively.
Soon after anthesis the rate of respiration of the ear and the flag leaf increased in
response to warmth. However, at 3 weeks after anthesis the rate of respiration of
the ear decreased with a rise in temperature. The respiration rate of the ear was
1.11, 1.49, 1.17 and 0.63 mg CO, per g dry weight per hour with 10, 15, 20 and
25 °C, respectively. '

In this experiment the production of assimilates depended mainly on:

— light intensity: fixed at 3 levels;

~ rate of photosynthesis per vnit green area;

— amount and duration of the green area per culm.

Although the few measurements of photosynthesis and respiration do not allow a
complete carbohydrate balance to be made, we might conclude from the data of
Table 1 and Fig. 1, that temperature affected the duration of green area per culm
more than net photosynthesis. Therefore the total production of assimilates after
anthesis is favoured by low temperatures, combined with high light intensities.

Influence of light intensity and temperature after anthesis on grain growth and dry
matter distribution
After anthesis, warmth reduced the duration of stem and grain growth (Fig. 2). The
stem weight increased more at lower temperatures, so there was a surplus of as-
similates for grain growth. After the mid kemel-fillmg stage the senescence of the
leaves had already proceeded to a large extent, decreasing tht? production of assimi-
lates. The reduced supply of assimilates from photosynthesis was partly compen-
sated by a retranslocation of assimilates from the stem to the grains. The average
decrease in stem weight was 30 % of the final kernel weight.

The weight of the leaves decreased only slightly after anthesis. -Howe»:er, warmth
reduced the weight of the roots considerably during the kernel-filling period.

There were significant interaction effects of fight and temperatures on grain
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Fig. 2. Dry matter weights of the various parts of the main culm from heading onwards.

growth. The growth rate of the ke
filling varied within a range from
growth due to the reduction of

temperatures (Table 2).

rmels during the apparently lincar phase of grairll-
30 to 74 mg per ear per day. Differences in grain
light intensity were less at lower than at higher

Faster grain growth due to warmth was set off by accelerated senescence of the

plants and resulted in a decrease o
shortened from about 80 to 30 d
the kemel-filling proved to be
temperature sum was somewha

caused by shoriage of water or assimilates,

Grain growth per degree
of kernel filling. After 300 d
curve in the sequence 25, 20 and 15
kernel weight was attained, the gr
but predominantly by the supply of

egree-day

assimilates.

{ grain yields (Fig. 3). The post-floral period was
ays. However, the sum of daily temperatures during
relatively constant. At ripeness it seemed that the
t lower at high temperatures. This may have been

-day was about the same during the initial phase
s the growth curves deviated from the 10 °C
°C. From the point of deviation until maximum
owth rate was not determined by temperature,

Grain yields per ear ranged from 0.79 to 2.56 g because of the effects of temper-
ature and light intensity on the rate and the duration of grain growth. Differences

In grain yield per ear were not only attributable to the effects of light and temper-

Table 2. The rate of
ferent light intensities.

grain growth (mg day—1) during the linear phase.of grain filling, at dif-

118 Wm—2 -

Temperature 188 W m—2

o

_ .bperear perkernel
10 43 036

15 - 52 1.04

20 64 131

25 74 1.64

64 W m—=

perear per kernel

41 0.82
43 0.91
47 1.04
54 1.29

per ear per kernel

30 0.70
34 0.80
38 0.93
48 1.23
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Fig. 3. Grain growth at 4 temperatures, expressed as g dry matier per ear against time (A)
and against the sum of daily temperatures after anthesis (B)- _

ature on the grain weight per kernel, but also to the number of kernels per ear.
Obviously, reduced light intensity and warmih after anthesis caused many embryos
to be aborted, thereby decreasing the number of kernels per ear (Table 3). Thus
the effects of temperature and light were more pronounced_ on gralp.yleld per ear
than on kernel weight. Harvest index increasefi, when growing conditions (a relati-
vely low temperature combined with a high light intensity) were more favourable
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Table 3. Grain yicld and yield components of main culms.

Light Temp- Weight/ Kernels/ Grain Dry matter/ Harvest
intensity erature kernel ear " weight/ culm (g} index (%)
{Wm—2) O (mg) ear (g) '
188 10 48.9 523 2.56 523 48.9

15 436 49.3 215 4.62 46.5

20 37.5° 49.0 183 4.34 422

25 32,0 44.5 142 3.81 373
118 10 49.7 49.3 2.44 5.15 47.6

15 458 449 2.06 4,46 46.2

20 31.9 44.0 1.40 3.94 356

25 266 4.5 1.13 3.56 31.7
64 10 380 46.8 1.78 4.04 44.6

15 319 42,8 1.36 386 354

20 26.1 41.3 1.08 337 320

25 : 203 - 390 0.79 3.15 251

for a long period of photosynthetic activity. In this experiment the harvest index
ranged from 0.25 to 0.49.

Influence of light intensity and temperature after anthesis on water-soluble carbo-
hydrates (w.s.c.) and starch

Carbohydrates are the main substrate for starch synthesis in the grain. The amount
of available carbohydrates in the wheat plant after flowering depends on the balance
between photosynthetic production and utilization of assimilates,

In this phytotron cxperiment the carbohydrate economy was more affected by
temperature (range 10-25 °C) than by light intensity (range 64-188 W m—=). The
;hangcs in starch and w.s.c. contents during the post-floral period are shown in

ig. 4.
~ The rate of starch synthesis was strongly enhanced by warmth and less by light
intensity. The effect of light intensity on starch synthesis was greater at high than
at low temperatures,

Although the percentage of w.s.c. in the kernels differed considerably because of
temperature, the amount of w.s.c, was about equal for all temperature treatments
during the first two weeks after anthesis. A high percentage of w.s.c. in the grain
resulted from a lower rate of grain growth. Conversely, a high starch content in the
grain was associated with increased grain growth due to warmth. Where the growth
rate of the grains was accelerated by a higher light intensity, the starch content was
hardly affected. Thus the rate at which sugars were converted into starch was deter-
mined by temperature.

- The final contents of total non-structural carbohydrates were 21.3, 20.4, 16.2

and 16.5 % sugar and 65.1, 62.2, 58.5 and 53.5 % starch at temperatures of 10,
15, 20 and 25 °C, respectively,
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e varjous vegetative organs of the wheat plant was also
Fig. 6). At lower temperatures the w.s.c. content
after flowering. There was also a marked in-
leaves after flowering. The w.s.c. content
ded to lower temperatures by increasing

The w.s.c. content in th
strongly affected by temperature (
of the stem increased considerably

_crease of the w.s.c. content of the upper
of the roots and stubbles likewise respon

markedly.
y ture and light intensity on the storage capacity of the

The influences of tempera _ { :
grains and on the amount of w.s.C. reserves available for grain growth in stem and
leaves are shown in Fig, 5. As there was 2 considerable accumulation of carbo-
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Fig. 6. The percentages. of water-soluble carbohydrates in the vegetative organs of the main

culm during the post-floral period.

hydrates in the stem at lower temperatures, it may be inferred that the growth rate
the supply of assimilates.

of the grains was affected more by temperature than by
The leaves were of minor importance as an alternative sink for carbohydrates.
High light intensities and low temperatures both increased the amount of w.s.c.

in the grains. :
Influence of light intensity and temperature after anthesis on nitrogen uptake and

distribution . )
Samples of plant parts, viz leaf blades, internodes (including leaf sheaths) and ears

(grains and chaff), were taken at regular intervals fn.)rn anthesis onwards. There
was only a slight influence of light intensity on the nitrogen content of the leaves
and stem. The nitrogen percentage of the leaves decreased during the post-floral
period: on average from 3.8 to 0.8 % for the flag leaf'and frorr3 2.0 to 0.9 % for
the lower leaves. Temperature affected the rate at wh'lch the nitrogen content of
the leaves declined. The average decrease of the nitrogen percentages of the
peduncle, internode 2 and lower :nternodes was from 1.50 to 0.35 %, from 0.65 to
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Fig. 7. The amount of nitrogen compounds in the leaves, stem and grain of the main culm
during the post-floral period in relation to the four temperature treatments.

0.25 % and from 0.50 to 0.25 %, respectively. The rate of decline was accelerated
by warmth; a reduced light intensity gave a slightly higher nitrogen percentage of
all internodes.

Warmth enhanced the rate of uptake of nitrogen in the grain from 0.6 to 1.2 mg
N per ear per day within the range from 10 to 20 °C. A further increase of temper-
ature did not raise the nitrogen uptake. Enhanced uptake of nitrogen by the grains
was associated with accelerated depletion of the nitrogen reserves in the stem and
the leaves (Fig. 7). The contribution of the nitrogen reserves in stem and leaves

Table 4. Nitrogen content of the grain and nitrogen uptake and distribution within the main
culm,

Light Temp- mgNper mgNper mgNin mg Nin Nitrogen % Nin
intensity erature culmone  culm at straw grain © index grain
Wm— (°Q) week after  harvest :
anthesis
188 10 40.7 535 11.3 422 0.79 1.65
15 37.2 50.8 125 38.3 0.75 1.78
20 371 534 13.1 40.3 0.75 2.20
25 338 51.8 13.7 38.1 074 2.68
118 10 40.7 56.5 11.1 454 0.80 1.86
15 396 531 123 40.8 077 198
20 34.0 521 13.7 38.4 0.74 274
25 34.1 49.3 147 . 346 070 . 3.06
64 10 411 51.5 131 84 - 0I5 216
15 413 510 144 36.6 072 2.69
20 375 54.0 15.1 38.9 0.72 3.60
.25 29.5 48.1 16.9 31.2 0.65 3.95
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accounted for no more than about 60 % of the nitrogen yield of the grains, so there
must have been an additional supply of nitrogen to the grains from nitrogen uptake
by the plant after anthesis (Table 4). The nitrogen yields of the grains differed only
slightly, as did the nitrogen quantities left in the straw. This was all the more striking
because of the great effect of temperature on the dry matter yield of the grains.

Discussion

The results of this experiment confirm the more general finding that high post-
anthesis temperatures hasten senescence of the wheat plant, shorten the growth
period and decrease total dry matter weight as well as grain yield (Thorne et al,,
1968; Sofield et al,, 1974; Spiertz, 1974; Ford & Thorne, 1975). This shorter
growth period was associated with a faster initial growth rate of the grains and an
accelerated movement of carbohydrates and proteins from the vegetative organs
to the developing grains. Ford et al. (1976) demonstrated that the effects of warmth
on processes related to grain growth were caused by the temperature of the ears
themselves, rather than of the whole plant. _

Although temperature is very important, light intensity also affects grain grqwth.
Contrary to the conclusion reached by Ford & Thorne (1975), we found a consider-
able interaction between temperature and light intensity on the growth rate of the
grains. During the linear phase of grain filling the growth rate was increased more
by additional light at high than at low temperatures (from 0.70 to 0.86 per day per
kernel at 10 °C and from 1.23 to 1.64 mg per day per kernel at 25 °C with an in-
crease in light intensity from 64 to 188 W m—2). At high temperatures the demands
of the grains required more assimilates than the amount produced under the con-
ditions of reduced light intensity. At low temperatures there are ample _carbohyflrate
reserves in the stem. Nevertheless the rate of grain growth increased with additional
light. So one might conclude that assimilates from current ph(_)tosynthesis are more
readily available for grain growth than are assimilates stored in the stem.

The temperature and light treatments from anthesis on'lwards algq affected St?ed
setting. High light intensities and low temperatures (growing conditions favouring
a high level of carbohydrates in the plant), increased the number of kernels per
ear. The importance of supply of assimilates for seed setting was also found in a
CO, enrichment experiment (Krenzer & Moss, 1975). They found that kernel num-
ber and size were more dependent on additional assimilates at high than at lqw
temperatures. Our results confirm the effect of temperature on the rate of grain
growth found by Sofield et al. (1974), but do not correspond to the'u' conclusm'n
that differences in rate of grain growth per ear are due_almos't entirely to grain
number per ear and not to radiation. There are other stimulating effects of light
on grain growth besides an additional supply of assimilates; e.g. Wardlaw (1970)
found that reduced light energy decreased tl}e number of endosperm cells. We found
a positive effect of light intensity, even with ample carbohydrate reserves, at the

low temperature treatments.
The faster initial growth rate
but was mainly an effect of temper
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did not result from an increased net photosynthesis,
ature on processes involved in grain growth. The
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actual growth of the kernels will be determined by the supply of assimilates and
the rate at which low molecular substrates are converted to high molecular storage
substances. In our experiment, starch and protein synthesis in the grains were con-
siderably promoted by warmth up to 20 °C; a further rise in temperature to 25 °C
was less effective. Protein synthesis was enhanched more by warmth than was
starch synthesis (see Fig. 4 and 7). This resulted in a higher nitrogen content in the
seed. Kolderup (1975) also found that a rise in temperature increased grain nitrogen
content considerably. Similar effects of temperature in the range from 10 to 23 °C
have been found for protein and starch synthesis in pea seeds (Roberison et al.,
1962).

Initially, more assimilates were produced than used for grain growth; therefore
the reserves in the vegetative organs increased during the first weeks after anthesis.
Later on the increased utilization of assimilates for grain growth and respiration
caused the carbohydrate reserves in the stem to deplete rapidly, especially at high
temperatures.

On average, the losses of carbohydrates and nitrogen from the stem and leaves
amounted to about 30 and 60 % of the ultimate quantities of carbon and nitrogen
compounds in the grains respectively. However, the loss of carbohydrates cannot
be completely attributable to retranslocation, it is partly caused by respiration.
Rawson & Evans (1971) estimated the loss due to respiration to be one-third of the
change in stem weight. However, the respiration rate will depend on temperature
and available substrate. Spiertz (1974) found a Q,, value of about 2 for the respi-
ration of different organs during the milk- to dough-ripe stage. This value was
confirmed by more detailed studies of respiration by J. Vos (Dept. of Field Crops
& Grassland Husbandry, Agricultural University, Wageningen; pers. comm., 1976)
recently; he found a Q,, value of 2.0 one week afier anthesis. Therefore the contri-
‘bution of stem reserves to the starch accumulation in the grain must have been

‘considerably lower than 30 % of the ultimate grain yield. The percentage of water-
soluble carbohydrates in the stem at the final harvest provides some evidence that
-the redistribution of carbohydrates was greater at higher temperatures.

Early studies on carbohydrate translocation (Miller, 1939) showed that sugars
move into the grain until the moisture content falls to about 40 %. Sugars continue
to be converted to starch while the desiccation of the kernel occurs. Not all sugars
are converted to starch in the grain. Escalada & Moss (1976} studied the changes
in non-structural carbohydrate fractions of field-grown spring wheat. They found
‘that the glucose, fructose and glucofructan contents reached maxima before the
phase of rapid starch synthesis, but then decreased as the kernels matured. We
found 2 similar pattern in w.s.c., but the percentage of w.s.c. attained relatively
higher values (= 15 4 20 %). The quantity of sugars remained constant during

kernel-filling: this corresponds to data published by Jennings & Morton (1963).

In contrast to the w.s.c. content, the starch content was relatively low, so a part
of the polysaccharides was determined as ‘water-soluble’ carbohydrates instead of
as starch. The percentage total non-structural carbohydrates (starch + w.s.c.) de-
creased with warmth. This was compensated for by an increase of the structural
carbohydrates. However, the protein content also increased with warmth. Thus
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warmth not only affected dry weight, but also the chemical composition of the
grain. :
In our experiment, water and sugar uptake were affected both by temperature
and by light intensity. The rate of desiccation was determined by temperature. It is
not clear whether the water content is a reflection of ripening or actively affects
ripening processes. Radley (1976) found that the water loss of the grains is pre-
ceded by an increase in the abscisic acid content. This endogenous growth substance
might be a regulating agent in changing the biochemical and physical attributes of
the pericarp, which are related o water loss of the grain. Jenner & Rathjen (1975)
stated that the onset of the decrease of starch accumulation in the grain is caused
by a fall in the synthetic capacity of the endosperm and not by a reduction in the
supply of sucrose to the sites of starch synthesis. They hypothesized that enzymic
changes involved in converting sucrose to starch affect the duration of grain growth.
We found that the kernel-filling period was longer as the levels of carbohydrates
and proteins in the vegetative organs were higher and the grains had a higher water
content. The high level of proteins might help prolong the photosynthetic activity
of the leaves, and the available carbohydrates might promote the functioning of the
roots. Co-
The final grain yield depénds both on the rate of dry matter accufnulation.and
on the length of the grain-filling period. The duration of grain growth is determined
by processes involved in the senescence of the vegetative organs and prqcesses
governing the ripening of the grain. The number of days betvx_feel,l anthesis and
maximum kernel weight, the so-called ‘effective grain-filling period’, amounted to
81; 63, 41 and 29 days corresponding to temperature treatments of 10, 15, 2.0 and
25 °C, respectively. Grain growth per unit of degree-day was the same with ‘all
temperature treatments until 300 degree-days. From that point ?nwards thfi decline
in.the growth curve ocurred in the sequence 25, 20, 15 and 10 °C. Of}e might con-
clude that at high temperatures the rapid senescence of the green tissue and the
high respiration caused a shortage of carbohydrates, which reduced the growth rate
towards the end of the kernel filling. At lower temperatitres under more optimal
growing conditions, we observed that the ripening of the ears preceded the senes-
.cence of the top leaves. : o ’ o
An analysis of yield differences of field-grown wheat crops It different seasons has
shown positive, effects of warmth on the rate of gfam.ngth (Spieriz, In prepara-
tion). Positive effects of warmth on the efficiency, defined as grain-leaf ratfo, were
also found with a ficld-grown crop by Welbank' et al. (19{58). The importance of
light intensity in a field crop was studied extenswel_y b_y_Wllley & I.{0111f]ay (1‘971_)
and Fischer (1975) in shading experiments. The significance of light intensity is
over-estimated in this type of experiment because‘of_ tl_;e e?fect of shading on .the
temperature of the wheat plant. In spite of these difficulties, the results of field
and phytotron experiments agree well. - o '
o seht” if wheat plants were better adapited
Grain yields of wheat m1gh‘t‘ be enhancet This woullzi allow the wheat pla:?t to

to hot spells during the kernel-filling period. L \ .
benefit Ill)mreAfr\om gthe higher light intensity that is mostly associated with warmth.
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Summary

Grain growth and yield components of winter wheat (cv. Lely) were studied in a
field experiment in 1976 with four regimes of nitrogen dressing (50, 100, 100 + 50
and 100 + 100 kg N ha-'). Growing conditions were characterized by a high
level of solar radiation, warmth, ample nutrient supply and o damage by diseases.

Nitrogen raised grain number per m? from 16700 to 20 600 and grain yield from
640 to 821 g dry weight m—*. Grain growth duration was short, due to warmth,
but the tate of the grain filling was very high: from 24.0 to 29.2 g m—2 day—1
during the effective grain-filling period. A high grain yield was associated with
a high nitrogen percentage ‘of the grains, wich resulted in a grain protein yield
ranging from 63.8 to 107.1 g m—2 with an increased nitrogen dressing from 350
to 200 kg ha—1. : )

The carbohydrate demand of the grains was provided by current photosynthesis
and relocation of stem reserves. The latter was reflected in a decline of the stem
weight after the mid-kernel filling stage. Nitrogen and phosphorus demand of the
grains were supplied by withdrawal from the vegetat}ve‘organs (leaves, stem, chaff)
and to a large extent by post-floral uptake and assimilation.

Under the prevailing growing conditions the grains tumned out to be very strong
sinks for carbohydrate, nitrogen and phosphorus as shgwn by the harvest-indices.
Additional nitrogen dressings increased the harvest-indices of dry matter, nitrogen
and phosphorus from 0.40 to 0.48, from 0.75 to 0.81 and from 0.91 to 0.93, res-

pectively.

It was suggested that a more restricted vegetative crop development at high nitro-

* Present address: Centre for Agrobiological Research (CABO), P.O. Box 14,
6700 AA Wageningen, the Netherlands.
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gen levels and a longer duration of root activity, photosynthesis and grain growth
after anthesis would considerably favour grain yield.

Introduction

Grain yield of wheat is a function of the number and growth rate of kernels per
unit ground area. The growth rate is the result of production of assimilates and
storage of carbon and nitrogen compounds in the developing grains. The carbo.n
supply depends mainly on the green area duration and the net photosynthesis
of leaves, glumes and stem after anthesis (Evans & Wardlaw, 1976; Stoy, 1975).
The nitrogen supply depends on the relocation of reserves in the vegetative organs
to the grains and on the uptake and reduction of nitrate during the grain filling
periode (Austin et al., 1976; Dalling et al., 1976; Campbell et al., 1977b).

The aim of this experiment was (o study the effect of various levels of nitrogen
dressing and disease control on plant growth and crop development (number of
culms, grain number, leaf area}, on the post-floral economy of carbohydrates and
nutrients (N, P and K) and on the grain growth pattern of winter wheat under
optimal growing conditions in the field.

Methods

The experiment was carried out on the experimental farm of the Agricultural Uni-
versity, located in the Flevopolder. The type of soil was marine clay of the fol-
lowing characteristics: clay content (<< 16 um) 450/: organic matier 2.8%;
pH-KCI 7.3; CaCO, 10.0°/,; K. value 22; K-HCl 24; Pw value 23. Before sowing
250 kg per ha of 430/, superphosphate was applied; potassium was omitted sincg
it was already abundant in the soil. Nitrate-nitrogen, available in the soil layer
of 0.75 m depth, amounted to approximately 80 kg N per ha at the end of Febru-
ary 1976. The mineralization of nitrogen in the soil during the growing season
of 1976 was relatively high. The wheat Crop was grown in a nine-year rotation
with seed potatoes as previous crop.

Sowing of the cultivar Lely was done on 23 October 1975 with a seed rate of 400

kernels per me. Nitrogen was applied as split dressing with the following treat-
ments (in kg N ha~1):

16 March 20 May - Total
N; 50 0 50
N, 100 0 ' 100
N3 100 - 50 ' 150
N, 100 C 100 200

The experiment consisted of a completely random block design with four nitrogen
and four fungicide treatments and with four replicates. The fungicide sprayings
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Weeds were controlled by spraying with 4 litres MCPP per ha at the end of April.
This spraying was combined with the application of 2 litres chlormequat (CCC)
er ha.
F The individual plots had an area of 6 X 20 m2 with row widths of 15 cm. An in-
ner strip of 3 m was reserved for the combine harvest. Sampling during the
growth period were carried out in the inner rows of the border strips, each consist-
ing of 10 rows of 20 m length.

Observations

Measurements of crop growth and plant development were carried out on 27
April, 18 May, 1 June and weekly from 15 June onwards. The area sampled at
these intermediate harvests amounted to 0.30 m?2 (= 4 rows of 0.50 c¢m) per plot.
After determining fresh weight and tiller number the samples were sub-divided
for measurements of leaf area per leat layer and dry weight of the various parts
of the culm. For the chemical analyses small samples were prepared. All samples
were dried at 70 °C (for details, see Spiertz, 1977). Chemical analyses of nitrogen,
phosphorus and potassium were done by the Department of Soils and Fertilizers
of the Agricultural University.

The light interception by the crop was measured in all plots perpendicular to the
rows with an integrating photometer (0.4-0.7 nm) of one metre length.

In 1976 the growing season started relatively cold, sunny and dry in April (see
Table 1). After anthesis, on 12 J une, the weather became much warmer and dryer
than average, especially from a fortnight after anthesis onwards. The crop se-
nesced very rapidly therefore and the grain filling period was comparatively short.
In spite of this extreme weather conditions there was ample water available at
60 cm depth in this polder soil; thus the eatly ripening was obviously not caused
by water shortage,

Disease infections were very limited during this growing season. Only during the
carly stages of crop development Septoria tritici could be observed. From the fun-
gicide treatments it appeared that no damage of leaf and ear diseases had occurred.

Results

The data are presented without considering fungicide treatments. At intermediate
harvests the number of replicates amounted to four, whilst at the harvests of 27
and 29 July a complete analysis of variance was computed (Table 2).

Canopy structure, yield and yield components

Plant density was quite high, about 344 plants per m2, due to the high seed rate
and the mild winter. Tillering amounted on avarage to about 2.5 and 4.1 tillers
per plant on 6 and 27 April, respectively. The maximum tiller number was achieved
at the end of April and amounted to 1410 per m2. There was no significant dif-
ference in tiller density between the nitrogen treatments. The weather in May did
not favour leaf and stem elongation of the wheat plant, so the crop remained
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Fig. 1. Leaf area index per leaf layer after anthesis at four levels of nitrogen dressing.

short and stiff-strawed, The areas of the leaves were much smaller than is nor-
mally expected; the flag leaf in particular was very short (Fig. 1). The area of the
upper leaves remained rather constant for two weeks after anthesis; from then
on senescence proceeded very rapidly, especially with the lower nitrogen treat-
ments. The difference in the duration of the green area between the plots with
50 and 200 kg N/ha was about seven days,

Despite the low leaf lamina area index, light interception by the crop 2 weeks
after anthesis ranged from 83.5 to 91.59/, of the incident visible radiation (Table
2). Stems and cars therefore must also have intercepted a large amount of radia-
tion. The contribution of the leaf laminae to the total (one-sided) green area
amounted to about 409 .

The positive response of grain yield to a'rise in nitrogen supply must be attri-
buted mainly to an increase in the number of kernels per car (Table 2). This num-
ber raised from 32.8 to 35.9 kernels per ear by increasing the nitrogen dressing
on 16 March from 50 to 100 kg ha-t. An additional nitrogen dressing of 50 kg hat
during the boot stage gave an extra response of about two kernels per ear.
Dry weight per grain increased from 40.0 to 42.1 mg as nitrogen dressings were
.raised from 50 to 100 + 50 kg N ha-1, respectively. The number of ears was also
mereased by extra nitrogen, but to a lesser extent than the number of kernels per
ear. Grain yield was therefore mainly determined by the number of kernels per
m?. An increase in the number of kernels per m2 from 16 700 to 20 600 corres-
g}gn;!e;i )with grain yields of 640 and 821 g dry weight per m2 at the final harvest

uly).

Dry weights of straw and chaff were determined on samples from an intermediate
parvest of 0.30 m2 on 27 July. The nitrogen treatments were only partly reflected
in straw and total dry matter yield, in spite of a clear response of the grain yield
to nitrogen. For this reason the total dry weight was also calculated from the grain
yield pf an area of 60 m2 by means of the harvest index. The total dry matter yield
then increased from 16.0 o 17.1 tons with nitrogen dressings of 50 and 100 -+
100 kg ha—1 respectively. This increase was less than the rise in the total grain
we.ight, ‘which indicates an improved translocation of assimilates from the vege-
tative parts of the wheat plant to the grains with increased nitrogen supply. Thus
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the range from 0.40 to 0.48 for the harvest index was mainly brought about by
the differences in grain yield.

When individual treatments instead of the whole range of nitrogen dressings are
compared, Student’s test (confidence level of 50°/,) did not show any significant
differences in grain yield and yield components between 100 + 50 and 100 -
100 kg N ha—1. Thus the maximum grain yield, as far as nitrogen was concerned,
was almost completely realized with a split dressing of 100 + 50 kg N ha—1.
A further increase of nitrogen did not raise the yield substantially. The effect of
nitrogen on the uptake of nutrients and on the chemical composition of the va-
rious parts of the wheat plant are discussed further on in the paper.

Rate and duration of grain growth

Grain growth of this winter wheat crop was characterized by a short growth period.
The effective grain-filling period lasted about 4 weeks, while the period from
anthesis to maximum grain weight amounted to about 5 weeks., The period with
a high rate of grain growth ended before mid-July, followed by only a small in-
crease in grain weight later on.

Despite the very short kernel-filling period grain yields turned out to be quite
high. So the rate of grain growth must have been exceptionally fast. From the end
of anthesis (15,/6) until the stage of maximum kernel weight (20/7) the daily grain
growth ranged from 1.13 to 1.19 mg dry weight per kernel, from 33.4 to 41.1
mg dry weight per ear and from 19.0 to 24.0 g m—2, due to an increased nitro-
gen dressing (Fig. 2).

From approximately 29 June to 6 July, the growth rate of individual grains was
hardly affected by nitrogen and amounted on average to 2.5 mg kernel'l day-1.
After the midkernel filling stage late nitrogen treatments increased grain growth
rate from 0.78 to 1.09 mg kernel-1 day-1. :
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Fig. 2. Growth curves of grain dry weight per kernel, per ear and per m? at four levels of
nitrogen dressing.
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Fig. 3A. Distribution pattern of dry weight for the above-ground parts of the wheat plant at
nitrogen dressing of 100 - 100 kg N ha—1,

Fig. 3B. Course of dry weights of grain, chaff, stem and leaves after anthesis at a nitrogen
dressing of 100 + 100 kg N ha—1.

As additional nitrogen increased both the number of kernels per m2 and the
growth rate per kernel, more assimilates must have been made available from grain
growth either by an increased photosynthetic production or by an improved utiliza-
tion of stéted assimilates in the stem. In fact, additional nitrogen promoted photo-
synthetic production, as shown by the increase in the total matter yield of the
crop (Table 2). Nevertheless a gap in the dry weight balance for the grains existed,

which can only have been filled up by an increased relocation of assimilates from
the stem to the grains.

Dry matter distribution and carbohydrate reserves

There were only smal changes in the dry weights of the leaf blades and the chaff
from flowering onwards, but stem weight increased during the two weeks after
anthesis, succeeded by a sharp decline (Fig. 3). Thus initially the production of
assimilates by current photosynthesis was greater than the demand for grain
growth. The decrease in stem weight tcok place simultaneously with the start of
a hot spell, which obviously accelerated grain growth. The loss of stem weight
amounted, within a 3-week petiod, to 3360.and 2760 kg ha—1 with 50 and 200
kg N hal, respectively (Table 3). It may be assumed, that a part of the loss in
stem weight was caused by respiration, but relocation of assimilates to the grains
and the roots may also have contributed (o it Especially during the Iatter part
of the grain filling period, when grain growth coincides with a decline in current

photosynthesis of senescing green organs, relocation of stem reserves may have
been important source of assimilates. :
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Table 3, Losses of dry weight and water-soluble carbohydrates (w.s.c.) from the stem during
the grain-filling period.

Nitrogen 29 June 20 July Loss from 29-6 to 20-7

dressing

(kg N ha—1) mg per g m—2 mg per g m—* mg per g m—2
culm culm culm

stem dry weight

50 1.91 972 1.25 636 (.66 336
100 + 100 1.75 928 1.23 652 0.52 276
w.5.C. content

50 0.63 323 0.08 38 0.55 285
100 + 100 0.47 249 0.05 26 0.42 223

Changes in dry weight of the stems are mainly caused by changes in the non-struc-
tural carbohydrates. The influence of nitrogen on the percentage and amount of
water-soluble carbohydrates in stem, leaves and grain is shown in Fig 4. Generally
the carbohydrate percentages are lowered by an increased nitrogen supply. How-
ever, the pattern of accumulation and decrease of carbohydrate reserves in the
vegetative organs during the post-floral period is more interesting. It gives more
insight into the reserves available for energy requiring processes (e.g. respiration)
and for grain growth.

The water-soluble carbohydrates (w.s.c.) accumulated in the stem up to a fort-
night after anthesis. The w.s.c. percentage at that stage ranged from 26.8 to 33.2 in
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Fig. 4. The water-soluble carbohydrate content of grain, leaves and stem after anthesis at
four levels of nitrogen dressing.
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Fig. 5. Amounts of nitrogen (N), phosphorus () and potassinm (K) in the wheat culm during
the growing season at four levels of nitrogen dressing.

the stem, from 2.7 to 5.5 in the leaves and amounted to 5% in the grains for nitro-
gen dressings from 200 to 50 kg N ha—1, The storage functicn of the stem is also
strongly expressed by the quantity of w.s.c. available in it. This quantity increased
for two weeks after anthesis from for two weeks after anthesis from about 250 to
about 280 g m-2, followed by a sharp decrease from 280 to 60 g m-2 after the
mid-kernel filling stage. The w.s.c. quantities in the other organs are on a lower
level: at anthesis for leaves, chaff an grain about 9.5, 12.5 and 5.0 g m-2, respec-
tively. During the post-floral period the carbohydrate quantities of the leaves did
not decrease linearly, but there was a second peak 3 weeks after anthesis. This
peak coincided with a decline in the rate of grain growth. The amount of w.s.c. in
the grains increased up to 35.0 gm-2, )

These data show that the w.s.c. reserves in the stem play an important role as a
carbohydrate source for the grains, when the production of assimilates by current

photosynthesis is reduced, due to progressive senescence of the photosynthetic
tissues.

Uptake and distribution of nitrogen, phosphate and potassium

The uptake of nitrogen, phosphorus and potassium showed a peculair pattern,
which wa$ characterized by a temporary slow-down of nitrogen and potassium
uptake during the heading phase followed by an accelerated assimilation of nut-
rients during the post-floral period (Fig. 5). This phenomenon may be associated
with the cool, dry weather during the pre-anthesis period, interrupted by a sharp
rise in temperature after anthesis and a significant amount of rainfall (18.3 mm)
one week after anthesis,

The maximum nitrogen (N) and phosphorus (P) yields of the above-ground parts
of the plant were aitained at ripening and ranged from 147 to 248 kg ha—1 and
from 30 to 35 kg ha— with 50 and 200 kg nitrogen dressing, respectively. The
potassium yield reached maximum levels at the mid-kernel filling stage and ranged
from 175 to 223 kg ha? (Fig. 5). The highest rates of uptake amounted to 4.6,
0.4 and 2.4 kg ha—1 day—1 of nitrogen, phosphorus and potassium, respectively,
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during the kerncl-filling period. The assimilation of these nutrients by the grains
amounted during the same period to 7.6, 1.4 and 1.1 kg ha—1 day—?, with the
highest nitrogen dressing. Thus the demand of the grains, as far as nitrogen and
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phosphorus are concerned, was considerably higher than the post-floral uptake
by the plant. From these figures it follows that a supply from the vegetative parts
was made available to the grains.

The pattern of nitrogen, phosphorus and potassium contents, expressed as per-
centages of the dry weight of leaves, stem and grain, is shown in Fig. 6. On ave-
rage the nitrogen percentages of the leaves decreased during the post-floral period
from 2.4 to 0.6, but there were large diffencences due to nitrogen level and leaf
layer. :
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The nitrogen conrcentration of the other vegetative above-ground organs — stem,
rachis and chaff — also increased with additional nitrogen supply. The nitrogen
concentration of the stem increased from 0.45 to (0.70% and of the chaff (inclu-
ding the rachis) from 1.48 to 1.69%,. These nitrogen percentages decreased linear-
ly during the grain-filling period to levels of about (.25% and 0.50%, for the
stem and chaff, respectively.

The nitrogen percentage of the grain decreased during the first three weeks after
anthesis from about 2.80 to 1.80%, and rose again at the end of the grain-filling
period to about 2.099%,. As a result of the nitrogen dressings the nitrogen contents
of the grain at ripening ranged from 1.72 to 2.25%.

The nitrogen treatments hardly affected the phosphorus content of the various
components, but increased the potassium content of the vegetative parts of the culm.
Nitrogen applied at Feckes stage 8 raised the potassium content of the stem, but
not of the leaves. The potassium content of the grains was not affected by nitro-

gen at all.
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A rise in the nitrogen dressing from 50 to 100 + 100 kg N ha—! increased the

nitrogen percentages of the leaves: for the fiag leaf from 2.87 to 3.90%, for the
penultimate leaf from 2.34 to 3.35%q, for the third leaf from 1.82 to 2.68%/ and
for the fourth leaf from 1.40 to 2.16% at 10 days after anthesis (Fig. 7A). These
differences in nitrogen percentages persisted during the grain filling period until
the leaves senesced. Even then a small difference in nitrogen conceatration re-
mained. The pattern of nitrogen content of the leaves clearly shows that additional
nitrogen delayed senescence of the top leaves by 8 to 10 days and considerably
increased the amount of nitrogen available in the leaves for re-distribution to the
grains (Fig. 7B).
_ The distribution patterns of nitrogen, phosphorus and potasstum in the wheat
culm are shown in Fig. 8 and Table 4. During the post-floral period the prains
are a large sink for nitrogen and phosphorus. The supply from the reserves stored
in the vegetative parts of the culm at anthesis did not fulfil the demand of the
grains. Therefore, the nitrogen and phosphorus yields could not have been realized
but for a substantial contribution through uptake during the grain-filling period.
The amount of nitrogen uptake after anthesis corresponded on average to 48/,
of the nitrogen yield of the grains. Thus the reserves in the vegetative organs con-
tributed only about 52% of the nitrogen stored in the grain. The same pattem
was established with phosphorus: 45% was contributed by uptake after anthesis
and 550, by relocation from the vegetative organs. The rachis and chaff con-
tained relatively more phosphorus than nitrogen at anthesis and also acted as an
important source of phosphorus for the grains. The distribution of the nutrients
in the wheat culm expressed as harvest index is presented in Table 4; this para-
meter is calculated as the ratio of the nutrient amount in the grain and in the
above-ground part of the culm. The harvest index of phosphorus ranged from
0.91 to 0.93 and of nitrogen from 0.75 to 0.81. Late nitrogen applications pro-
moted the uptake of nutrients during the kernel-filling period and consequently
raised these harvest indices. )

The potassium economy of the wheat shoot was quite dlfft?rent from that of nitro-
gen and phosphorus. Although potassium uptake by the grain was small, potassium
contents of the stem and the leaves dropped from about the mid-kernel filling stage
onwards. The main storage centre for potassium was the stem (including the leaf
'sheaths); with lower nitrogen applications potassium accumulated in the stem
for two weeks after anthesis, followed by a linear decrease until maturity., With
additional late nitrogen applications the potassium accumulation in the stem con-
tinued for four weeks after anthesis, followed by a short period of potassium
loss from the stem. Generally, the balance between uptake and loss of potassium
in the vegetative parts of the culm after anthesis seemed to be more negative with
lower nitrogen applications (Table 4). Thus an increased nitrogen dressing gre.atly
promoted the potassium yield in the vegetative parts of the culm; the potassium
content of the grain responded less to nitrogen. The potassium harvest index de-

creased therefore with a higher nitrogen supply.

Neth. I, agric. Sci. 26 (1978) 224



1. H. J. SPIERTZ AND J. ELLEN

N uptake grain g m= day™!

10} o
Period .,\.,‘\/
09 1 15-22 June %
2 22-29 June e >
osl 3 29- 6 Juiy ~ o
4
5

£-13 July 7
| 13-2C July : : yd 3
o7 /A P | /
05+ : e
1
os b %—;‘ 2
4 ~ '

1]
04 - .‘-’/—' . _
~ kg N ha”'
03 —= 5O
) Af’? / o—o 100
. ®=—x 100+ 50
02 r AL _ a—a 100 100
o1} 5.9 '
. _4
1 1 11 i ] 1 1 L ] 1

o] 5 10 % 20 25 30 35 40 45 50
: grain growth g m-2day™!

Fig. ©. The relation between grain growth and nitrogen uptake at weekly intervals with fout
nitrogen dressings.

Interrelationship between carbohydrate and nitrogen metabolism

Carbohydrate and nitrogen supply to the grain are partly interrelated because
nitrogen translocated from-the vegetative parts to the grains consist mainly of
amino acids.

The relationship between the rate of grain growth and the rate of nitrogen up-
take is shown in Fig. 9. Nitrogen dressings hardly affected the nitrogen uptake in
the first two weeks after anthesis, but had a considerable effect during the third
and fourth weeks. Thus the regulation of the nitrogen uptake by the grain was
not under genetic control alone but also depended on the nitrogen supply, whether
by transfer from the vegetative parts or by direct contribution from the roots. The
greatest demand of the grains for nitrogen occurred during the mid-kernel filling
phase. Then the nitrogen uptake ranged from 5.7 to 9.6 kg ha—t day—1 with 50
and 200 kg N ha—! dressing, respectively.

"Not only is the supply of carbon and nitrogen to the grain interrelated, but also
the loss of these components from the vegetative organs: leaves, stem and chaff.
Assuming that the nitrogen was translocated as amino acids containing 16% nitro-
gen (Austin et al., 1977), the losses of carbohydrate associated with the export
of nitrogen can be calculated. The total loss of nitrogen from the vegetative parts
of the plant ranged within the applied nitrogen dressings from 70 to 105 kg N
ha—t (Table 4), which corresponded to a dry matter loss from 437 to 656 kg
ha—1. Stem and leaves contributed equally, each about 38%,, to this loss of nitro-
gen; the remaining part, about 249%, came from the chaff. The dry weight loss
of the stem by nitrogen compounds contributed only slightly (from 6 to 90/y) to
the total losses, but nitrogen compounds accounted for about 40% of the weight
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loss of the leaves. : :

When there is simultaneous import and export of nitrogen compounds in the ve-
getative organs, then the estimates are only related to the net differences in the
amount of stored nitrogen. It is possible that more nitrogen passes through the
vegetative parts (e.g. leaves) during grain filling, which implies a higher dry weight
loss associated with nitrogen assimilation and relocation.

Discussion

The weather conditions during the growing season of 1976 were characterized by
an exceptionally low rainfall and an exceptionally high level of radiation (Table 1).
In April the cloudless sky caused frequent night frosts. Simulation studies of crop
behaviour during April showed a negative water balance in the plants on many
days (W. Dekkers, pers. commun., 1977). During May growing conditions were
more favourable, although the relative humidity was low. Leaf growth and stem
extension were relatively more reduced than dry weight increase. This resulted
in short and stiff culms with small leaves, but also root growth may have been
favoured. '
" The thorough study of interactions between soil moisture and fertilizer N by
Campbell et al. (1977a) on wheat growth and grain production showed that the root
distribution was affected by moisture and growth stage. They found that due to a
hot and dry spell between booting and anthesis the crop depleted all available
water in the soil region to 90 cm depth and from 45 to 75 cm depth with the dry
and irrigated treatments, respectively. Thus even with an additional water supply
there may be, under conditions of high evapotranspiration, soil moisture deficits
in the regions with a high root density. Usually, more than half the root mass is
located in the top 30 cm of the soil (Campbell et al., 1977). Under the conditions
of 1976 the phenomenon of temporary water stress of the root system in the top
laver of the soil might have occurred. This could also ex.plain the reduction of
nutrient uptake (and even loss) compared with dry matter increase during the dry
period before anthesis. - : )
The general response of the crop to warmth after anthesis, showed a pattern of
grain filling similar to those found by various studies of temperature effects on
grain growth in phytotron experiments (Sofield et al., 1_974; Spiertz, 1974; Ford &
Thorne, 1975; Warrington et al., 1977). This pattern is characterized by_the ap-
parent absence of a lag period, 2 high grain growth‘rate'of short d}lratlon and
premature senescence of the plant. There was one major difference with these in-
door experiments; the final grain size was less affected by warmth. This might
be explained by the better supply of assimilates to Fhe fast growing grains in the
field experiments, due to the higher level of radiation, as compared to the con-
ditions in phytotron experiments. Nevertheless lower temperatures during ’the
grain-filling period would certainly have favoured the dry weight of the grains.
If lowering of the temperature by 5 degrees kelvin would h:ave }aeen possible without
changing the level of solar radiation, then the corresppndlng increase of the kernel
weight could be estimated to be 15 to 20%/, according to the response curve to
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temperature in phytotron experiments (Spiertz, 1977; Warrington et al,, 1977).

Analysis of nitrogen effects on the grain production pattern under these particular
growing conditions showed that an increased nitrogen supply raised the number
of kernels per ear. The effect of top dressings at the boot stage on grain num-
ber was striking. This positive response to a late nitrogen application was also
found in previous experiments and is confirmed by long-term field experiments
(Gliemeroth & Kiibler, 1977} under conditions of a low level of nitrogen mineral-
ization and only inorganic fertilization. A more detailed study of nitrogen effects
on spike fertility was done by Langer & Lieuw (1973) with spring wheat grown
in solution culture. They found that raising the nitrogen supply at the double-ridge
stage increased the number of spikelets, and a high nitrogen level between floret
initiation and ear emergence favoured the number of kernels per spikelet. In our
experiment the number of spikelets per car was not affected by raising the early
dressing from 50 to 100 kg N ha—1, this was obviously due to an adequate supply
of soil nitrogen. The number of spikelets per ear amounted on average to 22 and
the number of kernels per spikelet ranged from zero (the basal and top spikelet)
to about three (spikelets 7 to 9 in the central part of the ear). Thus the major
part of the positive cffect of additional nitrogen on the number of kernels per
spikelet was attributable to greater grain numbers in the lower and central part
of the ear. The considerable increase in grain number per ear combined with the
relatively small positive effect of nitrogen on the number of ears per m2, resulted
in an increase in grain number per m? from 16 700 to 20 600. The rise in grain
yield was mainly attributable to the number of grains per m2. This agrees with the
general view that under very sunny conditions and high temperatures the number
of grains per unit ground area is a major component of grain yield (Biscoe &
Gallagher, 1977). Since final grain number was fixed sooh after anthesis it may be
concluded that the grain pattern of the individual kernels will be decisive for the
grain yield. : .

Additional nitrogen affected both the growth duration and the growth rate of
individual grains. However, with all nitrogen treatments the rate of grain growth
was very high due to warmth. The growth rates during a seven-day period in the
linear phase of grain filling amounted on average to 2.5 mg kernel—! day—!.
This value is higher than the maximum rate of 2 mg day—! quoted for wheat in
a recent review of literature (Evans & Wardlaw, 1976), With the cultivar Maris
Huntsman, however, Meredith & Jenkins (1976) found a grain growth rate of
2.6 mg day—1 during 11 days and Gallagher et al. (1976) reported an increase
in the rate of grain growth up to 2.11 mg day—t during 14 days under the hot
and sunny conditions of 1976. .

The proportionality between grain number and grain yield implies that the photo-
synthetic system of the plant has produced adequate amounts of assimilates to
satisfy the demands of the grains. This assumption is supported by the storage
of excess assimilates in the stem for two weeks after anthesis (Fig 3) and the high
content of carbohydrates available in the stem for relocation to the grains (Fig. 4).
Although additional nitrogen promoted leaf area development and duration and
thereby the photosynthetic capacity, the content of water-soluble carbohydrates
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was decreased from 33 to 26% of the stem dry weight. The lower content of
carbohydrate reserves may have been caused by a higher respiration rate and/or
a greater demand of assimilates for grain growth (Hofner & Orlovius, 1977). Austin
et al. (1977) found that losses of dry matter from the stems during the post-floral
period ranged from 82 to 256 g m—2 with various genotypes of winter wheat.
The proportion of these losses caused by respiration was estimated to be about
629/o. The rate of stem respiration ranged from 0.28 to 0.35 mg CO, g—1 dry
weight h-1 at 15 °C. Assuming a Q10 value of 2 for the data of Austin et al,
and a mean temperature of 20 °C in our experiment, then the stem loss due to
respiration can be estimated to be about 1500 kg ha—t for the period from 29
June to 20 July. Based on this average respiration loss and with a correction of
500 kg ha—1 for translocation of carbohydrates to the roots, the contribution of
stem reserves to the grains may have been in the order of 760 to 1360 kg ha-1
or 9.0 to 21.3%, of the final grain yield with 200 and 50 kg N ha—1, respectively.
Tt scems that when plants are grown at a high nitrogen level, stem reserves might
be less important because of the availability of more assimilates produced by the
prolonged photosynthetic activity of the green tissues. : ~
The enormous decrease in stem weight was mainly {from 80 to 859/0) due to the
loss of water-soluble carbohydrates. The remaining proportion of dry weight losses
may have been caused by the relocation of various compounds (proteins, amino
acids, organic acids, nutrients, etc.) and, to a small extent, by lignification pro-
cesses. It was estimated that the relocation of mitrogen compounds contributed

from 6 to 9% of the total stem weight loss. :

When all above-ground vegetative organs are considered, tl_le nitrogen economy
is as important as the carbon econorny. If the nit;ogen requirement o_f the grains
exceeds the nitrogen uptake of the plant, then the nitrogen reserves i the vege-
tative parts will be used as nitrogen source. A fast depletiop of these reserves may
affect the photosynthetic activity of the leaves by an carlier senescence, th_ereby
shortening the grain growth period (Sinclair & de Wit, 1975_). In our e?(penment
high grain yields were associated with nitrogen contents which were higher Than
in normal years. This agrees with the finding in phytotron expenm?nts that nitro-
gen assimilation by the grains is favoured more by warmlth than 1s.th‘e accumu-
lation of carbohydrate in the grains (Spiertz, 1977). The high rf-:lte of nitrogen up-
take by the grains, especially during the third wee.k af.ter anthesis (range 0.57-0.96
g m—2 day—1), required a high supply of organic nitrogen comppuuds. The re-
serves in the vegetative part could only satisfy about 52% :_)f this demand% the
other part (48%/y) came from nitrogen taken up after anthesis. Spch a CO]:lSld.er-
able uptake after anthesis is confirmed by Sturm et al. (1973) with high-yielding
wheat crops; other authors (e.g. Austin et al., _1976; Spratt & Gasser, 1970) stated
that even at anthesis the plants already contained 83% o_f the total rutrog?n pre-
sent at maturity. However, the ability of the plant to continue to take up nitrogen
during the grain filling was recognized as an advantage. _ -

d that the role of green leaves in the supply of nitro-

Neales et al. (1963) suggeste
gen to the whca(t grait)l is firstly to serve as a carbohydrate source to the roots there-
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by promoting the uptake of nitrogen, and secondly as a direct nitrogen source. The
first role is enhanced if the level of soil nitrogen in the root environment during
grain growth is high.

The considerable uptake of nitrogen afier anthesis was also reflected in the pattern
of phosphorus and potassium uptake (Fig. 6). It demonstrates that healthy wheat
crops under favourable growing conditions keep up their root activity for some
weeks after anthesis. The continuous uptake of phosphorus during the growth
period and the loss of potassium at the ripening stage confirm the results of pot
- experiments with spring wheat (Slangen, 1971). Potassium is assumed to be re-
located from the stem and leaves o the roots during the ripening stage. It has been
stated that phosphorus is only re-distributed from the stem and not from the
leaves to the grain (Slangen, 1971). However, it was concluded by Marshall &
Wardlaw (1973) that the translocation of phosphorus and photosynthate are closely
related in the wheat plant; the direction of movement being governed by the sup-
ply and demand for carbohydrates. In our experiment there was relocation both
from the leaves as well as from the stem (including leaf sheaths); the latter was 4
to 5 times greater,

The distribution patterns of nitrogen and phosphorus are rather similar. At harvest
a major part of these nutrients was stored in the grain. Additional nitrogen dres-
sings promoted the storage in the grains, which is illustrated by the rise in nitro-
gen and phosphorus harvest index from 0.75 to 0.81 and from 0.91 to 0.93, res-
pectively (Tabel 4). These values of the nitrogen harvest index are much higher
than those quoted by Austin et al. (1976): 0.68 on average. Under Dutch growing
conditions Dilz (1971) found values within the range of (.65 to 0.75, whilst
Ellen & Spiertz (1975) measured 0.78. Canvin (1976) reviewed data from literature
and concluded that the nitrogen harvest index is subject ‘tg considerable variation,
from 0.50 to 0.84, due to factors such as water, nitrogen and carbohydrate supply.
Our finding confirms the results of Gliemeroth & Kiibler (1977); they found nitro-
gen harvest indices of about 0.80 as a mean for three relatively dry growing sea-
sons and of about 0.55 as a mean for unfavourable growing conditions (wet seasot,
lnging and disease). Similar variations in nitrogen distribution were also found
with spring wheat (Pearman et al., 1977). This study shows that increased nitrogen
application under the prevailing growing conditions gave a higher grain yield and
also a higher grain protein content. This high protein content could result from:
— ihe positive effect of warmth on the capability of the developing caryopsis o
attract and convert nitrogen (sink strength) T
— a considerable capacity for uptake and assimilation of nitrogen during the
grain filling period (production source)

— a high efficiency of translocation from vegetative parts to the grains (reserve
source). : :

T.he rate of these processes and of photosynthesis was promoted by additional
nitrogen; so high rates of starch and protein accumulation by the grains were pos-
sible. The rise in grain yield (from 640 to 821 g m-2) and in protein content

(from 9.98 to 13.05%0) resulted in an increase of the protein yield from 63.8 to
107.1 gm—2, : . o
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Summary

The crop performance of a semi-dwarf cultivar (Maris Hobbit) was compared
with a standard-height cultivar (Lely), at various levels of nitrogen supply. The
grain yiclds of Maris Hobbit were considerably higher due to a higher num-
ber of grains and a heavier grain weight. Owing to the higher grain yield and a lo-
wer stem weight, the harvest index of Maris Hobbit was higher than that of Lely:
0.47 and 0.40, respectively. The content of water-soluble carbohydrates in the stems
of both cultivars appeared to be very high until 3 weeks after anthesis, despite the
occurrence of low light intensities. Lely used more assimilates for structural stem
material than did Maris Hobbit.

Quantity and time of nitrogen application greatly affected grain number, but af-
fected grain weight to a lesser extent, Thus within each cultivar grain number per
m2 was the main determinant of grain yield. Late nitrogen dressings promoted pho-
tosynthetic production, grain weight and protein content of the grains. The low
protein percentages of the grains were attributed to the low temperatures during
grain-filling period. The distribution of nitrogen within the wheat plant was only
slightly influenced by nitrogen dressings and cultivar differences. Nitrogen harvest
index ranged from 0.74 to 0.79. Grain nitrogen was derived from the vegetative
organs (63-94%) and from uptake after anthesis (6-37%). The importance of
carbohydrate and nitrogen economy for grain yield are discussed.

* Present address: Centre for Agrobiological Research (CABO), P. O. Box 14, 6700 AA
Wageningen, the Netherlands.
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Introduction

Variations in grain yield between cultivars are often attributed to differences in
discase resistance. However, under discase-free conditions grain yields between
cultivars have also been found to vary (Spiertz, 1973). The harvest index of cereal
cultivars has tended to rise progressively, with little change in biological yield (Van
Dobben, 1962, Fischer, 1975; Kramer, 1978).

Based on theoretical considerations, Donald (1968) has outlined a wheat ideo-
type that should be most efficient in grain production. The main features of his
ideotype are: single culm, strong stem, dwarf stature and large spike. Such a plant
should be a poor competitor in a crop stand. It should also provide an improved
harvest index. Austin & Jones (1976) contended that there is no single ideal model
plant or ideotype for wheat. They gave a list of desirable attributes, but conclu-
ded that many of these attributes are mutually exclusive. In fact the response of
the wheat plant to various growing conditions (drought, nitrogen stress, etc) is still
imperfectly understood.

To study the magnitude of cuitivar differences in crop response to prevailing
weather conditions and to a varying nitrogen supply, observations were made on
the cultivars Lely and Maris Hobbit. The former is a Dutch standard cultivar for
fertile soils; which has shown a high-yielding capacity under favourable growing
conditions (Spiertz & Ellen, 1978); the latter was chosen because of its attributes
of superior grain set and dry matter distribution (Anonymous, 1977). Maris Hobbit
is one of the semi-dwarf winter wheat cultivars that are well adapted to growing
conditions in the Netherlands,

The aim of the experiment was to study cultivar differences in grain yield and
grain growth pattern at various levels of nitrogen supply.

Materials and methods

The experiment was carried out in 1977 on the experimental farm of the Depart-
ment of Field Crops and Grassland Husbandry, Agricultural University, Wageningen.
The experiment was laid down on a fine-textured clay soil. The nitrate-nitrogen
content of the top 1 m of the soil layer was found to be approximately 50 kg N per
ha at the end of February 1977. The preceding crop was potatoes.

The wheat was sown on 15 October 1976 at a rate of 350 kernels per m2 and a
row distance of 0.25 m. The basic fertilizer dressing consisted of 500 kg N-P-K mix-
ture (0-15-30) per ha on 15 March,

Nitrogen was applied as a split-dressing in the following treatments:

‘ _ March (Fg*) - May (Fg to Fg*) Toial
Ny - 50 0 50 kg N ha-t
N, _ 0 50 50 kgNha
Nits 50 50 100 kg N ha-t

* According to developmental stages of the Feekes scale.
Control plots without nitrogen dressing were only present with the cultivar Lely.
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The fungicide applications were sequential according to the following scheme:

11 May: 4 kg Bavistin M + 5 kg sulphur per ha
6 June: 4 kg Bavistin M + 5 kg sulphur per ha

24 June: 5 kg sulphur per ha

. 30 June: 0.5 kg Bayleton per ha

The complete experimental field was protected against insect damage by an ap-
plication of 0.5 kg Pyrimor and 0.5 kg Dimethoaat per ha on 24 June and 6 July,
respectively. '

The experiment consisted of a split-split-plot design with cultivars and fungicide
treatment in the splits. Nitrogen treatments were completely randomized and there
were 6 replicates. The individual plots were 9 m long and 3 m wide. During the gro-
wing season the plots protected against diseases were sampled. The samples were
taken from 2 rows of (.50 m length. At the final harvest, 24 August, the complete
plots, except for two border rows, were harvested.

The sampling procedure at the intermediate harvests and the chemical analyses
were carried out as described by Spiertz & Ellen (1978).

Crop photosynthesis was measured from anthesis onwards by enclosing an area
of 1 m2 in a perspex chamber about 1.20 m high. CO, content was maintained at
about 320 mg/kg during daytime; during the dark much higher values occurred.
Air temperature was generally kept at 20 °C, but under high radiation condi-
tions cooling capacity was insufficient and this resulted in the temperature rising to
a maximum of 25 °C. CO, exchange rate was measured with an URAS infrared
gas analyser by sampling ingoing and ouigoing air. To prevent gas exchange at
soil level the chamber was kept constantly at an overflow pressure, which varied
between 0.5 and 2.0 cm H»O, Solar radiation, air temperature and COs content of
air were monitored on recorders and cassette tape. These data were processed by a
computer; calculations of net photosynthesis were based on at least four sampling

runs.
Growing conditions

Weather
The growing season was characterized by a mild winter followed by exceptionally

high temperatures during the first half of March (Fig. 1). During the tillering phase
weather was unfavourable: cold, wet and overcast sky. Poor light conditions also
occurred during flowering and after mid-kernel filling. High radiation and tempera-
ture occurred during the last 10 days of May and the first week of July. Much rain

fell during ripening and grain harvest.

Diseases _ )
Although yellow rust was prevalent in wheat crops in the Netherlands in the 1977

growing season, the cultivars in our experiment. were oqlg slightly infected.
Early mildew infections were controlled with fungicides. At the end of the ker-
nel-filling period there was a late infection of brown rust (P:{ccinia recondita).
Fungicide applications caused the leaf tips of Maris Hobbit to turn yellow.,
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Fig. 1. Average values per decade of solar radiation and air temperature during the 1977 gro-
ing season.

Resulfs

Grain yield and yield components

Grain yields of Maris Hobbit were considerably higher than those of Lely, although
the above-ground biological yields showed hardly any difference at the highest ni-
trogen dressing (Table 1). Thus Maris Hobbit had a more favourable dry matter dis-
tribution than Lely as shown by the harvest index: 0.47 and 0.40, respectively.
The higher grain yield of Maris Hobbit was caused by a higher grain number per
ear and per m? as well as by a considerably larger grain weight. Estimates of the maxi-
mum level of grain yield are derived from the harvest of 10 August, because subse-
quently losses occurred due to pre-harvest sprouting. At the highest nitrogen dres-
sing, 50 + 50 kg N ha1, Maris Hobbit and Lely yielded 813 and 635 g grain m2,
respectively. The corresponding numbers of grains per m2 were 16 400 and 14 900,
whilst the grain weight ranged from 50.8 to 46.0 mg kernel-1,

The cultivars responded similarly to the various nitrogen dressings. A single late
nitrogen dressing of 50 kg N ha-1 decreased grain number considerably more than
an early dressing. This reduction was partly compensated for by an increased grain
weight. A late nitrogen dressing, reduced straw yield more than grain yield, resul-
ting in a higher harvest index. The combination of an early plus a late nitrogen
gift increased grain number as well as grain weight. Thus grain yield was consider-

236 Neth. 1. agric. Sci, 26 (1978)



. J. SPIERTZ AND H. VAN DE HAAR

L

‘T 998l 95 ¢

S grgn kak

U ppenqx U

BU g

NXD N O

£ 'g)SeIysL]

— 0z €T 91 6T €1 44 LE 9 Lz
— 1 vT £7 62 I'T 6T 6€ 0 97
— 08 LL 78 17 8 8L €9 6 €L
— 38 gL 0oL TL €L 86 99 oL Y
- €1 1 VI T P 1 1 1 g0

— Lz 8T T'E 8T T2 g€ ¥z 7T €T
A 4 8¢ [ £E 6'€ ¥ 0¢ L€ A
§T L9L ®SL 69L 9L €vL  S¥L  T6L 8E€L  €LL
~— 0¥ TEL  T9T ¥EI ¥IL LST TEL 991, 9L
TET  L0T Q0T +2r 90T £6 L1 vor 8L 8'S
— 9€L TEL TLL £18 e 96L S6L 9 609
65 PFT 29T ST ST I£71 LT - TL WD 9T
(%) nqqoH A1) 0s+0s 0s+0  0+0S 0s+os opsto  04pS 0
A L) g NQIOH Sty A

uagoryu wivld Jo o -

-3~

sisayiue 10ye ayedn uaSoniN

(%) vadonu uread o} uoNNqLIUOD
Jeior -

Jyena -

{y1eays pue) W5 -

$9ABI -

" (Z.mx 8) SISAYIUE I2]JE SSO[ USFOIIN
g4 ¥apulisoaleq uafolyu

{z-ur 3y doso p1aik usfomiu

- {z-w B) sure1d pjatA usfolu

(2-01 X) ure1d 1ad N Sw

ureld jo N %

1mpPweIRg

SBUISS2Ip WAFOINU SNOLIEA Yim NQAOH SUER pUe A[3] SIRAUOD 3() Ul SSIPUL 13)3¢ usBaniy O UONNQINSIP Puv PRIK ‘7 AqEL

TOO0 < d wwvw *TO00 < d < THUD s2% {100 < d < SO0 %% 3500 < d < OIDx 010 < g=rsug
(0-4191 Eo&;& UWSF0IHU = N .E_a::o =Dz

P X 2 = 9 ‘s3lep Jund

"wres ; Jo afeisaw = p Iseep Sundwes ¢ Jo sderoAr = 5 YsnIny Of It Jsealey oumEuEBE = @ 7sn3nY pg I8 1SPATRY SUQUIOD = ¥ ¢

T CEU
oL
BU pegenn Wk
U pwas wrwx
SO yuq U
U pponw wwx
ok hkdk A

NX2 N O

£ gISO1IaYs]

- 87T Ve PoT (A3} L'FT 6'F1 61T Ter §01
<6 vy 1y 9y Lew 8¢P 144 b4 4 oLy 19¢
69 ¥FeE L'1e §'se 0'ie 9'Le e 18T £CE  T'6T
st TIS T'sy 805 s'€s 6'8% 09t Tov Vey L
e 69 L6t £'8p iy o'sy oy (AR5 4 9LE T'6e
Y6 06ST  £€61T  €89T 891 0291  T89T  #9vT  $SPT  SIOL
96 9¥L 609 I8 LoY 6ZL 8L9 €09 9rs 6%
£6  PL9 665 6SL LLS 189 LS9 LSS T8¢ 85y

(%) W9qoH 4T 0s+0s 0s+0  0+o0s ostos os+o o0+os o
A0 uBapy QGO SHEW AT

01 X (zuraad) 2 \mﬁoon Jo JaquinN

(zurrad) p SIBS JO JqUUNN

(u) o Ied 1ad sure1n

(-1pway Sur) q ‘ydem mein
. (%) 9  xepurissareq
(z-wd) q des L1p reloy,
{zw?3) q PIsI& urern
(z-wm3s) e PIRIA uleIn
Ipwerey

‘SIUIUNEIT) USSONIU SNOUEA YIM JIqQOH SUEJY PuT A[9T SIBADMO ay) Jo Slusuodwiod ppoI pue pratA I 91qelL

237

Neth, 1. agric, Sci. 26 (1978)



CROP PERFORMANCE OF WHEAT CULTIVARS
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Fig. 2. Course of grain weight (10-3 g) and rate of grain growth {(10-* g day-1) per kernel in
the cultivars Lely and Maris Hobbit at a nitrogen dressing of 50 + 50 N ha-1.

ably increased by the additional nitrogen dressing. This marked response to nitrogen
was quite unexpected in the growing season of 1977. Nitrogen mineralization during
the growing season was obviously below normal.

Fungicide application increased grain yield by 420 kg ha-1 in Lely, but had a
slightly negative effect on the grain yield of Maris Hobbit. Harvest index and
individual grain weight were not affected. These small effects of the frequent
fungicide treatments show that diseases were unimportant in this experiment.

Rate and duration of grain growth

Grain growth started about four days earlier in Maris Hobbit than in Lely: 13 and 17
June, respectively. Both cultivars had a grain growth pattern characterized by a slow
initial growth rate followed by a two-week period of ‘linear’ growth and a simulta-
neous decline until maximum kernel weight was reached (Fig. 2).

The lower grain weight of Lely was mainly caused by a slower rate of grain growth
during the first half of the grain-filling period. Both cultivars showed the highest
tate of grain growth in the period from 4 to 11 July, when a rate of about 2.25 mg
day~1 kernel~1 was reached. From the point of maximum grain weight until final har-
vest on 24 August, Maris Hobbit lost 9.7% and Lely 6.4% of the grain welght
These losses must have been caused by respiration.

The effective grain-filling period lasted 42 and 48 days in Maris Hobbit and
Lely, respectively. Late nitrogen dressings barely affected the duration of grain
growth, but delayed a decline in the rate of grain growth after the mid-kernel filling
stage. Grain growth per m2 depended more on number of grains than on grain weight.
The small differences in the course of grain growth per m2 between an early and a
late nitrogen dressing of 50 kg N ha~1 were striking (Fig. 3). Mutual compensation
occurred between grain number and grain weight. During the effective grain-filling
period the level of nitrogen supply caused mean grain growth rates to vary from
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14.7 to 184 g m2 day-! and from 17.9 to 21.0 g m2 day-! with Lely and Maris
Hobbit, respectively. Actual growth rates during the lineair phase were consid-
erably higher: from 22.8 to 30.7 and from 28.6 to 32.1 g m-2 day-! with Lely and
Maris Hobbit, respectively. The unfertilized treatment had much lower growth
rates: 11.8 and 17.1 g m2 day? during the effective and linear phase of grain-
filling, respectively. '

Leaf areq, solar radiation and crop photosynthesis

Generally, tillering and leaf growth were favoured in 1977 by a mild winter and a
warm spell during the first half of March, An early nitrogen dressing increased the
leaf area considerably (Fig. 4). Maximum leaf area index had already been attained
at the boot stage. A late nitrogen dressing delayed the decline of the leaf arca
during the post-floral period. Leaf-area index and duration were slightly higher for
Maris Hobbit. But average stem length was about 15 cm longer in Lely than in Ma-
ris Hobbit. _

Photosynthetic production of the crop depends on the activity of the green tissues
and the amount of photosynthetic active radiation. Radiation was low for a fortnight
after anthesis and at the end of the grain-filling period. During the period of linear
grain growth there was a spell of bright sunshine.

From anthesis onwards crop photosynthesis and dark respiration were measured
weekly in the 50 and 50 + 50 kg N ha-1 plots of Maris Hobbit. Due to bad weather
conditions and technical restrictions, most of the measurements in the Lely plots
had to be cancelled. The available data on Lely showed only minor deviations from
the net photosynthesis of Maris Hobbit. This finding is confirmed by the total dry

matter yields of the two cultivars.
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Fig. 4. Leaf area index (LAI) of the individual leaf layers of the cultivars Lely and Maris Hob-
bit at various nitrogen dressings.
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Nitrogen had a very positive effect on crop photosynthesis. An additional 50 kg
N ha-T at the booting stage slightly increased Prax at anthesis, but had a considerable
effect on net photosynthesis from 3 weeks after anthesis onwards (Fig. 6A and B).

Estimates were derived for the daily course of net photosynthesis from the photo-
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240

temperature during the grain-filling period.
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Fig. 6. Photosynthesis-light response curves for the Maris Hobbit crop. A (left): nitrogen dres-
sing of 50 kg N ha-1; B (right): nitrogen dressing of 50 + 50 N ha-1,

synthesis-light curves and the diurnal course of radiation. The data presented in Fig.
7A, B and C are examples of the daily variation in the course of net photosyntl}esis.
These data also clearly show that the magnitude of the positive effect of addit'u_mal
nitrogen on net photosynthesis depend on light intensity. Under low light conditions
the effect of additional nitrogen seemed to be small. The net photosynthesis curves
of 23 June and 12 July also show that light saturation occurred during the midday
period. On 12 July the maximum photosynthetic rate had .already' dropped from
about 42 to 30 kg CH,O ha't h-t, whilst the light saturation period was longer
than on 28 June. : o

The daily amounts of net photosynthesis are the main source of assimilates for
the grains. Therefore the estimates of daily met photosynthes_is were _compared
to the growth rate of the grains (Fig. 8). It appeared that during the first weeks
after anthesis there was a surplus of assimilates, whilst at the end of the kernel

filling there was a deficit.

Carbohydrate reserves and distribution of dry matter o
The balance of production of assimilates and utilization by the grains is reflected
in the accumulation of reserves, mainly carbohydrates, in the stem. The content of
carbohydrate reserves in the stem proved to be quite high, 30-40%, from ear emer-
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Fig. 7. Daily pattern of solar radiation and net photosynthesis at two nitrogen levels. A (top}
20 and 23 June 1977; B {middle) 27 June and 1 July 1977; C {bottom) 12 and 14 July 1977.
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Fig. 8. Cumulative amount of net photosynthesis after anthesis and actual grain growth of the
cultivar Maris Hobbit at 50 | 50 kg N ha-1.

gence until 3 weeks after anthesis (Fig. 9). On average, the water-soluble carbo-
hydrates (w.s.c.) reached a higher content in the stem of Maris Hobbit than of Lely,
especially during the period of poor light conditions after anthesis. A late nitrogen
dressing raised the w.s.c. content of the stem in Lely during the first weeks of grain-
filling. Thus carbohydrate supply cannot have limited grain growth u_ntil 3 weceks
after flowering. The sharp decline in the w.s.c. content of the stem coincides with the
beginning of the linear phase of grain growth and with a drop in the photosynthetic
rate of the crop. : )

. The w.s.c. content in the top leaves varied around the 5 % level, thh'lower values
during the period of bad weather one week after anthesis, and the highest values
about 3 or 4 weeks after anthesis (Fig. 9). Generally, w.s.c. contents turned out to
be somewhat lower with late nitrogen applications. - ‘

Kernels and chaff were only analysed for w.s.c. at the 50 + 50 nitrogen level.
The small differences between the cultivars were striking; although the grain growth
of Maris Hobbit started earlier, w.s.c. contents of the grains of Lely were only
higher in first 3 weeks. On average, the w.s.c. content of the grai{ls t.je_creased
from about 45 % to 7.5 % during the second to fourth week of grain-filling and
levelled off to about 5 % during the following weeks, The w.s.c. content of the
chaff decreased during the grain-filling period from about 10 % to 2 %. _

Tn contrast to the small differences in w.s.c. contents between the cultivars, clear
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Fig. 9. Water-soluble carbohydrate content (%) in the stem of the cultivars Lely and Maris
Hobbit at various nitrogen dressings.

differences in dry weight distribution existed after ear emergence. The most impor-
tant contrast was the increase in stem weight in Lely, from ear emergence 4 weeks on-
wards, compared with a practically constant stem weight in Maris Hobbit (Fig. 10).
Conversely, the ear weight of Maris Hobbit increased faster during this period than
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Fig. 10. Dry weight distribution after anthesis in the above-ground part of the cultivars Lely
and Maris Hobbit, averaged for the nitrogen treatments.
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that of Lely. This indicates competition beiween stem and ear growth in Lely for
several weeks after emergence. However, this competition for assimilates was not
reflected in the w.s.c. content,

Another consequence of the longer stem of Lely was that more assimilates were
needed for the structural material of the stem. Consequently, stem weight stayed
higher in Lely than in Maris Hobbit during grain growth. The dry matter weights
of the leaves and the chaff were slightly higher for Maris Hobbit than for Lely (Fig.
10). It was also shown that Maris Hobbit had a higher biological yield than Lely at
the end of July, but part of this difference disappeared owing to a greater loss of
dry weight in grains and straw due to bad weather conditions during ripening.

Nitrogen uptake and distribution

The pattern of nitrogen uptake was characterized by

- a high nitrogen content at the first sampling date, 12 April; the amount of nitrogen
in the shoots in Lely and Maris Hobbit ranged from 42 to 62 kg ha-! and from
57to 70 kg ha™1, respectively;

- a very low nitrogen uptake in the plots without N dressing during May and June;
obviously, nitrogen mineralization in the soil was very low during this period;

— the nitrogen dressing at the boot stage favoured nitrogen uptake by the grains.

Compared with the dry matter yields, the nitrogen yields of the aerial parts were
low; the nitrogen yield of the wheat crop in Lely and Maris Hobbit varied from 106
to 157 kg ha-1 and from 124 to 161 kg ha't, respectively. The control plots of Lely
vielded only 76 kg N ha-! (Table 2). Although Maris Hobbit had a slightly higher
nitrogen harvest index (76.7% compared to 75.8%) nitrogen content in the grains
was extremely low. The lowest value corresponded with a protein content of 7.5%
and the highest with 8.8%. The nitrogen content of the grains of Lely were consid-
crably higher: from 8.2% to 109 protein. Nevertheless these values are still below
the long-term average level. .

Nitrogen supply to the grains could be accounted for partly by nitrogen los.s from
the vegetative organs (leaves, stem, chaff) and partly by uptake gftgr anthesis. The
relative contribution by the two sources depended greatly on the timing and ar-nount
of nitrogen dressing (Table 2). On average, 80% of the nitrqgen amount in the
grains was contributed by the mitrogen reserves of the vegetative parts and 20%
was nitrogen uptake after anthesis. o

The residual amounts of nitrogen in the vegetative parts did not vary significantly;
nitrogen residues in the leaves, stem and chaff ranged from 5 - 10, from 10 - 20 and

from 4- 6 kg N ha-1, respectively.
Discussion |

Grain yield response to nitrogen was very positive in this experimenjt, contrary to
many other field experiments in the growing season of 1977 which showed a
lack of positive response at higher nitrogen levels. T!us lack of positive response
could be due to an abnormally high level of soil nitrogen after the dry season
of 1976, to the occurrence of diseases, and to low levels of solar radiation during
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the tillering, flowering and ripening phases in 1977. The high nitrogen response
in this experiment was the consequence of an unexpectedly poor nitrogen min-
eralization. This might have been caused by the irrigation of the previous potato
crop, which lowered the amount of residual soil nitrogen and damaged the struc-
ture of the fine-textures heavy clay soil. On the other hand the minor influence
of diseases in this field experiment also promoted crop response to nitrogen. Prob-
ably the nitrogen dressing of 50 + 50 kg N ha-1 was nearly sufficient to allow
both cultivar to achieve their full potential grain production. The low nitrogen dres-
sings, 50 kg N ha-t and the control plot without fertilization would have occa-
sionally suffered from nitrogen stress. This enabled us to compare Lely and Maris
Hobbit under conditions of sub-optimal nitrogen supply.

Grain yield differed considerably between Lely and Maris Hobbit with all nitro-
gen dressings. The higher grain yield of Hobbit, on average about 135 g m-2, was
caused by a greater number of grains per m2 and a heavier individual grain weight,
The increase in both components may have a similar cause, namely, a distribu-
tion of assimilates so that more goes to the developing car and less to the stem.
Obviously the balance between stem growth and ear growth is regulated by plant
hormones. In some high-yielding cultivars it has been found that the improved
ear/stem ratio is already evident by the time the first node of the stem is visible
when the ear weighs less than 0.01 g (Lupton et al., 1974). Makunga et al. (1978)
found that the ear of Maris Hobbit incorporated more 14C supplied (o the flag
leaf before anthesis than other cultivars. This favoured ear formation was re-
flected in the dry matter distribution (Fig. 10) and also in a higher number of ker-
nels per ear in our experiment. The upper leaves of Maris Hobbit had a larger
leaf area and a greater dry weight than those of Lely. By contrast, the lower leaves
of Maris Hobbit were smaller and weighed less. Differences in leaf and chaff
weight were of minor importance; the lower straw vield of Maris Hobbit was
mainly caused by a reduced stem weight. This pattern of dry matter distribution
contributed largely to the increased harvest index of Maris Hobbit. Thorne et al.
(1969) found higher harvest indices and grain yield/leaf area durations ratios for
semi-dwarf compared to standard-height cultivars, The latter parameter suggests
an improvement in the efficiency of photosynthesis by the crop in the use of
assimilates for grain filling, Light response curves and maximum level of net
photosynthesis of the 50 4 50 kg N treatment resembled the data presented by de
Vos (1977) for the first weeks after anthesis. Contrary to his finding, we found
that nitrogen had a considerable effect on the level of maximum rate of net photo-
synthesis and on the decline in photosynthesis from-3 weeks after anthesis on-
wards. These effects of nitrogen supply on the rate of photosynthesis were mainly
but not exclusively associated with differences in leaf area index. Dark respiration
was also increased by additional nitrogen; this may have been mainly caused by
more rapid grain growth per m?. De Vos (1977) also found no differences in crop
photosynthesis between two winter wheat cultivars approximately 15 days after
flowering,

In our experiment the number of measurements of photosynthe51s and respiration
in the Lely crop were too small to justify reliable conclusions to be drawn on dif-
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ferences between cultivars. However, large differences in the use of photosynthetic
assimilates were inferred from the growth pattern of the ear and the stem after emer-
gence. A higher stem weight in Lely was not caused by a higher water-soluble car-
bohydrate content. Thus assimilates were used to a greater extent for structural stem
material. Both cultivars showed very high levels of w.s.c. reserves in the stem up Lo
3 weeks after anthesis. The explanation for these high w.s.c. contents, up 1o 40%
under relatively poor light conditions, might be that grain growth and respiration
were more restricted by the prevailing daily temperatures (about 14 °C) than was
photosynthesis. .

The predominant effect of temperature on grain growth and w.s.c. content in the
stem has also been established in phytotron experiments (Spiertz, 1977). In the pre-
sent experiment there was no evidence of a difference between the cultivars in the
utilization of the stem reserves for subsequent grain growth. This finding is
confirmed by the results obtained by Rawson & Evans (1971).

Differences in the growth of the individual grains due to nitrogen treatments
occurred mainly during the second half of the kernel-filling period. Obviously
assimilate supply was not limiting in the early phases of grain growth. Nitrogen
effects on grain weight were of minor importance for grain yield, compared
with the effects on number of grains to be filled. An additional nitrogen application
at the booting stage increased number of grains as well as photosynthetic production.
'Thus nitrogen affected sink and source capacity in a balanced way, which was re-
flected in the small effects on the harvest index. The small effect of nitrogen on
the distribution of assimilates was also found by Makunga ct al. (1978) with C14
treatments.

The higher yield potential of new cultivars is atmost entirely due to an imprO\:'e-
ment in the carbohydrate economy of the plant. There have been only a small in-
crease in capacity to take up nitrogen from the soil and to produce grain protein.
Consequently, grain protein percentage has tended to fall as yielding ability has
been increased (Bingham, 1976). Pushman & Bingham (1976) stated that this
effect can be compensated by later nitrogen application. In our experiment this
compensation was only partial. '

However, there is no simple relation
the grain. In cultivars or under condition

between yield and percentage nitrogen in
s where senescence of leaves and mobiliza-
tion of nitrogen from the leaves is slow, higher grain yields 'may be'as.sociated with
lower percentage nitrogen in the grain (e.g. 1.44% for Maris Hobbit in 1977). On
the other hand, where leaf senescence is rapid, starch storage may be more ac}ver-
sely affected than protein storage and lower yields may bf’ associatffd with higher
percentage nitrogen in the grain (McNeal et al., 1972)..Th15 balance is strongly go-
verned by temperature; high temperatures favour protein storage _more than the ac-
cumulation of starch in the grain (Campbell & Read, 1968; Spiertz, 1977). Thl.:ls
the low temperatures in the growing season of 1977 would have reduced protein

percentage of the grain.

More than half of the grain protein m
wheat plant after anthesis (Hucklesby et a
trogen supply and root activity are adequate. In

ay be derived from nitrogen uptake by the
1., 1971; Spiertz & Ellen, 1978), if soil ni-
these circumstances the nitrogen
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content of the grain may remain high or even rise as grain filling proceeds
(Johnson et al., 1967). In our experiment only 23% and 20% of the grain ni-
trogen in Lely and Maris Hobbit, respectively, was derived from uptake after
anthesis. This indicates ¢ither poor root activity or depletion of soil nitrogen after
anthesis. With little further uptake during grain filling, most of grain nitrogen will
be derived by remobilization from leaves, stem and chaff (Austin et al., 1977).
The differences in efficiency of translocation of pitrogen from the vegetative parts
to the developing grains between cultivars and nitrogen treatments were very small,
The overall mean for the nitrogen harvest index amounted to 76.3% within a
range from 73.8 to 79.2% for all treatments (Table 2).

At high vield levels a low nitrogen content of the grains need not result from a
lower grain mitrogen yield, but can be caused by enhanced starch storage per unit
available nitrogen. Despite large differences between Maris Hobbit and Lely in
nitrogen content of the grains (1.44 and 1.62%, respectively) nitrogen yield per
grain amounted to 0.73 mg for both cultivars. Late nitrogen dressing raised the nitro-
gen contents of the grains considerably in both cultivars.

In a study on the importance of nitrate reductase activity for grain protein Rao
et al. (1977) concluded that no single identifiable factor can be used as a physiol-
ogical criterion in selecting wheat genotypes for better nitrogen utilization. Selection
must consider two or more factors simultanecously, including long-term capacity
for nitrogen assimilation (uptake and reduction of nitrate) and efficiency of transloca-
tion of vegetative nitrogen to the developing grains.

Considering the patterns of grain growth and yield differences we may conclude
that carbohydrate supply to the grains was not yield-limiting, However, this supply
corresponded to the number of grains that had to be filled. Thus grain yield de-
pended mainly on number of grains per m2. Nitrogen dressmg affected grain num-
ber and photosynthetic production to the same extent. An early nitrogen dressing
favoured grain number more than a late dressmg, the latter- increased the protein
yield of the grains.

The results of this experiment confirm the great importance of ear formation for
the final grain yield. It has already been shown that under various environmental
conditions the formation of a.larger ear with a high number of grams per car fa-
vours a high grain yield (Lcdent 1977 Evans, 1978)
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