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Physiology of Grain Yield of Wheat and Barley

GIIIIAN N. THORNE

Introduction

It has long been recognised that to understand the causes ofvariation in flnal grain yield
previous growth must be studied. Early attempts to do this (e.g. Engledow & Wadham,
1923) involved recording changes in height, plant and shoot number throughout the
season and, at maturity, the components of grain yield-number of ears, number of
grains per ear and grain size. Such studies provided much information about the structure
of cereal crops but little about the fundametrtal causes of variation in yield. One reason

is that the components of yield tend to be inversely correlated with each other so when
grain yield is positively correlated with one component it is often negatively correlated
with others. Census studies of this kind were done at Rothamsted and elsewhere until
about 1940 (Russell & Watson, 19,10) and attempts are still made to correlate grain yield
with particular components (e.g. Fonesca & Patterson, 1968; Hsu & Walton, l97l).

Another approach is to regard crop yield as a quantity of dry matter per unit area of
land and to enqufte into the growth processes that produc€ it. Such studies have been
greatly helped by the concepts of growth analysis originated by Gregory (1917) and
Blackman (1919) and developed at Rothamsted for field crops by D. J. Watson (1952;

1968).
The total dry weight of a crop at the end of the season depends on the length of the

growth period and the crop growth rate, C (increase in dry weight per unit land area Per
unit time). As the dry matter in cereal crops is predominantly carbohydrate produced by
photosynthesis, C at any one time will depend on the size of the photosynthetic system,

usually estimated as the leaf area index, Z (area of green leaf per unit land area), and the
rate of dry matter increase per unit leaf area, the net assimilation rate (-E). The latter is

a measure of the excess of photosynthesis over respiration and represents the emciency
of the leaf area in dry matter production. Such groMh analysis techniques' applied to
cereal crops at Rothamsted from 1937 onwards, led to the conclusion that variation in
dry matter yield depended more on differences in Z than in ,E (Watson, 1947a). Net
asiimilation rate varied with the seasonal trend in climatic factors, and stightly between

species of cereals (Watson, 1952), but the etrects of fertiliser, season, species and Yariety

on C were closely correlated with differences in I and only rarely related to the much
smaller differences in E (Watson, 1947a and b). Net assimilation rate and leaf area index

are not independent gowth attributes: E decreases with increase in Z, mainly because

increased mutual shading by the leaves decreases the aYerage light intensity at the photo-

synthetic surfaces (Watson, 1958). Optimal leaf area index, i.e. the value of,L at which C
ii maximal, occurs when about 95'% of the incident photosynthetic radiation is inter-
cepted and the lowest leaves are at the compensation point. It is probably about nine for
wheat and barley, which is considerably greater than for some other crops such as potatoes

and sugar beet @remner & Taht, 1966; Scott & Bremner, 1966; Goodman, 1968).

An optimal I of nine was found by direct measurement of C and Z in crops of barley
(Watson & French, 1958) and wheat (Watson, Thorne & French, 1963). Measurements
;f the penetration of visible radiation into crops of spring and winter wheat indicate
values ?or optimum .L ranging from seven to eleven, depending on the growth stage

(Szeicz, 1970; Osman, l97l).
5
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Growth analysis showed that the economically useful part of cereal crops, the grain,
gows duritrg only a relatively short part of the $owth period in contrast to ihe roots and
tubers of sugar be€t and potatoes which grow during most of the life of these species
(Watson, I 97 I ). So it seemed possible that leaf area and dry matter production at diferent
stages of growth might not contribute equally to yield, and hence the analysis of total
dry matter production into C and its components Z and E might not be as meaningful
in cereals as in some other crops. Moreover, by 1950 Porter (Archbold, 'i942; poier,
Pal & Martin, 1950) had shown that most of the dry matter that enters the grain of
barley, and probably also wheat, is derived from photosynthesis after the ears Lmerge.
So growth studies on c€reals at Rothamsted from 1954 onwards have concentrated on
the factors that cause variation in 3rarz yield.

Many physiological aspects of grain yield in cereals were summarised in I 965 (thorne,
1966a); this paper reviews developments sinc€ then. One aspect of cereal growth which
rec€ived little attention before 1965 is root gowth and its connection with top growth.
These topics are the subject of another paper in this volume (p. 26).

Sources of carbohydrate in the grein
In 1965 I concluded that most of the carbohydrate in the grains comes from photo-
synthesis after the ears emerge, mainly in the green tissues above the flag-leaf node.
Most of wlat is not lost by respiration during this period moves to the grain and only
little remains in other parts of the plant. The relative contributions of different organi
can b€ understood from the equation ll : Pa - rRa - -Ra * S, where },/ : grain yield,
P, : contribution from CO2 uptake by the ear, Rd and X,l : loss by respiration of the
91_ during the day and night respectively, ,S : contribution from the shoot (fhorne,
1965). S can be further subdivided into contributions of various parts of the shoot.
PE and fid can be estimated only approximately but (Pr - Ra), the net uptake of CO2
by the ea.r in the light, can be measured easily with an infra-red gas analysir or by long-
term feeding with radio-active carbon dioxide (14CO2). Average vilues foi the per"rentage
contribution ofthe diferent plant parts to final gain yield of wheat and barley, derived
from data quoted by Thorne (1965), are shown in Table l.

TABLE 1

Percentage contribution to grain yield (W) of carbon de oed from diferent sources of
carbon diaxide

P, : uptake by ear, -Rd : ear respimtioo a r[:I{il*, : ear respiration at nighr,.t: contribution

See text for full explanation. (From Thorne, 1965)

Pe
Ra
i,
Ra
Pe

s
W

-24
-10+ R" -34-Ra 55

--Rd- R" 45

Barley Wheat
19 24

-ll
39

-4
15

55 115
100 100

Reletion between shmts. It has generally been assumed that little carbohydrate moves
between shoots of cereal plants. Autoradiogaphy of spring and winter wheat showed
this to be true after the stems start extending (euinlan & Sagar, 1962; Lupton, 1966),
although a more sensitive technique showed that main shoots of wheat may import
small amor.nts of carbohydrate from tillers supplied with raCOz, provided tire tiiters
had not diferentiated ear initials (Lupton & Pinthus, t969). Rawsonind Hofstra (1969)
6
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reported from Australia an experiment in which tillers of Sunset wheat imported 1{C

fr6m all leaves of the main stem throughout growth, including the grain filling period.

When the leaf below the flag leaf was given laCOz several weeks after anthesis' 20f
of the labelled assimilate was recovered from the tiller ears. This unusually Large move-

ment into the tillers probably occurred because many tillers were produced late, th€
maximum number of seven being reached shortly after ear emergence' This is unlikely
to occur in the field. Natr (1967) also found tlat unusual circumstances could induce

movement of assimilate between mature shoots. With several Czech varieties of spring

barley and winter wheat, the decrease in grain 1rr ear caused by defoliation was greater

when all the shoots of a plant were treated than when only one was, suggesting that
intact shoots supplied carbohydrate to the ears of defoliated shoots, so partly compensat-

ing for the photosynthesis of the missing leaves.

Contribution of r€serves. Recent evidence supports the conclusion reached in 1965 that
most of the carbohydrate in the grain is derived from photosynthesis after ear emergence'

i.e. relatively little of the photosynthate produced before the ears emerge contributes to
the final gr;in yield. When whole plants or single leaves were allowed to absorb laCOz

more thai five days before ear emergence, less tLan l0 f of the activity remaining in the
plant at maturity was in the grain (Birecka & Dakic-Wlodkowska, 1966; Birecka,

3kupioska & Bernstein, 1967; Rawson & Hofstra, 1969). This percentage increased

rapidly with successively later feeding of the 1aCOz. Different results are reported with
a Japinese six-rowed barley that had seven green leaves per shoot at ear emergence:

whei the flag leaf was supplied with raCO2 shortly before ear emergence, 20% ot the
radioactivity-in the plant it maturity was in the ear (Hozyo & Kobayashi, 1969)' The

percentage ;fthe finil grain weight attributed to photosynthesis before anthesis cannot be

Llcutatei from the re-sulrc of ihese experiments, though it is clearly small lt can be

calculated from experiments in which thi rates of photosynthesis and the fraction of the

photoslmthate translocated to the mature ear are both measured (e'g' L"pton, 1968)'
'From 

iuch direct measurements, and from estimates derived from a model, Lupton
(1968, 1969, 1972) mncluded that photosynthesis between ear emergence and anthesis

iy tisoet ubo". it 
" 

third leaf (flag leaf : firso contributed less than 12 % of the dry

matter in the gmin at maturity.

Photosynthesis after ear emergence. The relative contribution of the various green

o.ga*"to nnut g.ain weight defends on their rates of photoslnthesjs and on the fraction

oiiu" pt ototyitt ate p;duced in each organ that is found in the grain at maturity'

notn rutes of-production and pattern of translocation change during the grain-filling

p".ioO una vai with variety and environment. The percentage contribution of the ear

fefenOs onty on its photosynthesis relative to the contribution to the grain from the

oifi". o.guri because mo.e ih"n 80 f of ear photosFthate is 
-recorr'ered 

from the grain

iCurr A-WuiaU*, 1965; Birecka, Wo.lciesta & Ghze-wski, l96Q' Ears of awned wheat

i".i"ti"t pt ototynthesise about twice'as fast as awnless ean (Carr & Wardlaw, 1965;

iu"ii, 
"iot.,l9i2a). 

Barley ears have larger awns than wheat and these contributed over

S07. ;ftti net photosynthesis of the wh;le ears (Biscoe, Littleton & Scott, 1973) The

pioportion oftoiat plant photosynthesis contributed by the ear also depends on th€-angle

iilif"-inotio"; it varied from \3y" nh", the elevation of the sun was 17" to 13% at

Oi;ipuct<riOge,'t s72). Hence it wiliilso vary with latitude. Birecka estimated ear photo-

.votiroi" uii"pprving rag6r,o whole plants (a) with only the ear exposed to light and

(6) with all'the gre;n iissues exposed. The radioactivity in the mature grain for treatme-nt

iuj ur p". """iof @) estimaies the contribution of ear photosynthesis' Averages for

|iporo'."t -ude ut several stages of grain filliag were: awnless winter whelt ll%, awned

7
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w-inter ryheat 18ft, awnless spring wheat 91, awned spring wh€t 291, spillg barley
!0 % _(Birecka, Skupinska & Bernstein, 1964; Birecki & 

-DakioWlod-iowsti 
tS6a;

Birecka, Wojcieska & Glazewski, 1968).
The percentage contribution ofleaves and stems depends on their total photosyntletic

production and on the fraction ofthis that moves to the grail. The latterls u.uu y,"ry
small for leaves below the second (flag leaf : l) and much greater for the flag leai than
for the second; when each of four leaves on a wheat shooi were supplied iith ra66,
at ear emergence, the percentage of the radioactivity in the plant at maturity r""or"red
in the $ain was 55 f when the flag leaf was treated, 5 % whe-n the leaf below was treated
and oIJJy 2)( when the next two lower leaves were treated (Rawson & Hofstra, 1969).
The second leaf may contribute much more than this: up to half of its photosintha;e
may be recovered in the grain (Lupton, 1968) and its co;tribution to the grain may be
more than a third ofthat ofthe flag leaf (Evans er c/., 1972a). The results o1Hozyo and
Kobayashi (1969) with barley were again unusual: about half the activity in thi plant
2l days after feeding the flag, third or fifth leaf at ear emergence was in thi ear.

A large fraction of the CO2 absorbed after ear emergence is lost before maturity by
respiration, and especially by respiration of the graini. Birecka and her co-woikers
report that about zl0 f of the radioactivity present in the plant immediately after supplyingracoz at yarious times after ear emergen@ had disappeared by maturity. fnfosi of tfrl
Io-ss occured in the frst few days after treatment. Whin wheat was giueoirco, 15 day.
after anthesis, 20'% of the radioactivity absorbed by the ear had &sappeared lS days
later and 20% of that absorbed by the flag leaf was 

'lost 
in 4g houn (Rawson & Evaris,

1970; Car_& Wardlaw, 1965). Photosynthesis by green grains, as weil as by the rest oi
the ear, helps to conserve COz, even when the ea. cont.ibutes little to the net COz
up_take ofthe whole plant. AII wheat grains seem to be able to re-fix their own respiratoii
COz (Kriedeman, 1966) and those of some, but not all, varieties can also absorL
exogenous COz (Carr & Wardlaw, 1965; Evans & Rawson, 1970).

Fetestimates of all sources ofgrain carbohydrate have been made in the same experi-
ment. Lupton has attempted to estimate the contributions to the wheat grain of phtto-
synthesis in (a) the ear, (b) flag leaf and sheath and (c) second leaf andlheath of fieto
crops by measuriag photosynthesis of these three parts at several times during the grain
filling period and measuring the fraction of fed rrrCoz reaching the grain. w-hen piants
were temporarily moyed from the field to the laboratory for 

-measurements 
of pioto-

synthesis, the calculated contributions for the whole perioi of grain growth were: ia) ear
!0"1, (b) Aag leaf and sheath 581; (c) second leaf ind sheati 32l], with no ditriience
betweeo the varieties Cappetle-Desprez and professeur Marchal (iupton, 196g). Later,
estimates were obtained from photosynthesis measurements done in srra ln itre field
and other data fed into mathematical models. The first model gave estimates very
similar-to those quoted aboye: (a) t2/., (b) 62%, (c) 26%, with no difference between
Cappelle-Desprez and Professeur 

-Marchal 
(Luptotr, 196r). The second model gave

estimates of (a) 23 7- (b) 74%, (c) 3 fo with no difference befween Cappelle_Desprez-and
a semi-dwarf winter wheat selection (Lupton, 1972). The accuracy-of these e;timatespartly depends on the validity of the assumptions incorporated in tie models. The lack
ofagreement between observed and cahuhtad yields shows that some ofthe assumptions
may be -invalid: yields predicted by_ the frst model ranged from ll9 to 136% ;f the
observed values and those predicted by the second were 51-s+ 2 of the observed values.
Similar measurements^of photosynthesis and translocation *eri -ade by Evans et al.
-U9lza) al one stage of developmen! 15_17 days after anthesis, on two closely-related
lines, one awned and one awnless. The relativj contributions oi different org"n. io thi
awnless 

_and awned line, respectively were: ear 13 and 34, flag leaf lamina Z6 and 47,
second leaf lamina 2l a,,d 19\ of the combined contributi-on or uese trree parts.
8
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Absence of iffigation increased the contribution of the ear relative to that of the leaves.

Lupton (1972) iuggests that the contribution of the second leaves may have been over-

otlinut"a Uy t i.ri-tf in 1969 and Evans, et al. in 1972because uppr leaves were displaced

so that tie'second leaves received more light when their photosynthesis was measured.

The second leaf contribution was almost certainly over-estimated in 1968 too, because

photosynthesis of all parts was measured in the same light intensity-a condition that

does not occur in the field.

Summary.Recentlydevelopedmethodsofestimatingthecontributionofdifferentplant
parts to ihe carbon in tne griin, involving the use of r4COz to measure movement to the
'g*in from the various phot-osynthesising organs, suggest that the general picto,e presented

in 1965 (see p. 6 and iable i1 was broioty conect. However, the ear and shoot contri-

butions istimated using r4CO; are not identical with Pa - Ra - ./Q', and 'S in Table I ;

they are physiologicaliy more meaningful- The ear contribution. is Pr less respiratory

tosi in the ear ofCO2 aLsorbed by the ear, and the shoot contribution is the carbohydrate

from the shoot not lost by respiration in the gain. Methods used in the papers sum-

marised in 1965 did not permit ihe separation ofthe two sources of respiratory substrate

and all ear respiration tiad to be debited against COz absorbed by the ear' Hence the

contribution oi th" 
"a. 

in awnless wheat varieties is probably larger ttran shown in
Table l-the data quoted above suggest a value ofabout l0-15 %' Similarly, the contribu-

tion of photos,'nthesis by barley eiis may be larger than the 451 in Table 1 and larger

than th; 35% estimated with in infra-red gas analyser by Biscoe, Littleton and Scott

(1973). HowJver, the only estimate based on 1aCO2 absorption is Birecka's 401' The

ielative contributions to the grain of different organs evidently depend on whether awns

"ii 
pr"r"ot and their size, aid on the enYironment, but too fevr' comprehensive studies

r,.u6 6""n done to show how differences in the various sources of grain carbohydrate

affect variations in grain yield between varieties or variations in yield caused by differ-

incts in cultural prictice, weather, incidence of disease, etc. This is particularly true for
barley which has-been studied much less than wheat in rec€nt experiments'

Grain yielrt and leaf area duration

Measurement of l€rf area. As most of the carbohydrate in the gain is produced by

photosynthesis after ear emergence it is not surprising that grain yield is often closely

L.rli"i"i *itn the photosyntlhetic area present after ear emergence, or after anthesis,

*frif" tn" grains are growing. The area of leaf laminae alone is not an appropriate

estimate oileaf area ii6ex because of the contribution to the grain of photosynthesis in

oiir* gt""n o.gu"t. So, green sheaths and stems as well as laminae have been measured

ln-..""lit .*p.i..ns aiRothamsted. The photosynthetic area of the green sheath and

stem is taken as that of the exposed outer surface and this is added to the conventional

"iiimut" 
of leaf area of one side of the leaf lamina to give total leaf area' This basis

for summing leaf and sheath area is justified because leaves are_ orientated nearer to

horizontal tf,an vertical anrt so receivC tglt mainly on one side, but the Yertical stems

.e""-ir" Oinose -aiation on all sides, ancl in England 5G-60 f of tie incident radiation is

aii:m" fdr.i"r,iS7Ol. Also, when measured on this basis the rate of CO2 uptake Ctrue'

;;.l"rjrtt "S;l 
per'unit aiea of a naturally illuminated l:af was- similar to that of a

;h";th;;d enilised stem of equal age (thome, 1959). The net Coz exchange of the

.il""inr .rra. t"r. tf,an that of leai laminae because of the greater respiration of the-larger

amount of un,t".tying tissue. Other estimates of stem area, such as the projected area'

-"V t" "pptop.i"rc 
wien considering phenomena other than pholo^synthesis, for example

UJri l"t.iilpii., by leaf canopies (-Angus, Jones & Wilsou, 1972)' ^fhe proportion of
9
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the total area_ contribuled by stems and sheaths is considerable_abo d fi% at eat
emergence and increasing progressively until leaf area becomes zero at matu;ty. The
surface of the ear has not usually been included by us in estimates of leaf area index
although it has by some other inv-estigators-@schei & Kohn, t966; Spiertz, ten Hag &
Ku.pers, l97l ; Yap & Harvey, 1972). The tedious measurements involvei were conside-red
unjustified until a method of estimating the light and coz absorbing surface of tie ears
comparable to that used for leaves and sheaths was established. Moreover, during most
of the grain filling period the surface of the ear, estimated as projected aiea, is 

-only 
a

tenth ofthat ofthe stem and leafabove the flag leafnode in wheit, although about a tliirJ
in barley (Thorne, 1965).

correlation of yield with leaf arer duration. Most of the differences in grain yield in
experiments done at Rothamsted belore 1965, for example those betweei spring and
winter wheat varieties or those caused by different amounts of nitrogen fertiliier, tuld
be accounted for by differences in leaf area integmted over the driod following ear
emergenc€, the leaf area duration (D). Workers from Holland, Australia and Ca-nada
have also reported good correlations between grain yield and a during the grain fillin!
period,(Fischer & Kohn, 1966; Simpson, DOa; Spiertz, ten Hag & Kulers, 19Zfl
Puckridge, l97l; Yap & Harvey, 1972). Welbank, French and Witis (196e'found thai
grain yield of several varieties of wheat sown in autumn or spring with two amounts of
nitrogen were correlated more closely with D when it was based 

-on 
leaf area above the

flag-leaf node from anthesis onwards than when based on lear area of the whole plant or
when leaf area integration started- at ear emergence instead of anthesis, pres-umably
because most ofthe carbohydrate in the grain cime from the area above the flagJeaf
node after anthesis. The basis used for calculating D may not always affect the correl-ation
between yield and D because the factors causing variation in yield may have similar
relativ_e effects on area of all parts of the shoot andit all times neai anthesis. For 

""*pt",area above the flag-leafnode contributed about 501 of D for Kloka, two Mexican short
lprlng wheat varieties and Cappelle-D esprez, bltt 6i/o for Gaines winter wheat (Thorne
& Blacklock, l97l). Consequently, the basis on whiih D was calculated affected the
closeness of the correlation between g'ain yield and D for winter varieties but not for
the spring ones.

Effects of lfige leaf area indices. In recent experiments the correlation of grain yield
with D after anthesis has not been as good as observed formerry. Increases-in ol for
example those caused by additional nitrogen feniliser, no longir cause proportional
increases in yield (fhome & Blacklock, l97i; Thorne, 1974). Suci'effects of nitrogen can
b€ detected in some of the earlier experiments but weie not as great as in the recent ones.
Thorne and Blacklock (1971) suggesled that grain yield ceased-to be wefl correrated with
D after anthesis when grain yields exceeded about 500 g/mz and leaf area index at
anthesis exc€eded a value of about seven, which did not occi:r in the earlier experiments.
Pu!" q9. crops with such leaf area indices are provided by the joint experiments of
P. J.. Welbank-@otany Department) and F. V. Widdr,rson (Chemistry b"pu.t-"rrtj
whi_chexamined the growth of winter wheat and spring wheat on differentiites (welbank
& W_iddowson, 1972; 1973).I-eaf area index at;the;is ranged from 4 to t3 dipendin!
on the amount o{ n1!1ogen applied (six levels from 3l to 186 kg N/ha) and wheiher th!
crop was irrigated- The graphs of grain yield y. leaf area inOei (Z; ai anthesis (Fig. I)
show that grain yield increased with increase in z at anthesis ui io a maximum varue
which was between 6 and Il. The 

9ur_ves 9n the figure were derived from nitrojen
response curves for grain yield v. Z calculated by p. E.-sparrow of the statistics Depirt-
ment. Since each curve is based on only six points, the values of optirnum Z were not
l0
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determined precisely; they seemed to be less at Broom,s Barn than at Rotiamsted
especially without irrigation, and greater in 1972 than in 1971. The reason for the
difference between years is not clear: it does not seem to be an effect of light intensity
analogous to.the increase in optimrrm r for crop growth rate in the vegetatiie stage thai
occurs with increased radiation (Stern & Donald, 1961); there waJless radiat]on in
July- in 1972 than in 1971. Optimum Z for grain production in spring wheat is probably
in tbe same range as for spring barley and winter wheat. Grain yi;ld of Kleiber wheat did
not increase- with nitrogen dressings above 25 kg/ha, that gave a value ofZ at anthesis of 7,
although additional nitrogen up to 200 kg/ha increase D and Z further (Thorne, l9Z).
In another_experiment with only three amounts of nitrogen, maximum grain yield of
Kolibri and Lerma Rojo was obtained with the nitrogen treatment givingl at anthesis
of_between eight and nine (Thorne & Blackrock, r97D. The results ivailibre at present
indicate that crops do have an optim-um Z for grain production, as suggested by Thome
and Blacklock (1971); in some conditions the optimum may be as sniall as six, but in
other conditions grain yield continues to increase with increase in z up to I l. The cause
of this variation in optimum ,L is not clear.

A possible explanation for this phenomenon is that Z of about nine is probably
sufficient to i,I.ercEpt 95% of the visible radiation incident on cereal crops and should
therefore be the leaf axea index at whicr growth rate of the whole crop is maximal.
Measurements of the penetration of visible radiation into crops near the time of anthesis
showed that a leaf area index of atout I r for spring wheat (szeicz, 1970) and between
seven and eight for winter wheat absorbed 951 of the incideni radiation (t)sman, l97l).
Also, growth measurements showed 

-that optimal leaf area index for'maximal crJp
gowth rate of the. vegctative crop before ear emergence was probably about nine (sei
p. 5), so increase in Z above nine for much of thi grain growth period is unlikely to
increase growth in total dry weight. But as less than harf of t[e area present at anthesis is
contributed by that above the flag-leaf node (Thorne & Blacklock, t97l), light absorption
by the leaves that contribute to the grain should continue to increase witi increase in
total z above nine, and so too should grain leld. Moreover, treatments that increase Z
above the o_palimum for grain yield usually continue to increase the production of total
dry matter (Fig. l; Thome & Blacklock, 1971; Thorne, 1974). A mor; fikely explanation
is that tran-slocation of carbohydrate is inhibited in the dense crops prodiced' by large
amounts of nitrogen. The experiment described in the Botany oepartmentt Sectiin
of Part I of this Report is designed to investigate this possibilty.

Grain le.af ratio. The relation between gain lerd and , after anthesis can be described
conveniently by the ratio between them, which Watson, Thome and French (1961j
called grain leaf ratio, G. It measures the efficiency of the leaves in producing dry mattei
for the grain just as net assimilation rate measuies the photosynthetic emci-ency of the
leaves during the_Iegetative phase. G_ is particularly u."t l foi distinguishing 6etween
situations where differences in grain yierd cin be exprained by differencesln o (c:constant)
from those where it cannot. Most of the variationln G between seasons can be explainei
by variation in radiation and temperature (see below, Effects of ctimatic factors) but
dif-elenceg between crops with similar aerial environments can have several causes
which makes the interpretation of variations in G difrcult.

Thorne, Welbank and Blackwood (1969) suggested flve possible causes for differences
in G:. (l) when larger G is accompanied by smiler leaf area, the deciease in self shadin!
may increase the average intensity of righi incident on the leaves and hence increase th6
rate of photos,,nthesis per unit leaf arca; (2) change in leaf orientation may increase
Ii+j irl:r.:q and hence .?hojosryjhejic rate and d; (3) greater G may be caused by
,nierently taster photoslmthesis of the leaves without any change in iltumination; (4) eari
t2
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may photosynthesise more, thus seeming to increase G which is based on area of leaves

uod it"*" only; (S) total photoslnthetic production may not 
- 
change but a great€r

proportion of ii miy move to thi grain and hene increase G (see below, p' l8)' Tle
ima'ller C of Kloka urd Jufy I th* of rhort-strawed wheat varieties derived from Norin 10,

observed by Thorne, WelLank and Blackwood (1969), was almost certaiDly caused in
part by (l) which occuls whenever there are large differences in leaf area, for example

inor" L"t"a by nitrogen fertiliser; it is analogous to the decrease in net assimilalion

rate that ac.somPanieslncrease in leaf area during the vegetative phase (Watson, 1958)'

Greater photoslnthesis by the awned ears of the short varieties (4) also undoubtedly

contribuied Gee p. 7, above). There was no obvious difference in leaf orientation

(2) and there were no differences between tall and short varieties in extinction coefrcient

in-nooG. 
"*p".i-ent 

(Thorne & Blacklock, 1971). Difference in photosynthetic rate (3)

is also unlike-ly to be involved as faster photosynthesis has not yet been proved to cause

greater yield in any comparison between cereal varieties, although estimates derived

F.o- u iroO.t tuggot thai the large yield of a semi-dwarf selection- was caused by faster

photoslnthesis (iitpton, 1972). The-final dry weight of straw and $ain indicates that

t, -uy U" concerned, although this cannot be proved without frequent measurements

oi Ory',,,utt". Oi.ttibuiion or, 
-preferably, 

estimatis of the distribution of photosynthesis

using't'Cor. Watson, Thorni and French (1958) concluded that the greater G of new

than"of old barley varieties was a consequenc€ of more ear photosylthesis; leaf areas

were similar and dry weight changes of the stem indicated no difference in (5)' Later

measurements of COz exihange oi ears using an infra-red gas analyser supported the

possiuitity 1:rnorne, 1t6r. Growth data suggeited that neither (l), (3) nor (5) caused the

ia.ge C of moae; wheat varieties as compared with older ones and Watson, Thome

ani French (1963) concluded that more eir photosynthesis was the most likely cause

but direct measurements of CO2 exchange did not contrrm this (Thorne, 1965)' Another

explanation is suggested below @. 20).
^Sir"" *r. of 6-arley photosynthesise more than those of wheat (see p' 7) and G is

based on area of leavei and stems only, G should be larger for barley than for wheat' but

was not in the data examined by Welbank, Witts and Thorne (1968), possibly because the

r"ri of m" shoot Photosyntheiised slower in barley than in wheat' The rate of pholo-

rvotn".i. of tn" 
"oi"bined 

flag leaf, flag-leaf sheath and peduncle of barley was less than

Li *n"ut, when measured iri tne fieta with an infra-red gas alalyser (Thorne, 
-1965)'

but no tliilerence was found between flag-leaflaminae measured in a growth room having

u fi'gt t lot"r.ity of only 65 Wm2 of visible radiation (Ihorne, 1966b)' In the comparison

of iiote. rrl"it uod barley done by P. J. Welbank and F. V' Widdowson at Rothamsted

i, ilzf 1."" p. l0), G oftartey wa. more than 20% g:reater.lhan of wheat when crops

o"itn si-iiu. Guf ui"as at anthesis, and hence presumably similar degrees of self shading'

*"." 
""-pr."a. 

But more favourable weath;r during the grain fiUing period of barley

aif"r.o"" miglt reflect the griater ear pir6t6synthesis in barley^but it could have other

cr*"r, ,o"n i. a diflerence-betwe"o thi cropt in the pattern of change of l, with time'

i.."ftiirg i" u Oitr"t"nce in productiYity p". ,rit of D. Fo.ther-investigations are obviously

o""a"a io reconcile the srnall differinces in G between wheat and barley with other

knowledge about the sources of grain carbohydrate in the two crops'

Summary. Recent experimental evidence clearly shows that variation in leaf area after

*1h"ri, do.. not 
"xplain 

variation in grain yield as well as was thought in 1965' However'

it is essential to estimate leaf area diration after anthesis when investigating *1rt"l 9!
;;;"ii;il grrh yield, in order to distinguish between situations in which grain vield
*" *a *#ot be explained by differences in leaf area duration' In the first' factors

l3
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affecting leaf expansion and senescence are likely to be involved, whereas in the second
factors aflecting photosynthetic efficiency and the distribution of drv matter are more
probably concemed. Some of these are discussed in the following secions.

Efrects of climatic factors

since Rothamsted acquired controlled environment equipment in 1962 the effects of
tgmpjllture and radiation on gro*th of wheat and barley have been studied in some
detail (Thorne, Ford & Watson, 1967,1968; Thorne, 1971). Some experiments have also
been done outdoors to investigate the eflects of radiation by shading, and the eflects
ofnatural variation in radiation and temperature by multiple regression a-nalysis (welbank,
w_itts & Thome, 1968). This latter technique often does not give useful resurts,'especialry
when used for analysing effects on fnal yield or on growth Jver long periods, because ii
fails to discriminate between effects of diflerent factors at ditrerent stages of gro*.th and
between the efects of temperature and radiation, which are closely corrilated i-n Engla.nd.
Even with yields and weather data for many years from crops otherwise uniforml such
as wheat on Broadbalk field, little infomation has been obtained with multiple regression
techniques (Buck, 196l).

The effects of water supply on growth of cereals have also been studied at Rothamsted
(Welbank & Widdowson, 1972, 1973; Lawlor, 1971, 1912, 1973a,1973b) but wi not be
discussed here-

Temperature atrd rsdiation after anthesis. Experiments in growth rooms where tempera-
ture_and amount of daily radiation during the grain filling period were varied inde-
pendently showed that increase in temperature, within thJ range found outdoors in
Englan_d at this time, decreased grain yield by hastening s"o"r""o""1fth" l"aves (Thorne,
1970). Inclgasilg 1[e radiation by increasing either the intensity or the daylength increased
grain yield (Thorne, Ford & Watson, 1968; Thorne & Ford, l97l). These re-sults suggest
that cereals yield well in fine summers because of the extra radiation rather thai-the
warmer- temperatures. Fig. 2 shows the effects of hatving the amount of daily radiation
received by wheat plants during a l6-day period starting eittrer 5 or 2l days after anthesis.
The larger amount, 740 J cm 2 day r, is similar to thi average value outdoors in July.
Halving thc_daily radiation during either period decreased flnil ear dry weight and finli
grain_ yield _by about l2%. The earlier treatment decreased the numLr oi grains per
spikelet and grain size; the later treatment atrected only grain size. Halving the-radiation
during both pe_riods decreased grain yield by 2Z/.. ln ixperiments on field 6rops of r heat
]n two yeq1, halving the daily radiation rgcerueO Uy tfie crop by shading continuously
between.50 f ear emergence and maturity decreasedgrain yieid by about"6O %, "tr*i;;-t9j! Crain_syr 11a n,rmber of grains per ear (Welban( Witis & Thorne, l96t;. Howevei
Willey and Holliday (l97la and b) found that halving the radiation duri"g grui, gro*tt
!1! n9 etrect on grain yield of barley. and decreased the grain yield of ivileat b-y oniy
3Oft._In Illinois a 301decrease in radiation after anthesis lecreased grain yienty ZSy
(Pendleto_n & weibel, 1965). It seems that decreased radiation duriig td grain'mrrii
period_ afects grain growth directly by decreasing photosynthesis aia tne- suppty oi
assimilate and-hence decreases grain size. Also, when iadiation is severely restricted Jtose
to the.time,of anthesis grain set may also be decreased. So decreased mdiation after
anthesis will normally lessen grain yield unless this is already limited by some internal
factor and not by carbohydrate supply.

The effects of variation in temperature during grain filling are more complicated.
Altho.g! incrcase in temperature from 15 to 20tlhroughou-t tbe gain fllin! period
decreased flnal ear dry weight, it increased the rate of ear growtl auring tn" frJ2t);ut;
t4
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LATE TREATI$ENT

SHOOT DRY WEIGHT

:r-1-Lj tl

EAR DRY WEIGHT

s35

tisr(rrlN{ I I

521 37 5s

lH zao )

O--O s7o I

Days after anthesis

J cm, day 1 visible radiation

Frc. 2. Effect of a difference in radiation after anthes'rs on ear and shoot dry weiSht of wheat Per pot

"r'tii 
p'iii-.i.A..tl-rlines are least significant di.frerences (P -- 0 05)'

after anthesis and decreased stem Srowth (Thome, 1970). Apparently, \ryarm temperatures

"iiJiJ'ii" 
i,ri"ufio, in the piant of carbohydrate rathir than altering the 

-su-Pplv'
ili. *".l..,uaUtv less at 20'C tLan at l5"C because leaf area was less' the rate of photo'

i#ilX '"ffi:"ffi;;;i ;;' ,;;li;J;nd that of the sheath and stem was decreased'

i{#H;i;#h .i """ *"i "r." observed at 25'c than at 22"c bv Asala 1lq
i"Jirir'iis?fl;d wittr aavTnight iemperatures of 27-l22"c.compared with 2ll16"C

;;\il;i;; iir?0). who showei ihat cell division in the endosperm was faster at the

;'J;;##;; ;;;;;d ;;";"o thut th' final number of cclls was unaffected'

I;H::j';;;;;;ilil;l;il; iffects earrv or rate during 
-grain 

growth: a-5'c

h;;;; i"l"-f;;;rie imposed iot ro iuvt starting either 5 or 2l davs afte-r-anthesis

i;;;;-;;;i; *eight but decreased dry weight oi the rest of the,shoot and leaf area

il;;;.I, "ft;t 
t-..?,nl.r,' una J....ui"o fi-nal ear dry weight- bv !10% (Fig' 3)'

When the difference io temperaturc was imposed continu.ously for 32 days, ear_and

;;il';;;;ffi;;]eL. u[lo;c ttuo at 13"c (rhorne & Ford' reTr)' rhese effects

sussested that temperature .uy u"t ait""tty on the-gowth of the grains' i'e' on-their

::::;;t;';;";;;,:trt" 
"u.uonva.ut" 

ihii conclusi6n is supported bv the results of

;ffi;il; ffiil;fi;;;;#;;i the ears but not the rest or the shoots was altered:

;:ffiffi'#il;;;i;;;1i;i; ;;dv gro*h but cau-sed^them to mature sooner' with

"i."U.. 
nU dry weight, than cool ears (Thorne, 1972; 1973)' 

15
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Although the decrease in grain yield witl warmer temperatures has been ascribed toearlier senescence of the- leaves, grain yield of wheat a'nJ uu"v-ae".eus"o less thanproportionately to the decrease in leaf area duration (D) so iirat c increased with
1:TI9.1t]." during the grain filling. period (Thorne, Foid & Watson, 1967; Thorne,
1970). Of course, G also increased with increise in radiation *t i"n _ud" th" i_. g;;
faster without altering leaf area. Effects of temp€rature 

"oa 
i"ii"tioo on G similar tothose in growth rooms have been folnd in the ield (W.lbark, Witts A fUome, teOd;.

Ylln-q was cahul^1ted for.t5 experiments on barley and .p.i&;; winter wheat done
lunog j99 years, EU% of irs variance was accounted for by the multiple regression:G : 0.048R * 1.80I - 29.8, in whicb R : mean daily raOiaion in caf cm_2 d-ay_r and

EARLY TREATMENT LATE TREATMENT

a.r:[

LEAF AREA

SHOOT DRY WEIGHT

EAR ORY WEIGHT

555
Days after anrhesis

55

lH zo-c O- -C) 15.c
FrG. 3. Effect of a difer€rce iD temDe

eor oi ten praots. Ve.i'"ii'ffi ;.'Hff$ff#I"o1$&'&9i/€isht and leaf area or eheat. Pcr

l5

'ol I r
. | _-- 4--o.--- r

l-.--f
4oLt I r r
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I : mean daily temPerature during the $ain filling period in 'C' The units of G are

g cm-z week-l. The effect on G of change in temperature predicted by this equation are

;imilar to those observed in growth rooms having constant radiation. This ageement

between field and growth room increases our confidence that extrapolation from the
growth rooms was justified and that the independent effects of temperature and radiation

ihown by the multiple regression analysis were real.

Tempereture and rartiation before enthesis. Increased radiation before anthesis usually

increises gror.th immediately but does not necessarily also increase grain yield. Doubling
the amount of visible radiation Siven to wheat plants from 370 to 7'!0 J cm-2 day-1,

during two weeks in May, either immediately after initiation of the ear or two weeks

hter,lncreased plant dry weight immediately after treatment by 25-29\ (Thorne &
Ford, l97l). Buineither dry weight two weeks after treatment nor leaf area at any time

was afected- Neither tillering nor the number of grains per ear at maturity were afected

by the light intensity treatments in this exPeriment. Shading belore anthesis has been

tested in-the feld, but usually for four weeks or more. Often it decreases grain yield

apparently through effects on both number of ears and number of grains per ear

(Pindleton & Weibel, 1965; Willey & Holliday, l97ta and b).
The effects of variation in temp€rature before anthesis can usually be explained by its

effects on tillering, leaf expansion and senescence. OYer the relevant temperature range,

l0-20'C, photosynthesis is afected negligibly. Warmth (i'e. warmer temperatures

compared iith cooler ones) early increased growth by hastening germination, increasing

tillering and leaf expansion; increasing day/night temperatures during the four weeks

immediately after sowing from 9'0/4'5'C to l5'0/10'5"C more than tripled the dry weight

ancl leaf aria of barley and doubled tle shoot number (Thome, Ford & Watson, 1967)'

Later, warmth no longer increased shoot number and sometirnes decreased it. The

maximum shoot number of wheat plants that spent the period b€tween initiation of ears

and anthesis at 20"C was only 781of that of plants which spent the same period at

l5'C (Ihorne, Ford & Watson, 1968). A 5'C increase in temperature imposed for two

weeks'immediately after ear initiation increased leaf area and dry weight, but not shoot

number (Ihome ai. Ford, l97l). Two weeks later, four wecks before anthesis and nearer

the time when leaf area was maximal, a similar increase in temperature had no eflect on

dry weight or leaf area. Few of these effects of temperature persisted for long after the

treatmeits ceased, and did not change leaf area after anthesis or grain yield. This is true

even for the very large relative effect of a temperature difference applied from sowing

because the efect was absolutely very small compared with subsequent Srowth.
These variable effects of climatic factors before anthesis can be understood b€tter by

realising that change in temperature or radiation before anthesis will affect grain yield

in two Jircumstances: (1) whin they cause differences in gro6h tlat producr differences

in leaf area at anthesis ind hence in leaf area duration during the grain filling period and

in the supply of photosynthate for the grain ; and (2) Y/hen they cause-differences in gro\rth

that aff&' tle oumberbf grains per acre, and, particularly, the number of grains per unit
of leafarea index, which can affect grain yield when the capacity ofthe crop to accumulate

carbohydrate is restricting yield (see below, p. 20).

Effecb on deyelopment. Studies at Rothamsted on the effects of climatic factors have

been concerned mainly with weather, that is with the effects of short term deviations

from the normal seasonal trend, rather than with a comparison of our climate with that
elsewhere. Variations in weather affect gxowth in dry weight more than morphological

deyelopment because the Iatter is determined mainly by the seasonal change in day-

length and the gross seasonal change in temperature. Thus the increasing daylength

t7
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in the spring and the cold vemalising temperature of winter cause winter wheat to
flower at about the same date every year. The main cause of differenc€s in the pattem
of development between years is variation in temperature: differences in light iitensity
have negligible effects (Friend, Fisher & Helson, 1963). Warmer temperatures hasten
d€velopment of many species of Gramineae, except when they have a de-vernalising etrect
(Eva1s, !964; Ryle & Langer, 1963; Friend, 1965). A temperature of ls.C compared
with 20'C imposed from sowing delayed ear initiation ofwheat by two days and increased
grain number and final grain weight by 6y. (Thorne, Ford & Watson, 1968). A similar
temperature diflerence between ear initiation and anthesis lenghened th.is period by
20 days and increased tillering and grain yield. The extra tiller development could be
a consequenc€ of decreased apical dominance associated with delayed flowering, or
b€cause less carbohydrate was respired at the cooler temperature leaving more for tiller
growth.

Larger efects of climatic factors than the ones described in this Section are reported
in the literature, but most of them come from experiments on plants grown continuously
in the different conditions, whereas in our experiments the environmental differences
were imposed for only two or four week. Even so, the differences in temperature and
radiation we used were large compared lyith those that occur naturally. During the ten
years between 196l and 1970 the mean monthly temperature between April and August
never differed from the long term means by more than 2.5'C and the biggest deviation in
mean monthly daily radiation was 251. This compares with experimental differences of
5 or 6'C in temp€rature and 501 in radiation imposed for two or four weeks.

Tte moyem€ of rssimilrte

Source versus shk. There is controversy about the extent to which grain yield of cereals
is controlled by the supply of photosynthate or by the capacity of the ear to ac.umulate
available carbohydrate. Factors controlling supply (the source) are the area of photo-
synthetic tissue and the rate of photosynthesis. Factors controlling the capacity to
accumulate carbohydrate (sink capacity) are the number of grains, and their maximum
growth rate and ultimate size when these are determined by factors other than carbo-
hydrate supply. Sink capacity can afect grain yield by affecting the distribution of
photosynthate only, or both its distribution and the rate of photosynthesis per unit
leaf area. Australian research workers, especially those at Canberra using plantiin pots,
are the main exponents of the view that wheat plants produce ample photosynthate to
fll the ears and that grain yield is controlled by the sink capacity of the ear. They cite
four types of supporting evidence: (l) treatments that decreased total photosynthesis per
shoot, such as shading ears or removing leaves, decreased grain yield less than expected
from the decrease in photosynthesis because compensatory movement of photosynthate
from other organs to the grains occurred (Wardlaw, Carr & Anderson, 1965; Rawson &
Evans, l97l; Bremner, 1972; Bremner & Rawson, 1972); (2) treatments that increased
grain number, e.g. vernalisation and change in daylengh, increased grain yield even
when leaf area was decreased (Rawson, 1970); (3) the rate of photos).nthesis of the flag
Ieaf changed as the demand for assimilates by the ear changed; flag leaf photosynthesii
increased when photosynthesis ofthe ear was stopped by spraying it with DCMU (King,
Wardlaw & Evans, 1967) and was greater 15-16 days after anthesis when grains were
growing fastest, than earlier or later during the grain filling period (Evans & Rawson,
1970; Rawson & Evans, l97l); @) photosynthetic production of only part of the geen
tissues, estimated from measurements of gas exchange was adequate to support observed
l8
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rates of grain growth; c.g. photosynthesis of the ear and flag-leaf lamina alone was

sufficientio meet the requiiements of the ear during the period of most rapid grain $owth
(Rawson & Evans, 1971).' The contrasting view ihat grain yield is determined by the supply of photosynthate is

supported by the positive correlations ofgrain yield with leaf area duration after anthesis

discussed already-(see p. l0) or with total crop photosynthesis measured in an enclosure

by gas exchange: the viriation b€tween three years in yields of three varieties in South
Auitralia were almost entirely accounted for by variation in total crop photosynthesis

after antiesis (Puckridge, l97l). The importance of ttre supply of photosynthate is also

supported by the numerous experiments in which decreasiog the supply, for example by
shlding or iemoving leaves, decreased grain yield considerably (e.9. Welbank, Witts &
Thorne, 1968; Stoy, 1965).

The true situation seems to be, as suggested by Bingham (1967, l97l), that gain yield

of wheat usually dePends on both the supply of photosynthate and on the sink capacity

ofthe ears. Bingham showed that, in the very diflerent climates of England and Mexico,
removing some grains from an ear increased the size ofthe grains remaining. This implies

that in the intact plants grain size was less than maximal because of insufficient photo'
synthate. But increase in grain size did not entirely compensate for the grains removed;

tire sink capacity of the smaller number of grains was insumcient to absorb as much

carbohydrate as did the grains in the intact ears. Removing grains had similar relative

effects in full light or when carbohydrate supply was restricted by severe shading or
removing half of each flag-leaf lamina. The simultaneous control of Srain yield by sourca

and sink was also evident in the experiment of Thorne, Ford and Watson (1968): grain
yield was greater when daylength after anthesis was 18 hours than when it was 14 hours,

Lecause individual grains were larger, but in both light regimes grain yield increased with
increase in number of grains per ear.

The relative importance of source and sink will vary with stage of grain filling and with
the environment (Watson, l97l). Soon after anthesis, before grains start gowing at their
maximum rate and while leaf area index is large carbohydrate supply is likely to be

adequate for curent grain growth in most climates, but later, when leaf area decreases

photosynthate supply may restrict grain growth. Hence, it is not surprising that warm
iemperitures, whicl, ieem to increase the sink capacity of ears and also decrease leaf area

(see p. 15), initially increased ear growth but later decreased it. Sink capacity is likely
io bj rehtively moie important as a factor controlling yield in environments that faYour

photosynthesis. So it ij probably not coincidence that the importance of the sink is
iupporird by evidence from Australia, where daily photosynthesis of well-watered Plants
in-pots used in most of the experiments may be greater than in Western EuroFan
corrnt.ies with a maritime climite. In the experiments of Rawson and Evans (1971)'

average daily radiation during the grain filling period was 697ca-l cm-s day 1, whereas

ractiaion foi this period at Rothamsted betweln 1955 and 1965 ranged from 29-4 to
z163 cal cm-2 day-l (Welbanl, Witts & Thome, 1968). There is also rec€nt evidence from
Australia that when radiation during the grain fitling period averaged only 470 cal cm-2

day-1 grain yield of barley in the field was controlled about equally by source. and sink
(Giffor-d, Br;mner & Jonis, 1973). Measurements of CO2 exchange also indicate that
photosynthesis is more likely to restrict yield in England thall in Australia. In contrast

io the Australian results in which photosynthesis of the ear and flagJeaf lamina alone

was adequate to supply the grain, photosynthesis of all green tissues above the flagJeaf
node was required at Rothamsted (Ihorne, 1965), and in unpublished experiments at

Sutton Bonin-gton by E. J. Littleton, P. V. Biscoe, R. K. Scott and J. N. Gallagler total
photosynthesi; of a barley crop after ear emergence was insufficient to account for the

observed grain yield. 
t9
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!$ect of gint on rate of photosytrthesis. There is ,mple evidence that in temperate
climates sink capacity affects the distribution of photosynthate, but [ttle eviden; ttrat
it affects the rate of photosynthesis in cereals, though it does in other crops such as sugar
beet and potatoes (Thorne & Evans, 1964; Niisberger & Humphries, 196S). When parts-of
plants are removed or shaded carbohydrate that would noi normally move to ihe ear
often does so (Puckridge, 1968), thus partially compensating for the carbohydrate deficit
in the same way as observed in Australia. However, in Swedish experiments p-hotosynthate
was apparently so limiting that no compensation occurred and removing leaf I'aminae
decreased grain yield only (Stoy, 1965). In British, unlike Australian, conditions wheat
plants seem to have ample capacity to accumulate surplus carbohydrate elsewhere than
in the grain if the main sink provided by t}re ear is missing or becomes full, and the rate of
photosynthesis is not affected. Thus, removing ears or decreasing their sink capacity by
cooling them caused carbohydrate to accumulate in the stem or tillers but did not ahit
the rate of photosynthesis of the flag leaf (Lupton, 1968; Thorne, 1966, 1972; Austin &
Sutherland, 1973). The compensatory movement of carbohydrate that occurs when
photosynthetic production is decreased suggests that the potential photosynthesis of
cereal crops could support grain yields greater than at present. However, this does not
mean that grain yield is never limited by actual photosynthesis; this would only b€ true
if grain yield was unaffected by a change in photosynthesis.

Control of sink size-grain number and size. Grain yield might be increased by an
increase in ear sink capacity that would allow the grains to absorb more of the pltoto-
syrthate that remains in the stem when the supply of photosynthate is abundani. One
way of increasing sink capacity might be to increase grain number per unit leaf area,
i.e. to increase grain number per unit area of land without changing l;af area. In wheat,
if not in barley, there seem to be an excess of potential grains, and what determines fnal
grain number is not clear (Beveridge, Jarvis & Ridgman, 1965). Many of the florets
that fail to form grains are capable of doing so until about five days after anthesis; they
are apparently prevented by the presence ol other fully developed florets by some means
probably not related to competition for photosynthate (Evans, Bingham & Roskams,
1972). Another factor that may limit sink capacity ofears is the maximum size to which
the grains can grow which depends on the genotype. There is little evidence that this
factor limits barley yield. In NIAB trials betwe€n 1956 and 1963, lo0Ggrain weight of
l2 barley varieties increased nearly linearly with yield and there was no curvature towards
the yietd axis when yield was large, such as would be expected if grains have a limited
Taximurn size that is approached when growing conditions favourlarge yields (Thorne,
1966a). Equivalent data for the varieties Proctor, Zepthyr and. Julia from trials between
1970 and 1972lead to the same conclusion, perhaps not surprisingly as maximum yields
were no greater than in 195G63- There was no similar linear relationship beiween
lOOGgrain weight and grain yield of wheat. It is very dimcult to establish wheiher yields
would be greater if size or number of grains were increased b€cause the ways of doing
this-by breeding or by daylength and vernalisation tre&tments-alter miny factori
besides sink capacity of the ear. At present most of the evidence is based on correlations
and so is inconclusive. Fischer and Kohn (1966) found that grain yield was correlated
with numb€r of grains per unit area of land, suggesting control by the sink, but it was also
correlated with leaf area duration after anthesis, suggesting control by the supply of
photosynthate. A re-examination of the data of Watson, Thome and frenct (t-lOfy
suggests tbat varietal difference in gtain number rnight have b€en a factor that causei
grain yield and efficiency of leaves in grain production (G, see p. 12) of new wheat
varieties to b€ greater than old ones. Old and new varieties have similar leaf areas but
the number of grains 1rr dmz of land for the new varieties Cappelle.Desprez and Ju$ I
m
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werc 96 and 87 compared with 67 and 66 for the older varieties Squarehead's Master and

Atle. The new varieijes also had larger grains. A similar explanation for the geater yield

and efficienry of modern than old barley varieties is less likely for although the new

varieties had more grains than Plumage Archer (Proctor 156, Herta 138, Plumage Archer

lll/dm'z), the gains were smaller (Watson, Thorne & French, 1958). We do not know

whether-many-potentially small grains provide a better sink than few potentially large

grains.

Conhol of sink si"Hrowth substances. The number and potential size of grains may
limit the eventual captciry of the ear to store carbohydrate; number and possibly potential

size may also restrict the rate of ear growth, as temperatue seems to do. We know very

little about other factors that may control the rate of grain growth when carbohydrate

supply is ample, or about the mechanisms involved, but they probably act within the

grain'itsef. i,1"*otemeot, of phloem cross-sectional area suggest that this is unlikely
io restrict carbohydrate supply to the grain (Evans, Dunstone, Rawson & Williams, 1970)

and measuremenis of the concentrations of carbohydrates in stems, ear structures and

grains indicate that, when supplies are ample, sugar accumulates in the ear structures

6ecause the rate of transport into the grain has an upper limit (Jenner & Rathjen' 1972)'

The rate at which grains accumulate carbohydrate may depend on their content of
gro*th substances. Some growth substanc€s are known to aflect the distribution of
iarbohydrates; cytokinin, gibberellin and auxin have been extracted from developing

wheat grains, and their concentrations and amounts per grain change during development
(Wheeler, 1i72). Detached wheat ears supplied with sucrose solutions synthesise

giUbe."Uin and 
'their 

s)'nthetic capacity increases for some time after anthesis and then

iecr"ur". (Radley & *heeler, 1972). Starch and gibberellin accumulate simultaneously

in wheat ears. Some eviclence that the synthesis of gibberellins may affect the accumula-

tion of starch has been shown with detached wheat ears supplied with sucrose solutions.

When the gibberellin precursor G)-kaurene was also supplied, ears synthesised, more
gibberellin 

-and u"co.rlated more starch than when given only sucrose' The addition

6f giUUere[ic acid had no positive effect at the concentration tested, between 0'01 and

l.O-rrg/mt (Radley & Wheeler, 1973). The small amount of information now available

aboJ'the o@urrence and effects of gowth substances in cereals suggests that growth

substances may be involved in controllng the distribution of dry matter but the mecha-

nisms are probably complicated and involve interactions between different $owth
substances.

Sumnary. The idea that grain yield is controlled by the souce or the sink may have

delayed progress in the understanding of factors that control grain yield because it has

,o.iti-ir ristricted the design of exp€riments and the interpretation of results. But the

source-sink concept has bee; helpfui when used to guide thought about how physio-

logical processes in the whole plant control gain yield-. A better understanding ofsource

siik reLtions is essential if a physiological basis for further improYements in grain yield

of healthy cereal crops is to be established. Without this knowledge efforts to improYe

yielcl through increasing total photosynthetic production may be frustrated' In any case
'hirto.i*l eiidence indicates that the most likely way to increase grain yield is through

better distribution of dry matter (fhorne, 1971)- The rate of photosynthesis per unit leaf
area of modern wheat varieties is no greater than that of ancestral types (Evans &
Dunstone, 1970; Khan & Tsunoda, 1970; Dunstone, Giflord & Evans, 1973), and total
dry mattei production of modern stiff strawed cereals is only greater than that of older

varieties because they can be given more nitrogen without lodging. But there has been a

continual increase in the proPortion of the total dry matter contributed by the grain'

2l
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yjth. th9 latls_t increase shown by varieties of wheat derived from the Japanese variety
Norin 10. The mechanisms controlling both the distribution and the production of
photosynthate must be further studied by crop physiologists aiming to provide knowledge
that will he$ increase crop field.
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