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Number of kernels in wheat crops and the influence of
solar radiation and temperature
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CSIRO Diviston of Plant Industry, &.P.0. Box 1600, Canberra 2601, Australia

(Revised MS. received 4 April 1985)

SUMMARY "

The number of kernela per m? {K) in well managed and watered whest crops was
studied using results of experiments in Mexico and Australia in whieh short spring
wheat cultivars were subjected to independent variation in radistion, largely via
artificial shading, and in temperature. Also crops subjected to differences in weather
{year), sowing date and location within Mexico, revealed responses to the natural
and asimultancous variation which occurs in radiation and temperature. Responses in
K were interpreted in terms of spike dry weight at anthesis {(g/m?) and number of
kernels per unit of spike weight.

K was linearly and most closely related to incident solar radiation in the 30 dnys
or 80 preceding anthesis, herein tormed the spike growth peried; for the cultivar
Yeocora 70 with full ground cover the slope was 19 kernels/MJ. This response seemed
largely due to & linear response of erop growth rate to intercepted solar radiation.

@% The proportion of dry weight increase partitioned to the spike incroased somowhat
) with reduced radistion. Also increasing temperature in the range 14-22 °C during
this period reduced K (slope approximately 4% per °C at 15 °C). The cause appeared
to be lower spike dry weight due to accelerated development. The number of kernels
per unit spike weight at anthesis wag little affected by radiation or temperature, and

averaged 78 + 2/g for the cultivar Yecora 70.

With natural variation in radiation and temperature, X was closely and linearly
correlated with the ratio of mean daily incident or intercepted radiation to mean
temperature above 4-5 °C in the 30 days preceding anthesis. As this ratic, termed the
photothermal quotient, increased from 0-85 to 20 MJ/m?/day/degree, K incressed
from 70 to 196 x 10*/m?. These responses of K to weather, sowing date and location were
closely associated with variation in spike dry weight.

It was concluded that the ratio of solar radiation to temperature could be very
useful for estimating X in wheat crop models. Also the analysis of K determination
in terms of spike dry weight appeared promising, and suggests that wheat physiologiats
should place greater emphasis on the growth period immediately before anthesis.

The radiation and temperature regimes ex-

INTRODUCTION

Much environmental variation in grain yield of
wheat crops is assoeinted with change in the
number of kernels per unitland ares. Under optimal
conditions of soil and management, and excluding
catastrophic meteorological events (e.z. frost at
flowering), the variation in number of kernels
which occurs must be related to tho provailing
golar radistion, ambient temperature and day-
length, The quantitative relationships with the
first two of these variables are vital to under-
standing and modelling wheat yield, and are the

(?E\ subject of this paper.

I5

perienced by crops depend on location (climate),
year and sowing date. Variation due to location
{Table 1) and sowing date {Table 2) can be sub-
gtantial, but that due to year (i.e. weabher) is
smaller (Table 2). Long-term monthly mean
radiation and temperature tend to change in
parallel seasonally {Table 2}, while year-to-year
doviations of radintion and temperature from their
long-term means tend alse to be positively cor-
related, except in winter months (Richardson,
1982).

Whore data exist from a sufficient number of
crops, the response te radistion and temperature
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Table 1. Approwimate dates for floral initintion and anthesis and long-term climatic means for the
tnitiation to anthesis interval in wheat crops sown at representative dates in various world locations

Approximate date

Total solar  Daily mean

P “ radiation temperature

Location* Latitude Initiation Anthesis (MJ /m?/day) *C)

Kimborloy R.3., Western 15°8 Mid-June End July 19:7 231
Australia

Clermont, Queensland 233 Mid-July Tarly Sept. 17T 159
New Delhi, India 28°N Mid-Dee. Early Mar. 168 142
Horshem, Victoria 7° 8 Mid-July Mid-Oct. 13-8 10-9
Pullman, Washington 41° N Early Mar. Early June 19-2 9-0
Swift Current, Canada 50° N Mid-June Mid-July 230 17-5
Rothamsted, C.K. 52°N Barly Apr. Mid-June 14-6 10-0

* Extracted from Nix (1975) and referring to spring wheat, except for Pullman and Rothamsted which were

estimated by the author and apply to winter wheat,

Table 2. Average seagsonal changes in total solar radiation and temperature ai two wheat growing locations,
CIANO (Mexico) and Rothamsted (UK.}

CIANO (latitude 27° N)*

Rothamsted (latitude 52° N)t

N

Mean solar Mean Mean solar Mean
radiation tomperature radistion temperature

Month (MJF /m?/day) Q) Menth (MJ /m?/day) °C}
Nov. 14-5 196 Mar. 7-6 5-5
Dee. 12-0 16-4 Apr. 11-6 T4
Jan. 128 16-0 May 141 107
Tob. 1687 168 June 17-3 138
Mar. 20-9 177 July 16-7 16-0
Apr, 24-4 201 Aug. 13-7 16-1

3.p. of monthly mean 10 1-2 —_— 1-9 1:3

ACroSS yoors
* Pariod 1970--8,

1 Period 1972-8.

has been studied by various correlative techniques.
With wheat this had generally revealed negative
correlations of yield with temperature (Thompson,
1978; Desgjardins & Ouollot, 1980; Michaels, 1981},
but not always (Buck, 1961), and sometimes
positive correlations with radiation or sunshine
hours {Welbank, Witts & Thorne, 1968; Borojevic
& Williams, 1982). However, in no study has
variation in the number of kernels been examined
oxplicitly. Also the covariance of radiation and
temperature in the field linit this technique. To
avoid the latter problem, some workers have inde-
pendently manipulated the radiation or tempera-
ture regimos of field crops. SBhading experiments
with wheat have been common (Pendieton &
Weibel, 1965; Welbank et al. 1068; Willey &
Holliday, 1871; Fischer, 1975), and some doeal
explicitly with number of kernels, which is generally
decreased by preanthesig shading. Temperature
manipulation exporiments have been less commeon
{Poters et al. 1971(; Fischer & Maurer, 1976) but
confirm the adverse offect of increased temperature.

Another opproach has been the study of small
areas of crop (mini crops) in controlled environ-
ments; thig is difficunlt, and sufficiont attention fo
exnctly reproducing a crop-like community of
wheat and appropriste amounts of radiation
sppears only to have heen achieved by Evansg
(1978), who reported n positive associntion botween
number of kernels and radiation., Other eontrolled
environment experiments studying the influonce of
radiation or tempornturo give results ol limitod
quantitative valuo because of disparitios in the
competitive environment compared with field
crops.

This papor develops quantitalive relalionships
between number of kernels and radiation and
temperature, using data collected largely by the
author and colleagues over the last decade or so
from irrigated spring wheat erops in Moxico. Many
other aspects of the experiments referred to have
been published (see below)., This paper integrates
published and unpublished data fromn these experi-

ments, new data from unpublished experiments, ,’m‘;@ﬁ%
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end on occasions published literature of othor
workers,

MATERIALS AND METHODS

Most eited experiments were carried out in
north-west Moxico at the Centro de Investigaciones
Agricolas del Noroeste (CIANO, latitude 27°N,
altitnde 40 m) during the winter seasons 1970-1 to
19745 and are described in Fischer (1975), Fischor
& Maurer (1976} and Fischer & Stockman (19880).
Unpublighed experimonts at CIANO, and experi-
ments of Wall (1979} there in 1875.-6 to 1977-8,
were conducted under similar conditions of
management. Reference will also be made to
experiments located along an altitudinal transect
in central Mexico (latitude 19-20°N, sléitude
60--2640 m) during the winter-spring of 19734 and
1974-5; these are described in Midmore, Cart-
wright & Fischer (1982, 1884}). Al experimenis
were managed well with irrigation, high fertility,
adequate weed and disease control, and used high
yielding semidwarf cultivars with little or no
sensitivity to vernalization (for example Yecora 70,
Sonors 64, Siete Corros 66). Temperature was
measgured in standard meteorological screens and
solor radiation measured with silicon photoveltaie
cell sonsors, which were regularly checked against
an Ippley pyroheliomoeter. Mean climatic data of
tho CIANO site are shown in Table 2,

One unpublished experiment was conducted at
the Ginninderra Experiment Station near Can-
berra, Australia (latitude 35° 8, altitude 600 m), in
1981 using a crop of the semidwarf cultivar Kgrot,
sown on 27 April under optimal management
including supplemental irrigaion. Portions of the
crop were shaded (50% shade cloth} beginning at
flag leaf emergence on 30 September and lasting
until 13 October; anthesis oceurred on 24 October.
Mean  golar radiation and temperature were
20-8 MJ/m?/day and 12-4 °C, reapectively, between
30 September and 24 October.

The number of kernels/m?® (K} was coleulated
from the grain yield and mean kernol weight
obtained from individual quadrat harvests at
muaturily; spikes were threshed and winnowed
carefully in order to retain all grain, ‘The coefficient
of variation of K thus measured averaged about
8% ; with 3-5 replicate blocks in each experiment,
thiz gave standard errors of about 4 %, of the mean,
which imposes an upper limit on the closeness of
preciction of the number of kernels from crop-
independoent voriables. Reference is also made to
leaf nroa index (LAT); this was determined from
crop sampling and included the projected area of
green stoms and leaf sheaths. Above-ground dry
woight and aspike dry weight were also determined
by erop sampling.
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Troaditionally determination of K has been con-
gidered in terms of its constituent numerical
components, i.e., numbers of plants, tillers, spikes,
spikeletg, florets and kernels. This analysis iz of
limited value becsuse of ihe compensation which
oceursg between sucecssive numerical componoents.
Since this compensation probably reflects competi-
tion for limited assimilate, I intend to consider K
as the result of accumulation of dry matter in
growing spikes. This approach dorives support from
Willey & Holliday (1971}, Fischer (1975), and
Gallagher (1979), and from the obsorvation by
Fischer (1983) that for a given cultivar under a
wide range of well-watered conditions the number
of florets in a spike at anthesis was directly pro-
portional to spike dry weight at anthesis (slope
about 1 foret per 10 mg for the cultivar Yecora 70}.
Fischer (1983) and TFischer & Stockman (1980)
proposo that K be considered as the produet of
spike dry weight (g/m®) et oanthesis, and the
number of kernels per unit of spike dry weight.
Spike dry weight in turn ig the resultant of, first,
the duration of the period of rapid spike growth
whichh I adsume lasts from ponultimate leaf
appearance until anthesis (about 300 day degrees
above 4:5°C in the cultivar Yecora 70), and,
secondly, the crop growth rate and dry weight
allocation to spikes during this period. The number
of kernels per unit of spike dry weight containg two
temporally-soparate compononts: the number of
competent florets (i.e. florets judged to have fortile
parts) per unit of spike dry weight at anthesis, and
the number of kornels por floret, the latter de-
pending on the distinet processes of anthesis,
pollination, fortilization and subsequent lkernel
survival.

RESULTS AND DISCUSBSION
Responses to variation in selar radiation

Number of kernels and ils components, spike and
chaff weight

Figure 1 illustrates a typical response in K to
single 14-day shading (67 % Intensity of shading)
poeriods at CIANO (Expt 74A in Fischer, 1975); it
is algo ovident that there iz no unususal variation in
the amount of solar radiation above the erop which
might explain sensitivity to shading just before
anthesis, Shading periods which commenced aftor
tho date of 509%, anthesis did not affect K; thoso
ending before 23 days before 509, anthesis had
only small and insignificant effecta. Temporaturo
avoraged 14 °C during the 30-day period preceding
anthesis, and LAY was 7 at its onset.

A more precise and goneral examplo of the K
response to shading is provided by an unpublished
1974-5 experiment at CIANO comprising nino

15-2
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Tig. 1, The effect of single 14-day shading periods {67 %
shade intensity) st various times after sowing on the
number of kernols in Yecora 70 wheat at CIANQ in
1973-4, Mexico {unpublished data of Expt 744 in
Fischer, 1975). Each circle ropresents the centre of the
shading period, solid symbols are significantly lower
than control. Trisngles show mean solar radiation
during the experiment. Control number of kernels waa
170 x 10%/m?,

somidwarf cultivars exposed to single 28-day
shading periods of 559% intensity (Fig. 2). The
general relationship suggests that sheding periods
ending by 45 days before anthesis or atarting at
anthesis reduce X less than 59 (which was esti-
mated not to be statistically significant). Peak
sensitivity oceurred with ghading centred about
15 days before anthesis, when K was reduced on
average by 289%,. There did not appear to be &
significant eultivar by shading interaction. Mean
temperature ond golar radiation during the month
before the average date of 50 %, anthesis (24 Febru-
ary) were 15 °C and 14-7 MJ /m?/day, Tespectively.

Ovor the five seasons 1970-1 to 1974-5, in eight
experiments Yocora 70 was exposed to single short
shading perieds of varying intensity end timing.
In order to obtain a general summary of responses
to shading, tho absolute change in K and its com-
ponents caused by shading within (bub not outside)
given 30-day periods wos regressed ageinst the
reduction in incident radiation with the particular
shading; date were pooled across all experiments
having shading in the specified period (Table 3).
Far any given period, radistion valuos ranged from
control levels similar to those shown in Fig. 1 down
to values about one half of control. A less precise
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Tig. 2. The offect of single 28-day shading periods (55 %
intensity) on nine semidwarf wheat cultivars at
CIANOQ in 1974-5. Ilach gircle represents the contrs of
o shading period for & particular cultiver, solid symbols
refer to tho cultivar Yecora 70.

analysis was presented in Fischer (1975) when only
datn from four seagons (1970-4) were used and
these were uncorrected for effect of year and
experiment.

Gireatest response of K to radiation change (slope
in Table 3) was found in the 60-90 days from sowing
(i.e. the 30 days prior to anthesis; 509, anthesis
occurred on average 91 days after sowing, range
88-98 days). After this period the response was
low, but before it some response waa evident. In
the 060-90 day period ell three numerical com-
ponents (number of gpikes/m?, number of spikelets
per spike and number of kernels per spilelet) also
showed significant responses te radiation change.
Coneidering that the unshadoed control received on
average 167 MJ/m?/day during 80-90 days after
sowing and had on average 167 x 10% kernels/m?,
436 spikes/m®, 10-4 spikelets/spike and 1-98 ker-
nels/spikelet, the regression slopes in Table 3 for
the 60-90 day period amount to relativosensitivities
{percentage change in component per percentage
ehange in radiation) of 0-58, (-25, 0-08 and 0-32,
respectively. Thus the chango in the number of
spikelots per apike was a relatively small purt of the
change K, while those in number of spikes and
number of kernels per spikelet were approximately
equal and substantisl contributors.

Table 3 also shows tho responses to radintion of
chaff dry weight. Chaif dry weight determined at
maturity iz usod heesuso spike dry weight ab
anthesis was not measured. Unpublished data from
other experiments indicate that dry weight of the
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Table 3. Slope and standard error for the linear relationships of the number of lernels and its components to

total solar radiation in given periods; Yecora 70, CIANO, Mevico 1970-5

Slope (4 standard error)

Al

No. of No. of
Period spikelots per kernels per Cheff
{days from  No. of No. of No. of apile/MJ spikelot /NI dry woight
gowing) crops kernels/MJ spikes/MJ {(x 109 (% 10%) {g/MJ)
15-45 15 4+9+0-80 0-07 £ 0-046 274064 — 0144 0:215 0:12+0-033
30-60 17 6-3+3-38 0-0% +0-087 —1'64218 0-69 + 0-306 0-21 4 0:079
45-15 21 12:3 4 4-09 0-2240-038 084150 0-53 £ 0-483 0-24 4 0-054
6000 26 19:3+2:26 0-22 +0-035 304092 1-26+0-303 0:18 £ 0-047
75-105 24 1104242 0-18 + 0-057 074 0-67 0-58+0-392 011+ 0-054
90-120 21 2-1+0-60 0-04 + 0039 024044 —0-02 % 0-266 0-04 4 0-023

spike (without grain) consistently increases from
anthesis to maturity in Yecora 70 by approxi-
mately 159%. Chaff dry weight was significantly
related to the amount of radiation in most periods
up to anthesis. In turn change in K was closely
related to change in dry weight of chaff (r values
of more than 0-7 for the first four periods of Table 3,
with slopes of 28, 30, 53 and 73 kernels/g respec-
tively; because of orror in estimating chaff weights
slope estimates are biagsed downwards).

The period of shading in the Australian experi-
ment corresponded to the 60-90 day interval in the
Mexiean experiments {i.e. the 30 days preceding
anthesis). The responses at maturity to shading
(Table 4) were similar to those seen in Mexico, with
supporting data being provided by sampling at

Table 4. Response of wheat to 13 days of 50 %, shading
during the interval 24-11 days before 509, anthesis;
unpublished data, cv. Egret, (inninderra, Australia,
1981

Variable Control Bhaded s.x,
At anthesis*
No. of spikes/m?* 598 553 19-9
No. of florets/spike 323 306 1-29
Spike dry weight {g/m?) 194 161 74

Na, of florets per g spike 102-3 103-3 2.1
dry wt. at anthesis

At maturity

No. of kernels (100/m?) 176 143 75

No. of spikes/m? 892 546 18-

No. of kernels /spike 29-8 26-1 1-09

Chaff dry woight (g/m?) 203 166 T4

No. of kernols por g 86-4 86-3 2-46
chaff weight

No. of kornels per g a0-2 88-8 —

spilce dry wit. at anthesis

* Sampled on 28 Oct.; 509 anthesis on 24 Oct.
(eontrol) and 28 Oct, {shaded),

anthesis, in particular the response in spike dry
weight which matelies that in final number of
koernels. Boagsed on the mean solor radiation of
22-4 MJ /m?/day during the 13-day shading peried,
it is possible to calculate a K response to radiation
reduction of 22 kernels/MJ and a cheff weight
response of 0-23 g/MJ, close to the figures of
19-3 kernels/MJ and 0-18 g/MJ, derived in Mexico.

The observed responses to radiation change in
the eritical period 30 days before anthesis will now
be considered in terms of the hypothesis, mentioned
eorlier, that sassimilate supply determines K.
Shading in this period delayed the date of 509,
anthesis only slightly (0-3 days); this effect is
ignored in assuming that the duration of the period
of spike growth was unchanged.

Crop growth rate

Shading reduced above-ground crop growth rate
in direct proportion to the radiation reduction
{IPig. 3a), and in direct proportion to the reduction
in absorbed radiation, since all crops had reached
full light interception before 60 days after sowing.
The average crop growth rate of the unshaded
control crops was 18-7 g/m?*/day, and the averngo
growth per unit of incident total solar radiation
1-14 + 0-08 g/MJ. This close relationship between
crop growth rate and radiation was confirmed by
independent growth studies on unshaded evops in
north-west Mexico (R. A. Fischer, unpublished).
Above-ground crop growth rate at full light inter-
ception roanged from 11 to 26 g/m*/day and was
linearly related to mean daily solar radiation
(range 10-3-24-7 MJ /in*/day, + = 0-80, D.¥. = 65,
slope = 0-77 4 0-071 g/MJ). In contrast to Fig. 3(a}
the relationship did not go through the origin and
growth relative to radiation inereased as radiation
declined, Notwithstanding the different slopes
{1-14 from sheding, 0:77 from natural variption),
it appears that crop growth rate during the 30 days
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Fig. 3. The effect of shading of various shade intensities (13-709%) and durations (20-25 days) in tho
approximate period 30 days preceding anthesis on {g) above-ground crop growth rate as o function of
measured solar radiation under the shade and (b) spike dry weight sccumulation rate as s funection
of crop growth rate (open symbols 1876 experiment). Yecorn 70 crops at CIANO, Mexico, over period
1970-8. The selid lines represent the 1:1 relationships.

prior to anthesis is closely related to solar radia-
tion, Gallagher & Biseoo (1978) have also pointed
to the closeness of this relationship but much of the

variation in their relationship was derived from
LAT variation.

Partitioning of dry weight

Spike dry weight at 30 days before anthoesis, as
determined by various crop samplings, was nogli-
gible (< 10 g/m?) in termns of total crop dry weight.
However, the proportion of tho incrosse in total dry
weight allocated to the spike over the next 30 days
{partitioning coeflicient) avernged 0-44 for the un-
shaded crops of Yecora (with a tendency for o
lower ratio in the fitgt one-third of the interval).
Figure 3(b) roveals that the spike partitioning
coefficiont incrensed as crop growth waos reduced by
shading, Willey & Holliday (1971) have pointed to
a similar offoct in an experiment of Puckridge &
Donaid (1967) when crop growth rate declined due
to extromely high plaat density. Probably another
rofloxion of this offect in our dota is the fact that
slope of tho chall dry woight v. radiation relation-
ship (0-18 g/MJ in 'Unble 3) is less than one would
oxpoct with unchanged partitioning (i.e. approxi-
mately -77 or 114 x 0-dd = 0-3 or 0-5 g/MJ}.

These results contrast with those of Fischer &
Stockman (1980) and Stockman, Fischer & Brittain
(1983) who concluded, largely from phytotron
experiments, that partitioning to the spike was
unaffected by shading. One reason for this difference
may be the higher concontration of water soluble
carbohiydrates commonly found in stems of un-
shaded field crops (Fischer & Stockman, 1980); this

pool of sssimilate behaves as a low priority reserve,
decreasing under shading presumsbly so as to
buffer other sinks such as growing spikes against the
reduced supply of assimilate (Wall, 1979). A second
resson may be that the phytotron plants had only
ove culm; in the field crop the inevitable presence
of higher order tillers which do not bear spikes in
the control crop yot amount to 5-109% of total
anthesis dry weight would modify the overall
response, since they are likely te be suppressed
sooner in shaded crops. Finally it is worthwhile
noting thint for shading centred in the early half
of the 30-day period, both in the phytotron {Fischer
& Stocltman, 1980) and the field (studied only in
the 1975 oxpervimont, seo Fig, 3 (D)}, partitioning to
the spike nectually suffered under shading, sug-
pesting that the priority of the growing spike as a
sink for assimilate may incresse as anthesis is
approached.

Tlorets and kernels per unit spike dry weight

The second aspect of tho proposed model of K
determination rofers to the numbor of Horets and
kernels formed per unit of dry weight investioent
in spikes at anthesis, In the Australian field experi-
ment spike dry woight woas moasured nt 4 days
after anthesis (Table 4); florets and kerncls por
unit spike weight at anthesis were unaffected by
shading. In the crops of Yecora 70 studied by Wall
(1979), the number of kernels per unit spike dry
weight can be caleulated and appears to have been
unaffected or even slightly inereased by his shading
trestments, In the Yecora 70 crops of Table 3,
numbser of kernels/chaff weight, as an approximate
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estimate of number of kernels/spike dry weight,
was calculated: it was gonerally unaffected by
shade (oversll mean 66 4 3-0 kornels/g), with the
exception of two of the crops receiving heavy
shading {more than 559, shading intensity) in the
60-90 day intorval (giving mean radiation receipt
of less than 8-5MJ/m?/day); for these two
exceptions the value was nearly half that of the
control. Heavy shading before anthesis depressed
the number of forets, and henee kernels, per unit
apike or chaff weight in several phytotron oxperi-
ments (Fischer & Stockman, 1980), but notb in
others {Stockman ef «l. 1983); however, in every
case the number of kernels per competent floret
appeared to be little affected by shading. This
relative insensitivity of the number of graing set,
by definition a post-anthesis event, to reduced
radiation is confirmed in Fig. 1 and Fig. 2 and in
soveral additional experiments in Mexico when
50-609%, shading commencing ot or within a fow
days of 509% anthesis consistently failed to affoct
K. Severs post-nnthesis shading {more than 709%,)
in phytotron experimentg did reduce the number of
kornels per competent floret (Wardlaw, 1870;
Sofield et al. 1977), but the relevanee to field
environments of such treatments is uncertain.

Responses to additional radiation

additional light are the roverse of those to shading.
In so far as control conditions were often cloudless
in north-west Mexico this question may not be so
rolevant, but in & more general contoext it is eritical.
Explicit field experiments with wheat on this
guestion are limited to preanthesis thinning studies
{(removal of whole rows) where extra light inter-
cepted by remaining plants represents, albeit im-
porfectly, extra radiation falling on a crop canopy.
Tositive responses of K (and of number of spikes
and of kernels per spikelot) with crop thinning in
oxperimentsin Mexico agreed, atleast qualitatively,
with shoding responses (Fischer & Laing, 1976).
Limited moasuroments of spike dry weight in one
of these experiments supported the conclugion from
the shading work thas, slthough spikes become
largor, partitioning to the spike may decrease
relative to othor sinks as radiation received in the
30 days prior to flowering inereases; this is prob-
ably rclated to the many lator developing tillers
wiich survived following thinning and eventually
produced spikes. Measurements of chaff dry weight
in the 1973-4 experiment of Fischier & Laing (1976)
suggest that preanthesis thinning did not affect the
mumber of kernels por unit chaff weight, despite
lnrge increases in chaff weight. Increased light
intensity was tested on single stemmed plents in
one phytotron experiment and, while inereasing
spike dry weight and K it did not alter partitioning

The question arizes as to whether responses to.

to the spike or the number of kernels per unit spike
dry weight (Stockman el al. 1983).

Response to early shading

Another question arises from the observation
that radistion roduetion in poriods before 30 days
before anthesis had small but significant effects on
K and chaff weight (T'able 3). It ia not clear whether
this can be simply oxplained in terms of after-
offects of shading on leaf ares or photosynthetic
activity and hence crop growth rate during the
critical 30 days before anthesis, or whether direct
effects on spike morphogenesis (significant in the
case of the number of spikelets per spike in the
15-456 days period in Table 3) have an after-effect
on spike growth in later stages. Under the Mexican
conditions the early shading trestments, while
markedly reducing LAY at the end of shading, are
unlikely to have delayed the attainment of full
light interception enough to reduce light inter-
ception in the critical period. However, measuro-
ments of erop growth beyond the end of shading
were not made, and further work is required. In the
Australion field experiment crop growth rate was
depressed 209, relative to the control over the
15-day period following removal of shades.

Conclusion

A quantitative relationship between K, the
number of kernels, and intensity of radistion
incident on the erop, particularly in the 30 days
prior to anthesis, has besn demonstrated. However,
it is not possible to be certain that & completo
explanation of thie linear relotionship lies in the
reduction of assimilate available for spike growth.
In part the relationship is apparently explained by
well docurented effocts of radiation on crop growth
rate, but componsatory effects on assimilate parti-
tioning to the spike, and failures in floret formation
per unit of spike dry weight with particularly low
radiation intensities, are presently not well
quantified or understood. This latier effoect suggests
that a short period of especially low radiation may
have proportionally groater effects on K than a
similar reduction in total radiation over a longer
period.

Responses to variation in temperalure

This discussion is concerned with effects of
varistion in mean temperature in the range
5-25 °C  which oencompasses thermal regimes
experienced by most growing whoat erops around
the world. In the poriod from floral initiation to
anthesis, this range in temperature is further
reduced (Table 1), While K can he influenced by
effects on the developing spike of extreme tem-
peratures such as frost (Single & Marcellos, 1874)
and hot spells (Smike & Shaweroft, 1980; Saini &
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Table 6. The influence of cooling and heating the wheat erop on number of kernels and components; Yecora 70
CIANO, Mexico, mean of 1972-3 and 1973-4. Published (first three columns) and unpublished (lust two

columnsg) data of Fischer & Maurer (1976)

Anthesis No. of Chaff Ne. of
{days from kernels Mo, of dry wht. kernels/g
Trentment sowing) {10 /m?) spikes/m? (g/m?) chaff wt.
_ 11-39 days after sowing
Control 85 138 392 228 59-8
Heating 78 139 470 235 59:2
40-87 days after sowing
Cooling 86 152 383 233 65-2
Control 85 121 368 214 66-5
Heating 8 91 319 173 54-5
88-92 days after sowing
Cooling 88 136 416 248 54-3
Control 85 139 390 222 G2:0
Heooting 85 123 352 191 04-2
S.E. 12 3-0 12-4 51 2-59

Aspinall, 1882}, no consideration is given here fo
these phenomona.

Field observations

Fizcher & Maurer (1976} reported the effect of
heating and cooling 1 m? portions of wheat crops
enclosed in transparent chambers in experiments in
Mexico. For 4-week periods mean air temperatures
wore 2-7 °C above, or 1-2 °C below, ambient which
avoraged close to 15 °C in this study. The largest
negative eoffects of increased temperature on K
occurred in the period immediately before anthesis
(Table 5), when it is possible to caleulate that K
decreased about 49 for a 1 °C increase in mean
temperature over 30 days. The rele of assimilate
supply to growing spikes in tho tomporature
responses of ‘I'able 5 is supggested by the close
correlation between K and chaff dry weight at
maturity (r = 0-86; ».r. = 6; slope = 64 ker-
nels/g). At the same time the number of kernels
per unit of chaff dry weight was not consistently
sffected by tempersture. Effects on crop growth
rato were not measured in these experiments, but
variation in anthesis doate (Table 5) does indicate
that higher tomperature accelerated development
and preswnably reduced the period available for
spike growth,

Thero appear to be no other examples of oxperi-
montal variation in tomperature in the field. Vario-
tion in temperaturs without concomitant variation
in radigtion ay be achieved by oxperiments
located along altitudinal transects {e.g. Cackett &
Wall, 1071; Midmore et al. 1084}, The latter
roferenco deseribes iveigatod high fertility plantings
of 13-19 semidwarf cultivars in central Mexico

(Intitude 19° N). Over 2 years at sites between 940
and 2640 m abovo Bea level seven sowings recoived
approximately similar solar radiation in the 30 days
before anthesis (17-9-24-5 MJY/m®/day end un-
related to mmean temperature), and intercepted
nearly sll of it during this period. Across these
sowings mean temperature in the pericd ranged
from 139 to 22-3 °C; X which varied from 120 to
226 x 10%/m® was closely and negatively relatod to
mean temperature {T'}:

K = 32600—-9457 (r = —0:88, p.8. = 5).

According to this relationship, X decreased 4 and
7% per dogree ab 15 and 20 °C, reapoctively.

For these cropa K was elosely roloted to spike dry
weight at anthosis (r = (-86), with tho number of
kernels per unit spike weight varying relatively loss
{73-94/g, mean 79-7 3 2-6) and supporting the iden
that temperature effects are related te assimilate
accumulation in the growing spike. Howover, can
this variation be related to the proposod determi-
nants of spike dry weight, namely crop growth rate,
assimilate partitioning or development rate? Whilst
K wes closely sssociated with total dry weight at
onthesis (r = (80, range 674-1402 g/m®), it was
not related to erop growth rale in the 30 days
preceding anthesis (r = 0-49, range 18-29 g/m?/
day); nor was crop growth rate related to tompora-
ture. The association of K with total growth very
likely reflects a comunon causal factor, nsnely role
of development, sammarized in the number of days
from sowing to flowering, to which K was closely
rolated (v = 003, range 61100 dayn). Partitioning
of dry matter to tho spike changed litile at lenst in
terms of the proportion of spike to total dry weight
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Table 6. Decrease in duration from epthe initiation lo anthesis in wheat with rise in
mean temperature®

Decrease in

duration per

1 °C rise in Estimated

temperature bogal

at 16 °C temperaturet
Source of data (%) ) Reforence

Controlled environment 7 5 Friend, Fisher & Helson (1063}
Controlled environment 10 50 Rawson (1970)
Controlled environment it} 45 Ralman (1977)
Controlled environment 10 4.8 Warrington, Dunstone & Groen {1977)
Controlled environmont 8 28 Rawson & Bagga (1979)
Tield Canada 10 5-9 Robertson (1968)
Field Mexico 9 41 Midmore et al. (1982}
Tield World b 51 Angus ef al. (1981)
Overall mean 8-6 4.1

* With the excoption of Angus et al. (1981), linear model was used wherehy the reciprocnl of duration was plotted

egainst mean temporature.

T Tomperature at which extrapolated reciprocal of duration equals zero.

at anthesis which varied from 22 to 269, (mean
23-3 + 0-7). These results therefore suggest that the
major detrimental effect of higher temperaturse on
Kin this cose operated via acceleratad development.

That temperature effects on crop growth rate in
the 30 days or so bofore anthesis were small in the
abovo study is not surprising, bocause all erops wero
elose to full light interception by a month before
anthesis, and after full light interception effects of
temperature on rates of photosynthesia are likely
to be amall, at least judging from leaf chamber
studies (Austin & Jones, 1978; Takeda, 1978).
Mbaintenaneo respiration losses would increase with
temporature st about 10% per degree rise accord-
ing to McCree (1974) for white clover. A similar
relationship for & 500 g/m? cereal crop means this
loss would inerease 045 g/m?*/day for & 1 °C rise at
15 °C, representing a decrense of only sbout 29
in expected crop growth rate. No evidence for s
temporature effect on crop growth rate was found
in the extensive sct of crop growth data collected
in north-west Mexico and mentioned earlier (R. A
TFischor, unpublished).

Controlled environment responses

That accelerated development with higher
temperature is the main cause of reductions in K
has been suggested by many workers, who generally
emphasize effeets on early spike morphogenesis. It
is proposed here, however, that it is tho accolera-
tion of development in the spike growth phase
which is critical. Unravelling the eovariance of
temperature variation in successive phases of
development is difficult in the field and one must
look to controlled environment experiments where

fortunately the effect of temperature on rate of
development is unlikely to be greatly modified by
artificial growing conditions. In fact when it comes
to the aceeleration by inereased temperature of
development rate between spike initiation and
anthesis, controlled environment and field results
lead to a similar conclusion, namely an aceoleration
of about 99, per degree rise in mean temperature
from a mean temperature of 15 °C (Table 6). Date
for intervals which correspond more closely to all
or part of the apike growth period are less common,
but there seems little doubt that similar relative
responsos oceur. For example the results of
Rawson & Bagga (1979) predict a reduction in the
interval flag leaf omergence to anthesis of 69, or
1 day for a one degree rise in mean temperature
from a mean of 15 °C. If the spike growth interval
in Yecora 70 takes 300 day degrees above 4-5 °C,
ab 15 °C mean it is 29 days in duration, while at
20 °C it is reduced to 19 days.

Many other effects of temperature have been
studied in controlled onvironmental experiments
and while results point generally to reductions in
the various numerical eomponents of K with rise
in temperature, they do not provide quantitative
relationships applicable to the field. Some studies
are useful in another sense. For example Rawson &
Bagga (1979) showed that increased temporature
in the range 12-24 °C did not affect dry weight
partitioning or the number of kernels per unit unit
chaff woeight ; the reduction in number of kernels pér
spike was directly proportional to the reduction in
duration from double ridge to anthesis, and to that
in size of the shoot and spike, a result anulogﬂus to
those reported here for field studies.
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Table 7. The influence of single 14-day intervala of photoperiod extension at different times afier sowing on
number of kernels and tls components ; unpublished data, Yecora 70, CIANOQ, Mexico, 1974-5

Duration of photoperiod

extonsion* 509, No. of kernels No. of No. of spikelots  No. of kernels
(days after sowing) anthesis {102/m?) apikes/m? por spike per apikelet

21-34 83 147 445 15-0 2-20
36-48 85 149 407 177 2-08
4962 88 138 360 20-6 188
63-76 92 130 369 19-8 191
77-00 94 153 388 19-1 2-07
81-104 93 173 349 20-8 2-39
Nil = control 94 181 302 20-7 2-22

8.E. 21 3-8 21 0-86 0-129

* Photoperiod extended by 6 h with incandescent lamps suspended above the erop.

Conclusion

Notwithstanding the need for more information
on crop growth rate and on partitioning, the results
presented suggest that the consistent negative
effect of incremsed tomperature in the range
14-22 °C on number of kernels arose largely from
accelorated development, and specifically a redue-
tion in the duration of the period of major assimi-
late accumulation by the growing spike. The
overriding importance of rate of development in the
spike growth phage is supported by an unpublished
photoperiod extension experiment carried out in
1974--5 season in north-west Mexico, Well managed
plots of the cultivar Yecora 70 were subjected to
single 14 day periods of phetoperiod extension (8 h

with incandescent lamps). Table 7 shows that .

although oarly photoperiod extension accelersted
development more {as judged by date of anthesis)
and significantly reduced number of spikelots ag
wag to be expectod, X wos reduced no moro than
whon photoperiod oxtonsion was given at the onsct
of the spike growth period (estimated to coincide
with the 63-76 day treatment), giving development
aceeloration only dering this latter period. Wall
(1979} provides similar results for a wide range of
cultivars grown in a later year.

Responses to combined variation in
radiation and temperature

If the major effect of radiation on K operates via
& linear relationship with crop growth rate, and
that of temperature via o linear effect on rate of
crop development, it iz possible that K under
natural conditions and full light interception can be
related to the ratio of solar radiation and tempera-
ture in the critical preanthesis period. Nix (i876)
defines this ratio as the photothermal guotient (@},
being mean deily total solar radiation for an
interval, divided by the mean temperature less

4-5 °C, and having units MJ/m?/day/degree. The
figure of 4-5 °C is closc to the mean hasal tempera-
ture derived from Table 6. @ can be considered asg
an index of growth per unit of developmental time.
Some data sets for testing the utility of this index
were provided by the Mexican studies.

Lffect of weather vartation

Well managed irrigated crops of the cultivar
Yecora 70 were planted at the optimum time (late
November-early December) at CIANO in each of
seven scasons (1970-1 to 1977-8, excluding 1978-7
when there was no appropriste planting). The
substantial variation in K between these seven
crops was closely related to the small weather
changes in the 30 days period prior to anthesis
(Table 8, colurmnn a}, The relationship with ¢ was

Taoble 8. The relationship of number of kernels to
mean golar radiation, mean femperature and mean
photothermal guotient (see fext) in the 30 days pre-
ceding anthesis*

(u) (b)
8ize of sample n=1T =n=1056
No. of kernels, range (102/m?) 129-190  47-227%

Correlation coofficients
No. of kernels v, solar radistion (-88 0-67
No. of kernels 2. mean — 075 —-0:75
tomperature
No. of kernels ». photothermal 0-92 0-88
gquotient
Solar radiation v. mean — 61 0-25

ternporature

* (a) refers to crops of Yecors 70 sown in late
November-early December at CIANO in each year
from 1970 to 1077 {except 1976). (b) is for the mean of
eight semidwarl cultivars sown at five sitos in Mexico
over the period 1973-5.
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Fig. 4. The number of kernels s a function of mean photothermal quotient. (e} Yecora 70 crops ot
CIANO in 1970-1 (O), 1971-2 ({0), 1972-3 (A), 1973-4 (V), 19745 (), 1975-8 () and central
Mexico 1873-5 (@} with varicus sowing dates and photothermal quotient caloulated over 20 days bofore
anthesig, The solid line is equation (3}). (b} Moan of eight semidwarf cultivars at soveral sowing datea
and sites in Mexico (Toluca M, El Batan @, Tlaltizapan A, Poza Riea w, and CIANO €) during
1873-5. In (b), the photothermal quotiont was caleulated over the 30 days preceding snthesis and
corrected for incomplote light interception (see text). The solid line fits the eight semidwarf cultivar data
(equation (4)), the broken line refers to the Yecora 70 relationship of equation (2).

closer than that with either radiation or tempera-
ture alone:

K = 2600+8510Q (r = 0:02, n.¥. = 5). (2)

These results indicate that, in contrast to the
conclugion of Thorne (1974) discounting the
importance of small weather-based fluctuations in
radiation and temperature, such fluctuations can
have substantial effects on K. This appoears to arise,
first. bocause of the heightened sensitivity of the
erop just hefore anthosis and secondly because, at
least in nortli-west Moxico, fluctuntions in radiation
and temperature tended to be negatively correlated
theroby mutually reinforcing effects on K. Data
wers available from growth analysis to enable the
eslimation of total and spike dry weights at anthesis
for the seven crops in Table 8 {column a): K was
positively but not significantly related to the
former (range 540-1093 g/m3, » = 0-72), and
significantly related to tho latter (range 153-
245 g/m*, r = 0-81).

Effect of sowing date and weather

For each winter season of the 1970-5 period, a
sowing date experiment was conduected under
optimal managerment in north-west Mexico. These
unpublished experiments provided a total of 27
crops of the eultivar Yecora 70 with sowing dates

., ranging from late October to late January, anthesis

dates from mid-January to mid-April, and K from
107 to 195 x 10%/m?®. Radiation ranged from 12 to
22 MJ /m®/day, and meen temperature from 14 to
19 °C in the month before anthesis. A correlation
analysis wes carried out betwoeen K of these crops
and solar radiation, temperature and ¢, caleulated
for 15-, 20- and 30-day periods up to and beyond
the date of anthesis. The highest linear correlation
was obtained with @ over tho 20-day period pre-
ceding anthesis {(r = 0-62); for the 30-day pericd
the correlation was lower (r = 0-49). Thoro were
other significant correlations with K in the cor-
relation matrix, but after removing the effect of ¢
in the 20 days before anthesis, the only significant
correlation remaining was a weak ono with mean
temporature in the interval 40-20 days belore
anthesis (r = 0-40). This latter positive correlation
contrasts with the direction of responses to artificial
temporature modification (Fischer & Maurer, 1976)
and has no obvious explanation. Thus in this sot of
27 erops, only 389 of the variation in K varintion
was associated with @ in the critical preanthesis
period; with only about 159%, of the variance due
to experimental error (estimated from pooled error
mean square), this result im only meoderately
satisfactory.

Development of the cultivar Yecora 70 is
accelerated by increased daylength {Table 7}, but
unexplained deviations in X showed no significant
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rolationships to deylength. However, these did vary
clearly with yoar, boing mosbly positive in 1971-2
and 1973-4 (Iig, 4a). This suggests annual varia-
tion in management, rother than effects of weather,
although the lowest point for 1970-1, a 31 January
flowering ecrop, encountered unusual weather.
Successive screen minims below zoro were regis-
tered on 6-11 January, with the lowest recording
boing —4-2 °C. There were no other below-zero
ternperatures in the 5-year period. Date from
additional crops of Yecora 70 grown undoer optimal
management were available, namely in the 1976-6
and 1977-8 crops of Wall (1878) at CIANO, and two
crops grown in central Mexico in 1973 (unpublished)
and two in 1974 (Midmore et al. 1984). Adding these
to the 27 crops for 1970-5 at CIANO (Fig. 4a)
modestly improved the relationship of X to Q:

K = 5800+ 6070Q (r = 071, p.F7. = 31). (3)

In most of the 33 crops portrayed in Fig. 4a,
total and spike dry weight at anthesis was
measured. Bxeluding only the frosted crop and five
erops for which there was no sampling ot anthesis,
K was highly significantly correlated with total dry
woight at anthesis (n = 27, range 525-1093 g/m?2,
r = 0-64), and with spike dry weight at anthesis
(n = 27, range 128-262 g/m?, r = 0-66). These
relationships oxplain only about 40% of the
variation in K : however, in view of the large error
sssocinted with tho estimation of dry weight at
anthesis in this study, a much closer relationship
cannot be expected. Also for these erops, I{ was not
significantly related to the number of kernels per
unit of spike dry weight (n = 27, range 59-105/g,
mean 78+ 2/g, » = 016},

A close relationship between K and @ permits
prediction of the date of anthesis for moximum K.
For oxample moan tomperature and radistion
figuros at CIANO ({Table 2) vary so that @ is
greatest in March; assuming full ground covoer
before the spike growth period with all sowings, the
date of anthesir giving most kernels would be
towards the end of March. In practice rising spring
toemperatures so depress kernel weight and so
inerease irvigation demand that carlior anthesis,
around carly March, gives maximum yields (. A.
Fischer, unpublishod).

Bffect of site, sowing date and weather

The large sot of diverso culbivars which was
grown in 10734 and 1974-5 in central Mexico at
four sites differing markedly in altitude provided an
opportuniby to test further the photothermal
quotiont concept (Midmore ef al. 1984). Cultivars
relatively insensitive to daylength and to vernaliza.-
tion showed the best overall performance across the
11 site-sowing date combinations comprising thoe
study. A subset of eight such semidwarf cultivars

R. A. Fiscaer

(not including Yecora 70) is now chosen in order to
examine K relationships furthoer, since this subset
was also roprosentod at four proviously unroported
sowings in the 1974-5 season at CIANO. Including
these gives & total of 15 sito-sowing dute combi-
nations ropresenting quite diverse radiation (range
11-25 MJ/m?®/day} and temporature (range 14-
22 °C) environmnents undor relatively similor day-
lengths. Again the closest correlation with K was
obtained using @ (Table 8, column &).

Conditions woere so hot at tho lowland Poza Rica
site in the Midmore et al. (1984} study that crops
did not reach full light interception. Accordingly
all values of radiation received and of @ experionced
in the 30 days before anthesis both at this and
other sites were corrected for radiation not inter-
cepted by the erop, using measured LAI and an
cxtinetion coefficient of 0-44 {Gallogher & Biscoo,
1978). The relationship of K to correctod photo-
thermal quotioni (') was even botter (Fig. 45):

K = 29004-8370Q (r = 0:93, n.¥, = 13). (4)

This relationship is not significantly different from
that dotermined for the cultivar Yecora 70
(Table 8, coluinn a), and is strong evidence for tho
utility of photothermal quotient in predicting K

in low latitude wheat crops. It ig intercsting that

gl X

the highest mean number of kernels, 229 x:
10%/m?, reprosents o very large yield potential:
although a low-latitude sowing, its high altitude
(2640 m) meant that abundant radiation was com-
bined with low tomperatures (Midmore ef al. 1984),
Bpike dry weight at anthesis was measured in only
the 11 central Mexican sowings of Fig. 4(b); K
was closely correlated with spike weight (r = 0-96)
while the numbeor of kernels per unit spike weight
(90 + 5/g) was relatively stable.

GENERAL CONCLUSION

Across o diverse set of well managed irrigated
crops of the spring wheat cultivar Yecora 70,
variotion in number of kerncls per m® (K} was
quantitetively related to arvtificinl incepencdent
varintion in radiation and in temperature, and io
the natural combined variation in radiation and
temperature, in the 30-duy period preceding
anthesis, The relationships were siinple, being
linear and positive in the case of radiation, and
linear and negative in the case of temperature. For
combined variation, radiation intercepted by the
crop divided by dopgrees of inean temperature above
4-5 °C provided an index, termed photothornnal
quotient, which was o simplo yotb reasonably precise
linoar predictor of K. The relationship appearod to
hold for other semidwarl cultivars and lor sovernl
low-latitude loeations, bubt will vary bolween
eultivars when the fractional sllocation of dry
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matter to spilkes or the number of kernels per unit
of spike dry weight at anthesis varies, For awned
Yecora 70 this latter figuro was 78+ 2/g (erops of
Fig. 4a) to be compared with 6§4-66 lrernels/g chaff
dry weight at maturity for erops of Tables 3 and 5;
for Bgret, also awned, it was 89-5/p (Table 4); and
for the eight awned semidwarf cultivars of Fig. 4 (b)
the value was 90+ 5/g. There was some environ-
mental variation in number of kernels per unit
apike dry weight, but its eauses could not be
identified apart from a negative influence some-
times with very low amounts of radiation.

Some authors have pointed to genetic upper
limits to the numerical components of K, hence to
K itself in crops (for oxample Krenzer & Moss,
1975); under conditions of high radiation and low
temperatures i may be controlled by these genstic
limits and not by photothermal quotient. However,
the upper genetic limits to number of spikes per
plant and of kernels per spike seemn to he so far
above their normal values in erops that these limits
do not seom relevant to the field erop (Fischer,
1983).

The relationship of K to photothermal quotient,
while derived empirically, is consistent with the
hypothesis whereby spike dry weight at anthesis
(z/m?) is consideved the determinant of K, It is
propesed that radiation influences spike dry weight
at anthesis primarily via linear eoffects on crop
growth rate during the spike growth period immedi-
atoly proceding anthesis, while temperature oper-
atos largoely through its influence upen the duration
of this period. The quantitative aspects of the
relationship are sumnarized by the following
statistics for the eultivar Yecorn 70. The critical
period is approximately 300 day degrees above
4-5 °C, so that a photothermal quotient of 1-5 MJ/
m?*/day/degree amounts to 450 MJ/m?2, Sines crop
growth rate averagoed 1-14 g/MJ, 450 MJ/m? cor-
responds to 513 g/m2. The allocation of 449, of
this to epike prowth produces 225 g/m® of spike

tissue at anthesis, which at 8 moean of 78 kernels/g
for Yocora 70, corresponds to 176 x 10° kernels/m?.
This is somowhat highor than the valuo of 150 x
10*/m? predicted by equation (2) in Fig. 4(b); the
most likoly explanation of this discrepancy is ovor-
estimation of the allocation percentage and/or the
duration of spike growth.

It is also possible to ecompare the measured
gensgitivity of K to independent wvariation in
radiation, and in temperature, to the sensitivity
predicted by eguation (2). With shading K changed
by 19 kernels/MJ'; squation {2) indicates 27 kernels
MJ at 15°C, a temperature appropriate to the
shading experiments. The fwo cited cases of
independent temperature variation suggested o
4%, deerease in K as temperature rises from 15 to
16 °C; equation (2) has a slope of — 7% per °C at
15°C and 20 MJ/m?*/day, o value dominated by
the choice of 4-5°C as basal temperature. The
discrepancies in hoth these comparisons also point
to some inadeguacies in the model used.

Taken overall I believe that consideration of the
final dry weight of spikes as the sine gua non of
kernels in the wheat crop will advance the under-
standing of the determination of number of kernels.
For example ternperature and radiation.early in the
lifo of the crop should influence K only indirectly,
via effects on leaf area index, and hence interceptod
radiation, during the critical period. To verify and
extend this approach, however, more explicit data
on the proposed components of K need to be
collected. This will require careful erop sampling
around anthesis, rather than intensive plant
sampling oarly in the life of the crop.

The involvement of colleagues in the careful
collection of data used in this paper is gratefully
acknowladged; thess were I. Aguilar, R. Maurer,
D.J. Midmore, P.C.Wall and Y. M. Stockman.
Drzg L.T.Evans and P, M. Bremner are also
thanked for their suggestions on the manuscript.
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