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INTRODUCTION 

I t  is widely recognized that many agricultural and horticultural crops which are pro- 
pagated by seed are liable to show a steady deterioration in quality and yield. The seed- 
growers counteract this tendency to some extent by roguing (i.e. destruction of plants 
not true to varietal type) and constant re-selection, but they have also endeavoured to 
remove the causes of  this deterioration. One cause which has received much attention is 
contamination, whether it be due to admixture of foreign seed at harvesting, or admix~m'e 
of foreign pollen during flowering. The former can be dealt with in a relatively straight- 
forward way, by attending to the effective cleaning of threshing machines, etc., between 
the handling of different varieties of the same species. Its elimination will also diminish 
the latter ]hnd of contanfination b~cause odd plants of one variety in a field of another 
will be very efficient suppliers of foreign pollen. It will not, however, Completely eliminate 
contamination by foreign pollen which can be transported over relatively large d_istances 
throughthe agencies of insects or wind, aga.in~st which we cannot take absolute precautions. 
Before such precautions can be considered our knowledge of the way in which pollen 
contamination may arise must be increased. 

In spite, however, of the absence of any detailed knowledge of this subject seed-growers 
have had to devise some method of control. This has usually cor~sisted of the provision of 
large isolation distances between crops which are likely to cross-pollinate. Distances up to 
a mile or so are commonly recommended (ttaskel], 1943)~ but though few empirical data 
have so far been published on the effects of isolation distance, such as are available 
(Bateman, 1946) are in sharp contrast to the distances recommended in the trade. In the 
paper referred to above, it has "been shown that though seed-growers have apparently 
used excessive isolation dist~unces, they concentrate their effm~s on the prevention of 
contamination between re17 distinct varieties of erops, and have overlooked the serious 
dangers inherent in contamination between relatively similar varieties. This latter type of 
conta.mina.tion, though hidden (' cryptic'), may have a larger effect on varietal standa.rdz 
as it can give rise to polygenic variation which cannot be readily rogued out. 

I t  appears then that there is a need for some systematic work to determine under 
st, andard conditions what ,~re the effects of isolation distance on various crops. These 
results should then be s,pplied to all varieties whether the contamin:~tioo, isvolved were 
obvious or cryptic, subject to the recognition that isolatdon requirements of crops yary 
from one to another and that for the same crop they will vary according to the different 
purposes (61ite: stock or eomme~:cial) for which the seed is gxo%.'n (Bateman, 19r 

Much, however, of the data on contamination so far obtained has been produced under 
* Adapted from par~ of a the.~is accepted for the degree of Ph.I4. in the University of London. 
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conditions too unstandardized for them to be of great practical value to the seed-grower. 
Attention has been focused on the isolating effect of distance whilst the effects of isolation 
in time, size and an'augement of the plots of the contaminant and contaminated varieties 
have been largely ignored. As will be seen below, the latter factors are equal to distance 
in their importance in determining contamination. 

.4mother factor which might be expected to influence contamination in eutomophilous 
plants is the relation between the number of pollinating insects and the supply of nectar. 
This has been shown by Butler (1943) to affect the method of working of insect pollinators. 
This is to some extent under the grower's control through adjustment of the total amount 
of crops in flower at once and of the number of hives in the neighbourhood. Similarly in 
anemophilous crops wind direction and speed will influence contamination and it can be 
partly controlled by altering the relative spatial positions of varieties and breaking the 
wind with walls or trees. The characteristic breeding system for each species, to which the 
most important contributory factor is the de~ee of natural self-fertilization (compotmded 
of self-incompatibihty, dioecy, moncecy, protandry and even the number of flowers open 
on a plant at one time} will also influence a crop's liability to contamination. This complex 
of factors is almost outside the grower's control. 

In the work described in the following account an attempt has been made to obtain a 
more vigorous control than hitherto of contamination-determining factors, and thereby 
to achieve results more generally applicable to seed-growing practice. 

This is not to say that valuable work has not already been undertaken on the effects of 
isolation distance on contamination. Such is the experiment of Crane & Mather (1943) 
using two radish varieties (the same as those used in the experiments described belbw) such 
that the hybrid could be distinguished from either parent, in which they showed that the 
relationship between contamination and distance was not a linear one. Where isolation 
distance was small the rate of decrease of contamination with a given increase in distance 
was greater than when the isolation distance was larger. They also demonstrated the effect 
of the mass of plants of one variety growing together on the extent of their contamination 
by another variety. Iror in one experiment, in which both varieties were laid out in square 
blocks with one side in common, the spaces between plants being 9 in., contamination 
was 0.02 a0 15 ft. from the common side, while in an experiment in which a single row of 
plants of one variety at intervals of up to 24 ft. was strung out from a square plot of the 
other variety, contamination fell to 0.02 only at a distance of 150 ft. 

Currence & Jenld nR (1942) studied the effect of distance on contamination in the tomato. 
Though this crop is serf-compatible, many American varieties do not self-pollinate 
automatically because the style protrudes beyond the cone of anthers. They are thus prone 
to contamination. Choosing two varieties such that the hybrids were obvious in the first 
generation, these authors designed an experiment with a central square of one variety 
and two stringers in opposite directions of the other variety. Contamination in the 
stringers decreased to a minimum at the maximum isolation distance studied, which 
was 72 ft. 

Balls, Templeton, Brown & Kilain (1929) published results on contamination in cotton. 
These shQwed the expected decrease in contamination with increasing isolation distance, 
but the senior author was undecided whether the contamination was inversely proportional 
in the distance or to an exponential function of the distance. A marked seasonal fluctuation 
to the extent of contamination was correlated with seasonal variation in the numbers and 
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kinds of insect visitorS. Under Egyptian conditions, hive-bees visited the flowers between 
epicalyx and corolla thus avoiding pollination. The bee mostly responsible for contamina- 
tion was a species ofs01itary bee, and most of the contamination was brought about 
during a short period When this bee was very active. 

There appears to be only one instance in which seed-growing practice .has assumed 
contamination to vary inany definite way with isolation distance. This is contained in the 
regulations of the i~innesota Crop Improvement Association a~ reported by Hayes & 
Immer (1942). It concerns the production of hybrid corn. For a hybridizing plot of size 
5 acres, 40 rods (approx. 200 m.) is the minimum isolation distance. Tllis minimum may 
be reduced, however, ff extra border rows of the male parent are planted round the plot in 
such a way that a reduction in isolation distance of 2�89 rods (12.6 m.) can be compensated 
for by one additional border row. For example, if the isolation distance is 10 rods, twelve 
border rows must be plante d . That the actual effect of isolation distance is not so simply 
equivalent to border rows is implied by the proviso that border rows may only be sub- 
stitmted for distance when the danger of contamination comes from a variety with the same 
seed colour.as the female parent of the hybrid. Where the intended parents of the hybrid 
corn had the same seed eolour and the F 1 showed no complementary gone action for colour 
this arrangement would usually involve cryptic contamination. 

In the experiments on conta.m~ation here presented~ the choice of the pair of varieties 
and which of the pair is to be used as the seed parent of the test progenies, has been made 
so as to facilitate the early identification of contamination. That is, contamination has 
always been of an obvious kind, it being assumed that the rnles governing c~yptic con- 
tamination are the same. As interest centres on low frequencies of contamination it is 
necessary to use large progenies. Earliness in the stage at which contamination is identi- 
fiable is important in enabling larger progenies to be grown in the same space and scored 
in a shorter time. Finally, the crops chosen are those in which contamination is liable 
be high, as these are most suitable for work on the external factors concerned with 
contan~nation. Such is the case with the following four crops: turnip and radish; both self- 
incompatible insect-pollinated crops: beet; self-incompatible and generally wind-pollinated, 
though partially insect-pollinated: and maize; wind-pollinated and self-compatible, bu t  
being monoecious and strongly protandrons, a naturally outbreeding crop. The crops beet 
and maize are dealt with in a later report. 

The experiments were designed to study independently the effects on contamination 
of the distance of the tested variety from contaminating plants and the number of .plants 
of the tested variety growing together. This number is later referred to for simplicity as 
the mass. The mass does not have a direct effect on the amount of non-contaminant pollen 
available, as the Contribution of pollen from any one plant to the stigmatic surface of 
another will vary with the distance between them. One can expect, therefore, that the 
same mass will give variable protection against contamination according to the distribution 
and density of the plan~s and the, position within the plot of the plant examined for 
contamination. 

It  was thought desirable to study the effect of distance over the maximum pqasible 
range. For this purpose a series of experiments was arranged, each suitable for the study 
of the distance effect over a different range. The ~andard-plan consisted of a central plot 
of the contaminant variety from which extended in varions directions arnls of varying 
width and spacing. For such arrangements the problem, arises as to what is the zero 
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isolation distance. Since .preliminary results suggested that the nearest plants made the 
biggest pollen contribution, isolation distance was measured from the nearest edge of the 
contaminant block. At the same time experiments were also designed in which the 
contaminant was concentrated at a point m the centre of a block of the other variety. 
Here there could be only on~ point from which to me~ure isolation distance. This design 
also enabled one to vary the density of planting while maintaining the isolation distances 
and the relative amounts of the two varieties constant. 

In an experiment with arms of varying numbers of rows, comparison of t:he progenies of 
plants in the same row of the same a.rm gave the distance effect, and comparison of the 
progenies of plantsin different rows at the same distance gave the mass effect. Such an 
arrangement is well suited to statistical analysis, permitting independent tests of signifi- 
cance of the various effects. 

The dependent va~able in these analyses is the proportion of hybrid seedlings to the 
~ota] progeny, the error variance of a proportion varying with i~s magnitude according 
to the general formula, Vp =p~/.n. As there is a general decrease in this proportion with 
increasing distance the error variance will always be higher for short distances than for 
long ones, and the error variance estimated for the whole eX]~erimeht will be too low for 
Lests of significance at short distances and too high for tests of significance at long distances. 
But if we transform the frequency of contamination F into an angle r such that F = sin"- $ 
(Snedeeor, I946)* the new variable has an error variance independent of its magnitude and 
depending only on the size of the sample, which shows no trend with distance. The 
variance of r measured in degrees, is 820-7/n. Where n, the size of the sample, is not 
constant, to calculate the theoretical error variance of a number of observations the 
harmonic mean of the individual sample sizes is used in place of n_ The ratio of the sum 
of s~uares of error obtained from the analysis of variance to the theoretical error variance 
gives X 2 with the same number of de~'ees-of freedom as the error sum o~ squares. A 
significantly high X ~ would show that factors other than sample size were contributory to 
the error variance. 
In the following account, the variety being tested for the contribution of its pollen to 

the seed of the other variety is referred to as the 'contaminant' and the proportion of 
progeny produced by hybridization between the two varieties is referred to as the 
'contamination' and symbolized by F. 

DATs FOR OUT-BREEDING I~SECT-POLLINATED CROPS 

In thins section the two species studied were turnip and radish. The varieties and hybrids 
used in the experiments are listed below with ~heir di,~g~ostic features and the stage at 

Seed paren~ Contaminant 
which detectable. 

Crop Hybrid 
t 

S~age at which 
identifiable 

ECed pigment 
show~ in 
yotmg leaves 
and a~ leaf 
ba.~es 

Purplelongish Colotu" evident 
root in uuswollen 

hypocotyls 

Turoip 
~'ame Appearance Name Appearauee Appearance 

White ~Iilan Whiteswollen Red-Top Red top to Red top to 
root ~'I/lan swollen root swollen root 

Radish Sc~rlet Globe Deep red glo- Icicle White loug 
btd•r roo~ root 

* Fisher and Yate~ ~tat'i~ical Tablez (1938) give a Iess detailed table ibr angtdar transformations. 
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_&S it has a bearing on -the subject of this study it is worthy of nos that there appeared 
to be some contamination in the seeds used for this experiment which were obtained from 
seedsmen. Seed of ScaEet Globe Radish produced some plants which were appai'ently 
identical with the _F i between that variety and Icicle. In 1945 commercial seed of Scarlet 
Globe was scored for the frequency of purple rogues of this type, which was found to be 
10 out of 1355 or rather tess than 1%.  In the ~uthor's opinion this is a reasonable amount 
to expect in commercial seed. However, the frequency of purples only represents a small 
p~oportion of the total variability in the variety, as there was a considerable range in the 
intensity and distribution of the red pigment in the hypocotyl and there was also variation 
in hypocotyl shape. One might, expect.that plants of the Icicle variety (which is not a 
very popular one) would only be responsible for a small proportion of the contamination 
occurring in Scarlet Globe connnereial seed. Amongst Icicle seedlings were found plants 
with yellow and black hypocotyls. 

Seed of White Milan Turnip produced purple-topped plants which on the ih'st occasion. 
because no roguing had been carried out, were a source of confusion in interp~'eting the 
results. Seedlings of White Milan from seed sown in the a.utumn of 1948 were rogued of 
all plants showing any anthocyanin in the hypocotyI. This eliminated all purple tops from 
the experimental plants. A high proportion of green-topped plants remained, though these 
did not interfere with the experiment. 

- - -12"5"- - - ; / / / / / d  

- 4 . 5 ' - ~  ~ ~ ~  "T Z'5' 
,1, 

tr ~9-5 t ~ - -  - 6 ' - -  - ~ - - - 4 5  r -  - - -  --) 

Fig.  1. PIan of  E x p .  1. Hatched  ,square represents Red-Top  l%'Hlan plot  from which extend t w o  stringers o f  
White  Milan. H e a v y  black lines i~present  the four sampled rows.  

Experiment 1. This consisted of a central square plot of Red-Top Milan with two arms 
of White hlila.n extending from it to east and west,. Details of arrangement and clhne~sions 
are shown in Fig. 1. Seeds wei'e sown in the autumn of 1942 and the plants planted out in 
the spring of 1943. Seed was harvested, in June 19,t3. The plants sampled were at various 
distances h'om the contaminant plot, in the innermost and outermost lengthwise rows of 
both arms. The plants in each row were nmnbered 1-90 beginning from the contaminant 
plot. As the western ann was interrupted by a path 4 ft. 6 in. wide between plants 
numbered 25 and 26, each plant in the eastern arm of number ~'egter th~n 25 had two 
corresponding plants in the western arm, one of the same number, that is w[tli the same 
number of plan~s between it and the contaminant, and one of the same distance from the 
contaminant, the latter being 4 ft.. 6 in. nearer the contaminant than the former. The 
sampled plants in the eastern arm were nunlbsn-ed 1, 2,..3, 4, 9, 16, 25, 3.6, 49, 6r 81, 90. 
Each had a su~.x a, b, c or d according to the row frmn which it came; a and d being 
the outermost rows, and b and s the innermost. In the western arm ph~hts corrgsponding 
to those in the eastern arm were sampled. That megn,s two plants for every one in the 
eastern ann numbered 36 and higher with the exception of plants 90. The only harvested 
plants in the western arm corresponding to these were those numbered 90. Each sampled 
plant had five siliquae ]larvested from different heights on th~ main axis of the inflorescence. 
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1 A and  I B were the  fn~t a n d  second siliquae respec t ive ly  and  2, 3 a n d  4 were equa l ly  
spaced  up the  remainder  of  the  axis.  Sfliquae of the  same n u m b e r  f rom different  p lan t s  

d id  no t  necessar i ly  coincide in flowering t ime,  bu t  as a whole, s i l iquae f rom pos i t ion  3 had  

b loomed  esa'lier t h a n  si l iquae fl 'om pos i t ion  4. As the  average n a m b e r  of  seeds pe r  s i l iqua 

was "only abou t  twelve,  al l  si l iquae f~om one p l a n t  were pooled in th'e e a s t e rn  arm,  a n d  all  

s i l iquae of the  same height  f rom plan~s of the  same nmnber ,  were poo led  in  the  western  

a rm.  I n  th is  way, bo th  a rms  y ie lded  in format ion  on the  effect of i so la t ion  d i s tance  on 

con tamina t ion ,  whi]~st the  eas te rn  a r m  showed whether  there  was a n y  effect of row and  the  

wes te rn  a rm whether  the re  was a n y  effect of t ime  of  flowering on con t amina t i on .  

One dis tance  in t he  wes tern  a r m  (4-0.5 ft .)  has  been  o m i t t e d  f rom the  ana lys i s  of var iance .  

As will be seen in Table  I ,  th is  h a d  an  abno rma l ly  h igh  value  for F ,  viz. 0.109. Dt t r ing 

Table  I 
Distance 

from West arm E ~ t  arm 
contami- Positdon of siliqu~ Row 

R O W  n&ri~;  '~ , , ~ �9 ~ " ~  

no. in fk tl A 1 B 2 3 4 Mean a c d f ~Ie~n 
1 0-5 0-200 0.313 0 .564 0-607 0-176 0.372 0.486 0.417- 0.071 0 .492 0-366 
2 1 0.333 0.578 0-406 0-500 0-263 0-416 0-059 0-093 0-073 0-387 0.133 
3 1.5 0-460 0-259 0 .326 0.391 0.385 0-364 0-340 0.064 0 .275 0.382 0.265 
4 2 0.231 0 .086 0-179 0-364 0-211 0 .214 0.333 0:045 0 .128 0.406 0-228 
9 4.5 0-063 0 .094 0-t35 0.107 0-188 0.117 0-316 0-300 0 .069  0-040 0-1SI 

16 8 0-000 0-019 0 .029 0-025 0.037 0-022 0-000 0.029 0-016 0-184 0.057 
25 12-5 0-029 0-09-A 0.027 0-054 0-.000 0-027 0.000 0-129 0-000 0 .000 0.032 
- -  18 O.000 0.031 0-000 0.000 0.000 0-006 / 
36 - -  0.000 0-000 0 .000 0.000 0-000 0.000[ 0-023 0-032 0 .000  0-000 0-014 
- -  24-5 0 .000 0.107 0 .000 0-000 0-000 0-021) 
49 - -  0-000 0.00O 0-(~0 0 .000 0.000 0.000[ 0-000 0.000 0-000 0 .000 0.000 
- -  32 0-000 0.000 0 .000 0.077 0.000 0.0151 0.143 0-028 0 .000 0-000 0-043 
64 -- 0-000 0-000 0-000 0-000 0.000 0-000[ 

40-5 0-257 0 .094 0-129 0-067 0.000 0-109~ 
81 - -  0-025 0.0~0 0-000 0-000 0.000 @005[ 0-000 0.000 0 .000  0.000 0.000 
- -  45 . . . . .  - -  0-000 0-000 0.000 0.o00 0.00o 
90 -- 0-000 0-000 0 .000 0.080 0-000 0-016 
Figures for proportion of contamination of ~te Mila~ Turnips by P~d-Top i~iilan. Those in the west 

arm are the result of pooling the seed from corresponding siliquae in the rows represented in the east ann. 
Those in the east arm are the results of pooling the seed for the five siliquae represented in the west arm 
for each plant sampled. At distances over 12-5 ft. from the 6ontaminant the west arm has two samples 
for every one in the east arm, as shown above. 

f lowering a survey h a d  been  made  of p l an t s  in t h e  W h i t e  Milan A r m  showing  a b n o r m a l l y  

h igh  an thocyan in  conten t .  Only  one of these  suspect  p l an t s  h a p p e n e d  to  be  s a mp le d  for 
analysis .  This  was 72a,  one of  t he  p l an t s  sampled  a t  d is tance  40-5 ft .  I t  seems just i f iable  

to  assume t h a t  in th is  case t h e  h igh  p ropor t ion  of purp le  p lan t s  was due  to  one p l a n t  being 

he te rozygous  for t he  con t amina t i ng  gone. Consequent ly ,  i t  was d i sca rded  for  the  analysis .  

The  analys is  of va r i ance  in Table  2 leads  to the  fol lowing conclus ions :  (i) The d i s tance  

effect is h igh ly  sigmificant. This is no t  surpris ing.  (ii) Pos i t ion  of  sill.qua (i.e. t ime  of 

flowering) and  (iii) Row,  are on the  borders  of sioo~flcance. ~ t h e s e  effects d id  p rove  to  have  
a real foundation they would sigJfify that contamination is highest during the middle of 

the flowering period, and that it is higher in outermost rows than in innermost rows, which 

means that it is higher when plants are bordered on only three sides by their own variety 
than when they are surrounded by them. The latter is borne ont by later experiments. As 

to the former possible effect, since both varieties corresponded very closely in flowering 
period,  significance wonld  imp ly  va r i a t i on  in some ex te rna l  f ac to r  such as  the  r e l a t ive  
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abundance of the pollinators, which has been shown by Balls etal. (1929) to be significant 
in cotton. 

No attempt is made here to explain the results in terms of insect activity. This will be 
dealt with in a later paper. 

Table 2 
~ e s t  arm 

Stun of squares N 
Position (i.e. time) 31695.42 4 
Distance 1604535-35 14 
Error 190984-58 56 

Total  1827216.35 74 

Eas t  arm 

Distance 745336-23 11 
Inner ~nd outer rows 28081.69 1 
Other row affects 16308-37 2 
Error  286624-19 83 

Total 1076350,48 47 

Analysis of variance of results in Table 1 after they 

Variance 
lffean square ratio Probabil i ty  

7923.85 2.32 > 0.05 
114609-74 33.6I Very small  

3410.44 - -  - -  

67757'84 7'80 <0"001 
28081-69 3-23 > 0"05 

8154,18 - -  - -  
8685,58 - -  

had been submitted to the angular transformation. 

The error variance for plants of number over 25 is too great in comparison with 
contamination for us to judge whether the number of intervening plants between the 
sampled plant and contaminant plot or the isolation distance ls the more important 
factor in-determining the amount of contamination. 

Experiment 2. The maximum isolation distance encountered in the above experiment 
was 49-5 ft. In order to obtain information on the effects on contamination of greater 
d/stances: two trials were planned for 1944; one with radish and one with turnip. The 
designs of both were essentially the same. The contaminant blocks consisted respectively 
of 121 plants of Icicle Radish and 441 plants of Red-Top Milan Turnip: both being 10 ft. 
square. The two blocks were side by side. From these in two directions, east and south, 
plants of Sc.~rlet Globe and White Milan were strung out in straight lines at 20 ft. intervals, 
up to a distance of 580 ft. in the east stringer and 480 ft. in the south stringer. The 
experiments were designed in this way to obtain a measurable amount of contamination 
at all distances, whilst it was hoped that by increasing the genm'al level of contamination 
the nature of the effect of distance would remain unaltered. All plant,s in the stringers 
were harvested. 

Considering the radish trial first, thirty capsules, where present, were taken from all 
parts of the inflorescence. It was considered desirable to .keep the factor n, in the expression 
P~ =pq/n as constant as possible and a.t the same time as large as possible. So counts 
were made of the number of seeds harvested in some representative samples. From these 
it was decided that 150 was the progeny m~mber giving the best combination of' cor~tancy 
and large size. Consequentiy 150 see&% when available, were sown from each Scarlet 
Globe plant. The results are shown in Table 3 and shown graphically in Fig. 2. I t  is 
immecliately clear that in spite of the lnuch greater distances involved and the different 
arrangement of the plants the effect of distance on contamination is essentially similar to 
that in the 1943 turnip trial. 

But closer examination shows a new feature in the results. Beyond plant 8 (160 ft.) 
in either arm, there does not appear to be any further reduction in contamhlation, as can 
be seen in Fig. 2. As the error variation is high in comparison with average contamination 

Joum.  os Genetics. 48 18 



264 

Plaat; no. 
1 
2 
3 
4 
5 
6 
,7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 

25 
26  
27 
28 
29 

Contamination of seexl crops 

Table 

igadish eont~mh~%ion Turmp oon%ami- 
Distance ~. ~ n~tion l ~ t h  r 

in ft. Eas t  stringer South stringer, stringers pooled 
20 0-573 0.642 (~393 
40 0"434 0"143 0"330 
60 0"156 0'053 0'258 
80 0.169 O- 106 O- 167 

100 - -  0.055 0.170 
120 O- 147 0.049 0"125 
140 0-084 0-037 0-087 
160 0.017 0-000 0-030 
180 0.035 0-024 0.036 
200 0-000 0.000 0-000 
220 O-O00 0.035 0-086 
~t0 0.010 0.017 0'000 
260 0-000 0-021 0-000 
280 0-018 0,000 0-000 
300 0-042 0-007 O-OOO 
320 0.O00 0-021 0.000 
340 0-007 0.007 0-000 
360 0-000 0.000 0.000 
380 0.008 0-000 0,000 
400 0.015 0.008 0.000 
420 0-011 - -  0-018 
440 0-000 0.019 0-105 
460 0.000 0.025 0-000 
480 0.000 0-087 0.045 
5OO 0-008 - -  0.O0O 
520 0.021 - -  0-000 
540 - -  ~ 0-000 
5{]0 0-000 ~ 0.000 
580 0.008 - -  0.0OO 

P~esul~s o f  l o n g - 4 i s ~ n c e  r ad i sh  t r ia l  (~wo ~rms g iven  separate ly) ,  ~ud [ o n g - d i s ~ n c e  t%lrnip ~ i a l  ( resul t  

of  pool ing bo~h aram). 

0,6 

0-5 

0 .4  

0"3 

0-2 

0 " 1  

0 
0 

Fig. 2 (Exp. 2). Graph showing effect of dlst~nce, D, mea~uredia  feet, on  con~'~mhna~inn, F.  
. . . .  , sou~h otringer. 
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at these distances, it is unwise to draw any conclusions from the appearance of the graph. 
But we can test the constancy.of contamination beyond plant 8 by dividing all the plants 
concerned into two equal groups, proximal and distal, and summing all the frequencies 
within each group. We can submit the resulting figuxes to a Z ~ test. 

In the west stringer Purple l~ed Total X e Proh~hility 
Total for plants 8-18 14 1138 1152 l 0-2 
Total for plsn~ 19-29 9 1210 12t9~ 1.40 to 0-3 

In the sou~h stringer 
Total for plants 8-15 13 794 807l 0.23 0-5 to 0-7 
Total for plants 16--24 21 1082 l103J 

The ~ has one degree of freedom. The exddence does not suggest any reduction in 
contamination from the proximal ~oups to the distal groups. 
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Fig. 3. Plan of Ex~,. 3. Hatvhed square r epz~n t~  Icicle plot from which ex~end four arms of Scarlet Globe. 
Heavy black lines represent the sampled rows. 

In the parallel turnip experiment, depredations by bb:ds forced a pzematm'e harvest. 
Consequens seed samples were small and of poor germination (average fan'fly size 26). 
Owing to the larger error variance the results of #.he south and east stringers are pooled 
and F calculated from the total progenies. These values are shown in Table 3. Though of 
little va]ue in themselves they serve to confirm the radish results. 

Ezl~erime.n~ 3. A su'b-significan~ suggestion in the 19~3 turnip e,periment that the 
outer rows of a stringer had higher contamiuation than the inner rows, led to the design 
and execution of an experiment in 1944, using radish, to test the possible effect of mass of 
plants on contamination. The lay-out, shown in Fig. 3, consists of a central contaminant 
block of Icicle with four arms of Scarlet Globe comprising 1, 3, 6 and 12 rows running in 
W, ~ ,  ,~ and E directions respectively. Fro%her data are obtained on the effects of distance, 
and mass can be studied in two ways; by comparing plant~ in central rows of each arm, 

18-2 



266 Contamination of seed crops 
and by comparing plants in innermost (El, S~) and outermos~ (Eo, So) rows of the two 
widest arms. The la~m" method further provides an opportunity for an estimate of any 
interaction between mass and distance. 

Though the Scarlet Globe sewings were rogued for pm.ple-colot~ed roots, the process 
cannot have been complete. For at harvest it was discovered that one plant whose seed 
was being collected had a purple root (So 15). Out ofit~ progeny of 141, 74 were pltrple, 
a typical back-cross ratio. Furthermore, as one might expect from the more intense 

Table 4 
Distance in 

it. from 
con~amfilan~ W ~ ,gi So E i  Eo 

1 0.607 0-586 0.419 0-~-~0 0~278 0-378 
2 0-584 0.331 0-154 0-21S 0.138 0.250 
3 0-250 0.183 0-168 0.321 0-159 0-158 
4 0'359 0.275 0.143 0,257 no sample 0.171 
5 0-248 0.086 0.132 0.237 0.055 0-089 

I0 0.068 0-048 0-076 0.074 0-013 0-014 
15 0.066 0-007 0.00O * 0-000 0-029 
20 0-031 0.029 0-0O0 0.017 _0.031 O.000 
25 0.035 0.000 0-005 0.015 * 0-008 
30 0-016 0.007 0.000 0.014 0.000 0-000 
35 0-014 0-007 O.000 0-000 0-000 0-022 
40 0-013 0-007 0-000 0-015 0.000 0.000 
45 0-061 0-010 0-014 0-000 0-000 0-000 
50 - -  0.007 0.000 0.007 - -  - -  
55 - -  0.000 0-000 0.009 - -  - -  
60 ~ 0.000 * 0.007 - -  - -  

Values for contaminat ion in Exp.  3 . .An * represents a value discarded because there  was evidence of 
contaminat ion brought  forward from previo~ generations (see .text). 

pigmentation in Scarlet Globe than~n the F 1 hybrid, these back-cross purples were more 
intensely purple than the F z. Apart from this abnormal family which was discarded from 
the analysis there were two other plants, Ei25 and Si 60 which contained amongst their 
progeny intensely purple seedlings and showed abnormally high apparent contamination. 
I t  was assumed that this also was due to con tam~t ion  in a previous generation and these 
progenies were also discarded from the analysis. 

Distemce 
Error 
Total 

Table 5 
Sum of squ~res ~u ~ean  square Variance ratio Probability 

Using series W, N, Si ~nd B~ 
868-128 3 289-376 15.70 <0:001 

7687.326 10 768.733 41-67 Very small 
553.465 30 18.449 - -  - -  

9108.919 43 

Using series ~i, ~o, B i  ,~nd Eo 
~ass 136.900 1 136.000 12.73 <0.01 
Position 85-849 1 35"$49 7-98 <0-05 
Distance 6520-979 9 724-553 67.38 < 0.001 
M • P 15.876 1 15-876 1-48 >0.2 
M • )9 233-970 9 25,997 2,42 0-2-0-05 
P • D 101-810 9 11-312 !'05 High 
Error 96.775 9 10.753 - -  - -  

Total 7192.159 39 

Analysis of  variance for the aJaglflar t ransformat ion  ef  the resul t  shown  in Table 4. 

150 seeds, where available, were sown from each plant sampled. These were at distances 
from the contaminant of 1, 2, 3, 4-, 5, 10 ft. and thence every 5 ft. to the end of the arm. 
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Table 4 shows the  proport ions of contaminat ion  in plants a t  vary ing  distances and  
positions in each of the four arms. Fig. 4 shows graphically the results for the  central  row 
of each arm.  The analyses of variance in Table 5 are can ied  out on the angular  t ransforma- 
tion, those distances not  represented in all four rows being omitted. 
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Fig. 4 (Exp. 3). Graph .~ilowing effeeta of distance in feet, D, and width of arm, on eontamflmtion, F. , one- 
row a.rm, W; . . . .  , three-row arm, N; . . . .  , six-row at'm, Si; o o o o. twelve-row urm, Ei. 

I n  the  fixst analysis (for the four centre rows only) the elzor m earl square (18-449) 
includes any  mass-distance int, eraction there m a y  be. In  the second analysis (for two 
rows of each of the  largest arms) this intera.ction (~I.8. = 25.997) is separable f rom the error 
mean  square (10.75.3) and does not  quite reach the 5 % level of sig-~fificance. 

As the  theoret ical  error vaiia.nce of  r is based solely on the size of the sample, it can be 
est imated f rom ~he data. (see introduction).  The X 2 derived by  means of this method  is a 
tes t  of whether  factors other t han  sample ,size make a significant contr ibut ion to the error 
variance es t imated frorn t, he dat~. 

I n  the  first analysis o'f vari~nce the theoretical  error variance is 8.81 ]5 ;  

553-465 
X~-o . . . . .  62.81; P = 0 , 0 0 I .  

~0J 8.8115 

I n  the second analysis the theoretical  error variance is 6..3389; 

, 96-775 . , P = 0 - 1 - 0 . 0 5 .  
X'(9~ = 6.3389 = lo-27" 

F rom the  second a~alysis we m a y  conclude t h a t  sample size can account  ibr the whole 
eiTor variance.  I n  the fh'st analysis this is no t  so. As the fi~st error variance includes the 
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mass-distance interaction while ~he second does not,  the  mass-distance interact ion here 
being separable and not  quite significant, we are justified ~.u assuming t h a t  the  high X" 
obta ined fl 'om the first analysis  is due to the mass-distance interaction. 

The effects of  mass and of the mass-di,itance interact ion can be seen by  grouping the  
famiIies of each arm into two groups, d i s~ l  and proximal,  and calculating t h e  mean  value 
of F for each group. The proximal  value is calculated f rom plants at  distances 1, 2, 3, 5 
and  10 ft. : the  distal value f rom plants  at  distances of 20, 30, 35, ~0 and 45 ft. The missing 
distances are those no t  represented in all rows sampled. The mean values are shown in 
Table  6 and graphically in Fig. 5. I n  the  lat ter  the  logar i thm of F has been rised so t h a t  
the  relative effects of mass can be compared in the  distal and  proximal  portions.  

Table 6 

Ann No. of rows Proximal Distal Pro:ritual/Distal 
W I 0-351~ 0.0270 13.01 
IV 3 0,9.2468 0,0120 20"57 
5' 6 0-2299 0-0060 38.32 

12 0.1532 0.0053 28.91 
E x  2 .  3. The mean con~amine, tion ia ~he proximal and distal parts of the fore" arms (inner and outer 

rows of &~ and E averaged) to show the influence of mass of arm on the relative effeo~ of increased 
dish, ace from contaminant. 
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~ o  

Log F 
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3.61 I, t i i 
3 6 12 Nq. of rows 

W N S E .ann 

Fig. 5 (Exp. 3). Graph showing effect of isolation distance on the relative decrease in contamination with 
~,~creasing width of arm. Log F is plotted against row-number for the proximal and dist~t parts of each 
arm ~p,srately. Proximal is up ~5o l0 ft. Distal is 15 ft. to ,t5 ft. 

I t  is clear that ,  generally spealdng, increasing the number  of rows decreases contamina-  
tion. I n  the proximal p'art of the arms this effect is mainta ined within the  limits of the 
ex-periment, f rom one row to t.welve. The relation appears  to be described in the  ~ a p h  by  
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a straight line. In other words, the relative rate of decrease in contamination produced 
by the addition of  one row remains constant, though of couxse the absolute rate will 
decrease with increasing numbers of rows. This effect is similar to that of unit increase 
in isolation distance on absolute contamination, which has been observed in all experiments 
so far for distances of less than 160 ft. 

In the distal part of the arms, however, the relative decrease in contamination per row 
increase is not constant. I t  is high where the number of rows is small, higher in fact than 
the rate in the proximal part, but beyond three rows, increase in row number has a very 
slight effect and beyond six ~ows the effect is negligible. We can conclude, that, )vhere the 
isolation distance is greater than a certain small amouflt (equivalent to 15 ft. under the 
conditions of the experiment) and where the mass is above a certain minimum (equivalent 
to six rows in this experiment), variation in mass has a negligible effect on contamination. 

To give a practical application of this conclusion we could state that in the case of a 
field of a crop being .grown for seed at a moderate distance from a contaminant variety, 
provided the outer rows were discarded, the amount of contamlnation would be inde- 
pendent of the size of the field. 

One possible criticism of the validity of the result of the above experiment is that there 
may be interference by three of the arms of Scarlet Globe with the results in the fourth. 
The importance of such interference can be assessed by reference ~q the experiment. 

The maY~mum interference by one arm with the r~sult of another would be expected 
in the effect of the twelve-row ann-(JE) on the one-row arm (147). Let us consider plant 
W1, whose shortest distance from E is 22 ft. At 22 ft. from the contaminant plot, arm W 
registers a contamination of about 0.03. The contaminant plot has a frontage of twenty-one 
plants and a total of  441 planh~. The arm E has a frontage of twelve plants and a total of 
420 plants. We can assume, therefore, that 0-03 is a high estimate of the proportion of 
seed set on plant W1 due to pollen from arm J~. By removing arm J~ we should expect 

0.607 
the contamination of plant W1 to change from 0.607 as observed to 1-0.03 =0-626. At 

41 ft. from the contaminant, contamination in arm W is about 0-02, By a similar argu- 
ment removal of arm/~ would increase the contamination of plant W20 from 0.031 to 

0"03_______~1 =0"0316. We conclude that the effect of arm/~ is to reduce the contamination in 
1-0.02 
arm W by approximately the same small proportion throughout. The effects of arm/~ on 
arms N and ~ and of other arms on one another would in all cases be rather less. Inter- 
ference between arms is not, therefore, such as to invalidate the conclusions. 

Expe~iment 4. In all the experiments so far described contamination has been due to a 
large plot of the contaminating variety. This has been necessary to obtain measurable 
amounts over the distances 1~sed. It is difficult with such a design to know fl'om what 
point to measure the isolation distance. A superfici'd examination of the results shows 
that plants in the immediate vicinity of a given plant are the most important in effe.cting 
its fm~ilization. ThLm fbr plants ne, ur to a contaminant plot the isolation distance should 
be measm'ed from a poin~ near to the nearest" edge of the plot. At greater distance~ it does 
not matter so much from which point the distance is measured. This difficulty in finding 
the zero isolation distance can be overcome if necessary by using (D +8) for the isolation 
distance where D is the distance from the nearest edge of the contaminant plot and 8 is 
a correction which may be estimated in some cases from t~ae regression of F on (D+8). 
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This is not reliable when the form of the regression is not known, as the estimated value 
of ~ will vary  with the regession used. 

So in t9~5 an experimen~ was carried out in which contamination was due to what  was 
in effect a point source, i.e. a small number of plants crowded together. At the same time 
the possible effects of density of planting were investigated. Four densities were used, 
each represented by two square plots. Each square consisted of Scarlet Globe R~dish 
plants with a number of Icicle plants at the centre proportional to the density of the plot, 
so tha t  the ratio of Scarlet Globe to Icicle plants was constant. The internal arrangement, s 
of the squares at the .four densities are shown in Fig. 6. The experiment was in dupl/cate, 
~he squares being designated as WA, WB, WC, WD, in the western series and EA, EB, 
EC and ED in the eastern replication. 
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Fig. 6. Plan of Exp. 4. The central hatched ar~a represents 8, 4, 2 and 1 Icicle plant~ in squares .4, B, 0, D 
r e s p e c t i v e l y .  ~421 other plant~ are Scarle~ Glebe. All sampled plants are numbered, others being represented 
b y  a do~ each.  The squares are not shown in their relative poaitions. In fact ,  t h e y  w e r e  widely separated. 

Density was val4ed in the anticipation that  it  wou~d affect the extent of distribution 
of contamination. For, accorchng to Butler (1943), the less the amount  of nectar available 
in a given area for a constant number of working bees the f~urther the bees would travel  
during foraging. This would iead one to expect tha t  the least dense plots would show the 
slowest rate of decrease in contamination with increasing distance. 

As the Icicle variety is later in flowering than Scarlet Globe, if the whole natural  seed 
set on Scarier Globe were used to estimate contamination the results would be diluted by  
a factor depending on the amount of seed set before the Icicle flowered, and to a.var)dng 
extent  for each plant sampled according to the time of onset of its own flowering. To 
eliminate this source of error, as the group of Icicle plants in each square came into flower 
all open flowers and capsales from the Scarlet Globe plants in the square were removed. 
EA, E13, EC, F,D, WB and WC were treated in this manner on 30 May. Similarly with 
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WD on 7 June. In WA the Icicle plants were so late that the Scarlet Globe had almost 
completed flowering, so the contamination was negligible and the plot was valueless for 
the purpose of the experiment. 

There was much depredation of the young capsules by biTds. This was particularly 
marked for squares EO and ED. As all the outer (later) capsules were removed in these 
squares the remaining seed would not form a representative sample of the entire seed test. 

As there axe less plants per distance sampled in the sparser squares, increased error 
variance in these due to small sample size was avoided by adjusting the size of the sample 
of seed taken from each plant, so that eight times the amount of seed per plant was 
harvested from El) than from EA. There is another source of increased error variance in 
the sparser squares which was not avoided in the experiment; that due to variation 
between seed of plants in the same square and at the same isolation distance. 

In Table 7 are shown the results of all sampled squares with the plants arranged accord- 
ing to distances. The same results are shown graphically in Fig. 7. The sample progenies 

Table 7. Summarizing contaminations in all the radish density squares 

sums  of the  progeniez of M1 p l an t s  

Distance 
Block in  It. 0-7 1.6 2.1 2.5 2-9 3.5 3-8 4.3 4.5 4-7 4.9 
EA Progeny size 423 900 639 1061 1051  1 0 5 2  102,8 1024 894 816 397 

2~ 0-111 0-079 0.063 0-055 0.029 0@11 0~15 0-008 0-056 0.013 0-058 
Dist.ance 

in {t. 143 2"9 3-0 3'6 4-1 543 
EB -~rogeny size 6?,4 1927 1051 2285 1855 2221 / 0-2"23 0-120 0.135 0-047 0"047 0-0-2~ 
EC Progeny size 705 1970 1033 643 1873 1"481 

F 0-0"$7 04)58 0-10.5 0-033 0-021 0-021 
~D Progeny size 168. 275 - -  65 8 416 

/~ 0-190 0-138 - -  0.062 0-9~50 0.034 
W27 Progeny ~ize 498 16.~9 1100 1631 1788 30~ 

F 0,227 0.103 0-059 0"044 0.026 0-012 
WD Progeny size 88 1752 950 464 1254 1813 

J~ 0.011 0.048 0-080 0.011 0.013 0.009 
Distance 

in-ft. 1.4 3-2 4.2 
}7"6' Progeny size 2210 4188 t810 

F 0.119 0.053 0-017 

The  p rogeny  sizes for each dis~,nc~ are  the  

(Ex2.4) 

5.1 5-7 6-4 
872 849 9424 

0-010 0.006 0.002 

5'4 6-4 
1835 1956 
0-026 0.017 
996 660 

0-011 049]8 
343 46 

0~15 0&22 
693 1302 

0.012 0-011 
1463 1235 
0.005 0<)03 

5.1 5.8 7.1 
3151 407I 2057 
0.016 0.009 0.007 

a t  ~hat. distance.  

fl'om the outermost rows of squares are not included in this table and fig~lre because in 
these rows the density is always less than in the rest of the square. Owing to slight e~rors 
in placing the plants the distances of sampled plants from the contaminant group are not 
the sam.e in EA and WC as in the other squares. These slight differences in planting do 
not appear to affect the main results. 

In ]fig. 7 the squares ZA, EB; WB and WC show a certain regularity in the d.iminution 
of contamination with distance, whereas EC, ED and WD a:re rather irregular. Before 
drawing any conclusions from these results it is therefore necessary to submit them to an 
analysis of variance based on the angular transformation. 

Table 8 shows the summarized results of this analysis. Beside the on-or vaxiance cM- 
culated ~om the results is given the theoretical errm- variance of r fl'om the formula 
820-7/.n where n is the harmolfiC mean of the sample sizes for each square. This theoretical 
on:or variance is generally much lower than that calculated from the observations, 
indicating that there is a real difference between the amounts of contamination occtm/ng 
in the progeny of different plant, s at the same isolation distances in the same squares. 
This could arise through variation in degree of selfdncempatibility, variation in the 
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distribution of the seed set with respect to time (this would only be effective in causing 
variation in contamination if contamination itself varied with time), or variation within 
the square of varietal mass which would be produced by variation in the floral mass of 
individua[ plants. 
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:Fig. 7. (Exp. 4). Contamination 1~ plotted against distance in ft. for seven squares. Entire lines represent0 
squares with highly significant distance variances; broken lines, squares with less significant distance 
variances. 

Table 8. Summary of the analyses of variance of the radish de~vity squares 
based on the angular transformation of F 

Distance E~ror 
A J, Variance f ~ f 

Square M S  -*Y M S  N V ~  ra t io  Probability 
EA 168-6699 13 26-7179 84 10-7952 6"31 Very small 
E B  257.0905 7 23-0831 50 4-6966 11-57 Very small 
E G  39-9888 7 :18-0076 15 3.0333 2-22 0-05-0-2 
E D  126.4594 6 33.6520 4 22.5545 3.76 0-05-0-2 
WB 389-1958 7 39-232-7 44 "4-5990 9.92 Very small 
W5' 179.0683 5 10,8679 29 2-0514 16'48 Very smaU 
W/) 27-9322 7 1.4312 7 2.0858 19-52 <0.001 

The column headed F~ is the  error variance of the angqllar t ransformation due to sample size according 
to the formula 820-7/~ where ~ is the harmonic mean  of the sample sizes of the  squares. 

The variance ratios of mean square for cUs~ance to mean square for error are very high 
in EA, EB, WB and W6'. These are therefore reliable sources of data for studying the 
relation between distance and contamination. In EC  and ~D variance ratios are low. In  
WD though high it is based on an abnormally low error meansquare,  lower even than the 
theoretical variance calculate& from the sample size. If  we take the more normal error 
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mean square .for WC which includes a sample size error variance of equal magnitude the 
new variance ratio has a probability of 0.05 which is very much less significant than that 
for/EA, ,EB, WB and WC. We are therefore justified in only considering these last four 
squares for further analysis of the distance effect. 

In spite of the great contras~ in range of isolation distances (0.7-7 ft. in thLs experiment 
as against 20-580 ft. in the long-distance experiment) the essential shapes of the curves 
relating contamination and di~ance are the same. 

One can also �9 see at a glance that there is considerable variation between squares in the 
general level of contamination. A figure representing this can be obtained by  summing the 
proportions of contamination of all plants in a square and dividing by the number of 
Icicle plants at the centre. This gives us the following set of figures: 

Density A B O D 
E 0.3692 1.0169 0-4394 1.0181 

P~plication tF - -  0.7855 0.640d: 0.4384 

I t  is seen that though the variation is considerable there is no obvious trend according to 
the replication or the density. 
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I~dg. 8 (Exl). 4.). Log ~ plotted against distance in ft .  for the fotu' most significa,nt squares. 

In ex~mxining the effects of density on contamination we must t, hezefore eliminate 
variation in degree of contamination between squares. This can be done 'by t~king 
logarithms of the contamination proportions. When plotted on a graph the l'elation between 
log contamination and distance will have a slope corl"espondJng to the relative rate of 
decrease of contamination, i.e. independent, of the absolute amounts. 

Such curves are shown ]n Fig. 8. It  is clear that all fonr cm've~ are essentially parallel. 
This means that density has not been shown to have any effect on the spread of contami- 
nation, for an increase in the spread of contamination with decreasing density would catuse 
the slope of EA to be gl-eater than that of EB and the slope of WB ~eater  than that of 
WC. This might at first appear to conflict with Butler's conclusions (19.4-3) regarding the 
method of action of bees, which led one to expect sparse ~,pacing of flowering plants to 
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cause the bees to forage more widely and produce more widespread contamination. Bat  this 
would only be so if' the number of bees per plot were constant, whereas they were in fact 
free to distribute themselves as they pleased. The above results suggest that under these 
conditions the bees tend to distribute themselves in a way (similar to the economic law 
of supply and demand) such that all foraging bees wonld ha\'e approximately equal 
retva'ns of nectar or pollen for'the same exTenditure of energy. In this way the sparser 
planted squares would have a correspondingly sparser population of pollinators and the 
relative decrease of contamination with increase in distance would remain constant 
irrespective of density of planting. 

These results were corroborated by an earlier experiment with turnip. Here the error 
variance was higher and ~he results therefore were less reliable, but there was again no 
evidence of any effect of density of planting on spread of contamination. 

Suz.IMARY 

1. There are two t3qoes of contamination of seed crops, mechanical admixture of seed 
and cross-pollination. The latter is the more difficult to eradicate. 

There are four main variables affecting cross-pollination between varieties: (i) the 
breeding system of the species; (ii) isolation distance; (ifi) varietal mass; (iv) pollinating 
agellt. Of these (iii) and (iv) have been most neglected. 

There is little work available entailing a systematic study of these four factors. There is, 
therefore, a need for such a study of the independent effect-s of these factors and their 
interactions. 

2. Using two insect-pollinated self-compatible species, radish and tmmip, and suitable 
amounts of plants of the contaminating and contaminate4 varieties, the effect of ([istance 
on isolation is similar over a range of from 0 to 160 ft. At first there is a rapid reduction in 
contamination with increasing distance, but there is a pro~essive reduction in the 
decreases in contamination produced by repeated increases in isolation distance. In the 
experiment most conducive to contamination this fell from 60 % at 20 ft. to 13 % at 80 ft., 
but at 140 ft.it was still 6 %. In this same experiment, invot~ng ~eater isolation distances 
than the others, on increasing the isolation distance from 160 to 580 ft. there was no 
evidence of a further decrease in contamination, which remained in the neighbou:rhood 
of 1 % .  -As there are a 2rio~,'i reasons for expecting some decrease it must be presumed to 
be too slight for detection. 

3. The mass of a variety (here altered by varying the number of rows from 1 to 12), and 
the spatial arrangement of the plants, are as important in the~ effects on contamination 
as isolation distance. ~Iass is also similar to isolation distance in its mode of action, in that 
constant increases in the number of plants of a variety growing together produce progres- 
sively smaller decreases in its contamination. 

4. When pollinating insects are free to distribute themselves over a crop they do so in 
such a way that density- of planting has no effect on the rate of decrease of contamination 
with increasing isolation distance. 

This work has been carried out under the amspice% and with the financial assistance of 
the Agricultural P~esearch Council. The author also wishes to express his gratitude to 
Dr K. Mother for his adxdce, particularly in regard to the statistical treatment of the work, 
and to Miss J. Bentley for her technical assistance. 
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