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Glen Osmond (South A u s t r a l i a )  

Summary. The effect of frequency-dependent advantage in wheat was investigated by growing F~ hybrid seeds 
of the crosses (Warimek • Halberd) and (Wariquam • Halberd) in a stand of Halberd at 5 frequencies: 4 %, 
6.25 7% 11.11%, 25 % and 50 %. A reduction of 35 % to 40 g in grain yield of individual plants was observed 
with both hybrids as their frequencies changed from 4 g to 50 g. A similar trend with frequency was noted 
for several other plant characteristics, including total grain number, particularly with those measured to- 
wards the end of the growing season. Halberd plants did not show a corresponding increase as their frequen- 
cy declined from 96 g to 50 %. - The following season, 76 F 4 lines from the cross (Warimek • Halberd) and 
70 F 4 lines from (Wariquam • Gabo) were grown at frequencies of 6.25 ~ and 18.75 % in machine sown stands 
of Wariquam and Halberd, respectively. Again grain yield decreased as genotypic frequency increased. Fur- 
thermore, there was a positive correlation between frequency-dependent advantage and relative grain yield, 
suggesting that high yielding genotypes show a greater advantage at low frequencies than lower yielding ones. 

Introduction 

Frequency-dependent advantage is a term used by us 

for the phenomenon where a genotype at a low fre- 

quency in a population has a higher fitness or a high- 

er yield than it has when present at a high frequency. 

This phenomenon if demonstrated may have important 

consequences for selection within the segregating 

populations grown by plant breeders. 

The isolation of superior genotypes from segregat- 

ing populations and the persistence of off-type geno- 

types in a variety during several generations of seed 

multiplication are problems inherent in the breeding 

of self-pollinated cereals. In the former, the fre- 

quency-dependent effect may reduce the efficiency of 

single-plant selection, and in the latter it could re- 

sult in a change in the properties of a variety during 

mul t ip l i ca t ion .  

A b r e e d e r  of a s e l f  po l l ina ted  c r o p  would l ike  to 

s e l e c t  e f f ec t ive ly  in the F 2 gene ra t i on  of a c r o s s  s i nce  

the f r equency  of genotypes  with al l  the d e s i r e d  a l l e l e s  

i s  h ighes t  in that gene ra t i on  (Shebeski  1967).  How- 

e v e r ,  for  wheat and b a r l e y ,  s e l e c t i o n  for  y ie ld  in the 

F 2 on a s ing le  plant bas i s  is  c o n s i d e r e d  by many au-  

t h o r s  to be ine f fec t ive  (A l l a rd  1960; Bel l  1963).  The 

main  r e a s o n s  usual ly  advanced  a r e  that  s ing le  plant  

p e r f o r m a n c e  is  confounded by g e n o t y p e - e n v i r o n m e n t  

i n t e r a c t i o n  and i n t e r - p l a n t  compe t i t i on ,  and A l l a r d  

and Adams  (1969) and Sakai (1961) have shown that 

the p e r f o r m a n c e  of an individual  in a m i x t u r e  i s  often 

a f fec ted  by i t s  n e i g h b o u r s .  

M o r e  s p e c i f i c a l l y ,  it is  poss ib l e  that the p e r f o r m -  

ance of a genotype in a m i x t u r e  i s  in f luenced  by the 

f r equency  of l ike  o r  s i m i l a r  genotypes  in the popula-  

t ion.  Allard,  J a in  and Workman (1968) and Harding ,  

A l l a r d  and S m e l t z e r  (1966) found that ,  in populat ions  

of l i m a  bean,  the f r e q u e n c i e s  of the h e t e r o z y g o t e s  in 

a populat ion w e r e  h igher  than could be accounted  fo r  

by heterozygote advantage and out-crossing and that 

their fitness increased as they became rare. They 

ascribed this to frequency-dependent selection. Fre- 

quency dependence of reproductive values was also 

reported for wheat (Khalifa and Qualset 1974) ; but 

was not evident in barley, even when strong competi- 

tion was demonstrated (Early and Qualset 1971). Ex- 

periments with insects (Kojima and Yarbrough 1967; 

Tobari and Kojima 1967) have also shown that the 

fitnesses of different karyotypes were frequency-de- 

pendent and Ehrman (1968) has indicated that the 

rare genotypes were more successful in securing 

mates. 

An extensive literature now exists (for example 

McGinnis and Shebeski 1968; Knott 1972) which sug- 

gests that there is usually a low or insignificant cor- 

relation when the performance of genotypes grown in 

a mixture as spaced plants is compared to their per- 

formance in pure stands as crops or swards. These 

inconsistencies can be due to either variations attrib- 

utable to changes in densities, or to differences ari- 

sing from interactions with neighbouring genotypes. In 

a cereal breeding program it is possible to ignore the 
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f o r m e r  by growing the s e g r e g a t i n g  gene ra t i ons  at 

c o m m e r c i a l  dens i t i e s ,  but th is  may e x a c e r b a t e  the 

l a t t e r .  The work r e p o r t e d  h e r e  i s  pa r t  of  a p ro j ec t  in -  

ves t iga t ing  the feas ib i l i ty  of  s ing le  plant s e l e c t i o n  at 

c o m m e r c i a l  plant d e n s i t i e s .  

A s e g r e g a t i n g  populat ion r e s u l t i n g  f r o m  the i n t e r -  

c r o s s i n g  of d i v e r s e  p a r e n t s  c o n s i s t s  of a l a r g e  n u m -  

be r  of d i f fe ren t  geno types .  Among these  many of the 

ind iv iduals  a r e  s i m i l a r ,  g ene t i c a l l y ;  o t h e r s  r a r e  and 

quite  d i f fe ren t  f r o m  the m a j o r i t y .  If s e l ec t i on  is p r a c -  

t i s ed  in these  c i r c u m s t a n c e s ,  it is  poss ib l e  that the 

cho ice  of genotypes  will  be in f luenced  by t he i r  f r e -  

quency.  If a genotype p e r f o r m s  well  in a m ix tu r e  b e -  

cause  it is  r a r e ,  th is  advantage  will  not p e r s i s t  when 

it is  s e l e c t e d  and p ropaga ted  in a pure  s tand .  S e l e c -  

tion would then be ine f fec t ive  and many potent ia l ly  

high y ie ld ing  genotypes  might  have been o v e r l o o k e d .  

This pape r  r e p o r t s  the r e s u l t s  f rom two e x p e r i -  

ments  des igned  to d e m o n s t r a t e  the ex i s t ence  and 

m e a s u r e  the magni tude  of f r equency-dependen t  ad-  

vantage  in wheat as  a p re lude  to f u r t h e r  i n v e s t i g a -  

t ions  of i ts  ope ra t ion  in s e g r e g a t i n g  popula t ions .  In 

the f i r s t ,  two F 1 hybr ids  w e r e  grown at f ive d i f f e r -  

ent f r e q u e n c i e s  in a s tand of one of the paren t  v a r i e -  

t i e s  to d e t e r m i n e  both the f r e q u e n c i e s  at which the 

e f fec t  could be m e a s u r e d  and the mean  r e s p o n s e  of 

a hybr id  grown in a pa r en t .  The second was a imed  at 

m e a s u r i n g  the magni tude and va r i a t i on  of the ef fec t  

in F 2 d e r i v e d  l ines ,  and to c o m p a r e  these  to the FlS  

and the i r  p a r e n t s .  

M a t e r i a l s  and Methods 

E x p e r i m e n t  1 

E x p e r i m e n t  1 c o n s i s t e d  of two s u b - e x p e r i m e n t s  of the 
s a m e  des ign .  I n E x p e r i m e n t  1A, F~ plants  of the c r o s s  
(War imek  X H a l b e r d ) ,  subsequen t ly  abb rev i a t ed  as 
(Wm X H), were grown in a mixed stand with Halberd 
at five frequencies 4%, 6.25%, II.115, 25% and 50%. 
In Experiment IB, (Wariquam x Halberd) F• subse- 
quently abbreviated as (Wq X H), were grown in Hal- 
berd at the same 5 frequencies. There were four re- 
plicates in each experiment. To reduce the numbers 
of hybrid seeds required, each replicate was planted 
with the frequencies in ascending order. Hence 4 % 
was always on the outside, the intermediate frequen- 
cies were bordered by lower and higher frequencies 
and the 50 % was adjoined by the 50 % of the adjacent 
replicate. The five frequencies of the hybrids could 
be regarded as consisting of 1 hybrid in successive 
s tands  of 5 •  5 p lan ts ,  4 X 4~ 3 • 3, 2X 2 and 1 •  2 
with Halberd ,  r e s p e c t i v e l y .  Each  r e p l i c a t e  was s u r -  
rounded  on t h r e e  s i de s  by four  rows  of  Ha lbe rd .  The 
e x p e r i m e n t s  w e r e  grown in 1972 at Rosewor thy  A g r i -  
cu l tu ra l  Co l l ege ,  South A u s t r a l i a .  Ha lbe rd  - ( ( S c i m i -  

t a r  • Kenya C6042 • B o b i n ) x  Ins ignia  49) ,  used in 
th is  e x p e r i m e n t  as  a background s tand of p lan ts ,  i s  
the m a j o r  c o m m e r c i a l  v a r i e t y  in South A u s t r a l i a .  It 
i s  an e a r l y  ma tu r ing  v a r i e t y ,  of med ium height  ( a v -  
e r a g e  7 5 c m ) ,  with good t i l l e r i n g  habit and s e m i -  
e r e c t  l e a v e s .  War imek  = (Mexico-120  • Koda) and 
War iquam - (Mexico-120  • Quadra t )  a r e  b r e e d e r s '  
l i ne s ,  deve loped  at the Waite A gr i cu l t u r a l  R e s e a r c h  
Ins t i tu te ,  South A u s t r a l i a .  Both of  these  l ines  a r e  
shor t  ( a v e r a g e  height  6 5 0 m ) ,  e r e c t ,  with medium 
t i l l e r i n g  habit and e a r l y  ma tu r ing .  The F~s, (Wm X H) 
and (Wq • H) ,  a r e  of the s a m e  height as  Ha lberd ,  
e a r l y  ma tu r ing  and with good t i l l e r i n g  capac t iy .  The 
hybr id  s e e d s  were  p roduced  in a g l a s shouse  in 1971. 

Seeds  w e r e  sown e v e r y  6.7 c m .  The d i s tance  be-  
tween rows was a lso  6.7 cm,  giving a densi ty  of ap-  
p r o x i m a t e l y  222 plants  pe r  s q u a r e  m e t r e ,  which is  
s i m i l a r  to that used c o m m e r c i a l l y .  The pos i t ions  of 
the hybr ids  were  m a r k e d  by sma l l  wooden s t i cks  to 
enable  o b s e r v a t i o n  of t he i r  deve lopment  f r o m  e m e r -  
gence  to h a r v e s t .  At each  f requency  in each  r e p l i c a t e ,  
eight  hybr ids  were  chosen  at r andom for  obs e r va t i on ,  
except  at the lowes t  f r equency ,  where  all  the hybr ids  
were  r e c o r d e d .  The s a m e  number  of Ha lberd  p lants  
i m m e d i a t e l y  adjacent  to the s e l e c t e d  hybr ids  were  a l -  
so r e c o r d e d ,  as  it was thought these  p lants  might  
show an i n v e r s e  r e s p o n s e  to f r e q u e n c i e s ,  as  c o m -  
pa red  with the hybr ids .  At the two lower  f r e q u e n c i e s ,  
4 7~ and 6 .25  %, the Ha lbe rd  plants  at the second  p o s i -  
t ion away f r o m  the hybr ids  were  a lso  m e a s u r e d  to 
d e t e r m i n e  the extent  of compe t i t i on  of the hybr ids .  

E x p e r i m e n t  2 

During 1972 and 1973, a n u m b e r  of l ines  f r o m  the 
c r o s s e s  (War imek  X Ha lbe rd )  and (War iquam x Ga-  
bo) subsequent ly  abb rev ia t ed  to (Wm x H) and (Wq x 
G) r e s p e c t i v e l y ,  w e r e  advanced  f rom F~ to F4 by 
s i n g l e - s e e d - d e s c e n t .  At the s t a r t  of the 1973 season  
suf f ic ien t  s eeds  were  obtained f r o m  76 F 4 l ines  of the 
c r o s s  (Wm x H) and 70 F~ l ines  of the c r o s s  (Wq x 
G) to be used  in E x p e r i m e n t s  2A and 2B, r e s p e c t i v e -  
ly .  The F4 l ines ,  t oge the r  with the F l s  of  both c r o s -  
s e s  and the four  pa ren t s  were  grown at two f r e q u e n -  
c i e s ,  6 .25 % and 18.75 %, at Rosewor thy  A gr i cu l t u r a l  
Co l l ege .  Each  e x p e r i m e n t  was a sp l i t -p lo t  des ign,  
with genotypes  as main  plots  and f r e q u e n c i e s  as sub -  
p lo t s .  

Due to the l a r g e  a r e a  of the e x p e r i m e n t ,  70x30  m, 
it could not be hand sown;  ins t ead  the s eeds  w e r e  
mixed  at the r e l evan t  f r e q u e n c i e s  and sown with a 
cone s e e d e r .  The genotype to p rov ide  the background 
s tand of  p lants ,  War iquam o r  Ha lbe rd ,  was chosen  to 
be suf f ic ien t ly  d i s t inc t  f r o m  the hybr id  m a t e r i a l  for  it 
to be ident i f ied  at m a t u r i t y .  

The d is t inguish ing  f e a t u r e s  w e r e :  

(Wm x H) hybr id  : t a l l ,  t ip -awned ,  brown heads .  
War iquam background : sho r t ,  s t rong ly -awned ,  

white heads .  
(Wq x G) hybr id  : med ium height ,  s t r o n g l y -  

awned, white heads. 
Halberd background : tall, tip-awned, brown heads. 

There were 3 replicates in each experiment. Each 
2.50 m plot consisted of 12 rows 10cm apart. The 
commercial rate of seeding (70 kg/ha) was used. The 
cone seeder was constructed to sow two rows from 
each cell of a seed magazine. In each plot, the 4 out- 
er rows (rows 1, 2 and 11, 12) were borders and 
consisted of only the background genotype. Two of 
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the r e m a i n i n g  8 rows  w e r e  sown at the high f r e q u e n -  
cy,  18 .75~,  and c o n s i s t e d  of 15 hybr id  p lants  and 65 
background p lan t s .  The pos i t ion  of the high f r equency  
was r a n d o m i z e d  be tween  the 2 p a i r s  of the middle  
rows ( rows  5, 6 o r  7, 8 ) .  The r e m a i n i n g  6 rows  
w e r e  sown with the hybr id  at the low f r equency ,  
6 .25 70. Each  of these  2 rows  c o n s i s t e d  of 5 hybr id  
plants  and 75 background  p lan ts .  F i f t een  plants  pe r  
l ine  (F~ o r  F~),  p e r  f r equency  and pe r  r e p l i c a t e  
were  h a r v e s t e d  and bulked t o g e t h e r .  

Resu l t s  

Experiment 1 

Regression analyses of different characters on fre- 

quency percentages were performed for the F I and 

adjacent background plants. The mean yield of eight 

plants per frequency per replicate was used in the 

regression on frequency. 

(i)  E x p e r i m e n t  1A: (Wm • H) in Ha lbe rd  

The r e s u l t s  fo r  g ra in  y ie ld  p e r  plant of the F 1 and 

Ha lbe rd  a r e  shown in F i g .  1 ; and a s u m m a r y  of o the r  

c h a r a c t e r s  in Table 1. 
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F i g .  1. Rela t ion  be tween g ra in  y ie ld  p e r  plant of (Wa- 
r i m e k  • Ha lbe rd )  F~ and adjacent  Ha lbe rd  p lants  with 
f r e q u e n c y  of the hybr id  

It was found that hybr id  plants  at low f r e q u e n c i e s  

y ie lded  m o r e  g r a in  than those  at high f r e q u e n c i e s ,  

thus exhibi t ing  f r equency -dependen t  advantage  (f. d. a . ) .  

The mean  y ie ld  was 3 .55 g /p lan t  at 4 70 f r equency  and 

2.26 g /p lan t  at 50 70 f requency ,  a reduc t ion  of about 

36 %. Other  c h a r a c t e r s  r e l a t e d  to g ra in  y ie ld  a lso  

showed s ign i f ican t  r educ t ions  with i n c r e a s i n g  f r e q u e n -  

c i e s ;  notably,  n u m b e r  of g r a in s  p e r  plant and spike 

weight pe r  plant .  

F i g u r e  1 and Table 1 a lso  show the r e l a t i ons h ip s  

between morpho log ica l  c h a r a c t e r s  and f r e q u e n c i e s  for  

the Ha lbe rd  background plants  i m m e d i a t e l y  ad jacent  

to the hybr ids .  It can be seen  that none of the r e g r e s -  

s ions  was s igni f icant  and that Ha lbe rd  plants  had s i m -  

i l a r  y ie lds  at al l  f r e q u e n c i e s .  The mean  y ie ld  only 

v a r i e d  f rom 1.65 g /p l an t  at the lowes t  f r equency  of 

the hybr id  ne ighbour  to 1.45 g /p lan t  at the h ighes t  

f r equency  of the ne ighbour .  

(ii) Experiment 1B: (Wq • H) in Halberd 

In this experiment, one of the 4 replicates was se- 

verely damaged by waterlogging and has been ex- 

cluded. Again, a significant negative linear regres- 

sion of yields on frequencies was observed (Fig. 2). 

The regression coefficients for grain yield and other 

characters for varying frequency are summarized in 

Table 2. 

Grain yield was reduced from 3.54 g/plant at 4 

frequency to 2.22g/plant at 50 ~ frequency, a reduc- 

tion of 37 ~. Most of the other characters also showed 

a significant regression with frequency; especially 

those measured late in the growth of the plants, in- 

cluding flag leaf area at anthesis, total weight, spike 

weight, number of spikes, number of spikelets and 

number of grains per plant. 

The Halberd plants as neighbours, again, did not 

differ significantly with different frequencies of the 

hybrid; varying only between I. 94 g/plant at the 

lowest frequency to I. 67 g/plant at the highest fre- 

quency of the neighbour. Nor did they show any sig- 

nificant change in other characters with changing fre- 

quencies. 

Both hybrids were significantly higher yielding 

than adjacent Halberd plants, especially at the low 

frequencies. Tables 3 and 4 show the mean perform- 

ance of each genotype at frequency, 50 7~. At this fre- 

quency, the differences between Halberd and hybrids 
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Tables  1 and 2. R e g r e s s i o n  coeff ic ients  of (Wm • H) and Halberd ,  and (Wq X H) and Halberd  at 5 f r equenc ies  

Table 1 Table 2 

Character (Wm x H) F 1 Halberd (Wq x H ) F 1 Halberd 

No. of tillers (8 wks) -0.006 -0.005 -0.007 0.001 
No. of tillers (I0 wks) -0.021 -0.001 -0.019 0.008 
Tiller length (8 wks) -0.025 0.005 -0.020 0.044 
Flag leaf area (anthesis) -0. 138 -0.091 -0.0924 -0.041 
Total height (maturity) -0. 103 -0.005 -0.070 -0.015 
No. of spikes -0.015 -0.001 -0.0184~ 0.002 
No. of spikelets -0. 276 -0.032 -0. 3284~ 0.024 
No. of grains -0.716~(a) -0. 182 -0.8694~ 0.009 
Total weight -0.053 -0.009 -0.0714~, 0.009 
Spike weight -0.030 ~ -0.004 -0.038 ~ 0.003 
Grain weight -0.0244 -0.004 -0.031 ~4 0.002 
Weight per grain -0.004 0.028 0.019 -0.002 

(a )* ,  **, *** denote s ign i f icance  ( b /  0) at 5 7~, 17~ and 0 .1  7o probabi l i ty  l eve l s ,  r e spec t ive ly .  
This notat ion for s ta t f s t ica l  s ign i f i cance  is  used  for  all t a b l e s .  

2 

I 

'-= 3 i .  

( W q * H )  
y :  3.853- 0.031 f 

I I I 

4 , 2  ..1 15 s'o 

Halberd Y -- 1.591 + 0.002 f 

. . . . . . . . . . . . . . . . . . . . . . . .  
j -  

I i 

4 612 11.1 2'5 510 

Frequency of hybrids ,~o 

Fig. 2. Relation between grain yield per plant of (Wa- 
riquam x Halberd) Fi and adjacent Halberd plants 
with frequency of the hybrid 

were due to genet ic  effects  r a t h e r  than to any f requency 

effect ,  s ince  they o c c u r r e d  in equal p ropo r t i ons .  F o r  

most  of the c h a r a c t e r i s t i c s ,  (Wm • H ) was s ign i f ican t ly  

di f ferent  f rom Halberd  at this  f requency  but (Wq x H) 

was only  d i f ferent  in  height at ma tu r i t y  and weight 

pe r  g r a in .  

E x p e r i m e n t  2 

(i) E x p e r i m e n t  2A: (Wm • H) in  War iquam 

The analyses for several characters are presented in 

Table 5. Seventy six F 4 lines of (Win • H) all showed 

f.d.a, when grown in a stand of Wariquam. They had 

higher yields at the low than at the high frequency 

(Fig.3). The mean yield per line was 41.15g/plot at 

the low frequency compared to 25.57 g/plot at the 

high frequency. This reduction of 38 % was comparable 

to that found in Experiments IA and 1B although the 

range between frequencies was less in this experiment 

(6.257o to 18.7570 compared to 47o to 50 7~). The re- 

sults in Table 5 indicate that high yield of the hybrids 

at the low frequency was associated with a greater 

height, more spikes per plant and a greater total 

weight. 

F .d.a. is also evident in Fig.3 for the parents, 

Warimek and Halberd, and their F I. The parents 

yielded about the same as the mean of the F4s, where- 

as the F 1 was among the top 57o of the F 4 lines. The 

distribution for height of the F4s, Warimek, Halberd 

and their F 1 is shown in Fig. 4. 

The F 4 lines had positive skew distributions for 

all characters, except height which had a negative 

skew. Skew distributions of this nature occur com- 

monly in plant competition, especially at high densi- 

ties (Koyama and Kira 1956). There was also a highly 

significant correlation between the f.d.a, and the re- 
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T a b l e s  3 a n d  4 .  C o m p a r i s o n s  b e t w e e n  (Win  x H)  a n d  H a l b e r d ,  a n d  ( W q  • H)  a n d  H a l b e r d  f o r  v a r i o u s  p l a n t  c h a r a c -  
t e r s  a t  t he  50 % f r e q u e n c y  

T a b l e  3 T a b l e  4 

G e n o t y p e  m e a n s  G e n o t y p i c  G e n o t y p e  m e a n s  G e n o t y p i c  
C h a r a c t e r  ( W m  X H)  F 1 H a l b e r d  d i f f e r e n c e  ( W q  • H)  F 1 H a l b e r d  d i f f e r e n c e  

N o .  of  t i l l e r s  ( 8 wks  ) 3 . 2 0  3 . 2 0  NS 3 . 2 0  3 . 1 0  NS 
N o .  of  t i l l e r s  ( 10 wks  ) 4 . 5 0  5 . 2 0  NS 4 . 3 0  4 . 9 0  NS 
T i l l e r  l e n g t h  (8 w k s )  c m  1 8 . 9 0  1 8 . 2 0  NS 1 9 . 9 0  1 9 . 1 0  NS 
F l a g  l e a f  a r e a  ( a n t h e s i s )  c m  e 2 1 . 2 3  2 4 . 2 8  NS 2 2 . 3 2  2 4 . 4 9  NS 
Tota l  h e i g h t  ( m a t u r i t y )  c m  7 6 . 5 6  6 9 . 9 2  ~ 7 7 . 1 6  6 9 . 6 1  ~ 
N o .  o f  s p i k e s  2 . 5 0  2 . 0 0  ~ 2 . 3 7  1 . 9 1  NS 
N o .  of  s p i k e l e t s  3 8 . 0 6  2 7 . 6 6  ~ 3 3 . 2 1  2 7 . 0 9  NS 
N o .  of  g r a i n s  6 7 . 4 7  4 6 . 0 3  ~e  6 1 . 4 6  4 9 . 0 4  NS 
Tota l  w e i g h t  g 5 . 6 2  3 . 8 9  ~r 5 . 2 3  4 . 3 2  NS 
S p i k e  w e i g h t  g 2 . 9 8  1 . 9 6  ~ 2 . 9 4  2 . 2 1  NS 
G r a i n  w e i g h t  g 2 . 2 6  1 . 4 5  ~* 2 . 2 2  1 . 6 7  NS 
W e i g h t  p e r  g r a i n  m g  3 3 . 2 5  3 1 . 8 0  NS 3 5 . 8 2  3 1 . 9 6  
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F i g . 3 .  D i s t r i b u t i o n  of  76 F 4 l i n e s  of  ( W m  x H)  t h e  
two p a r e n t s  a n d  t h e  F• a t  2 f r e q u e n c i e s  in  a s t a n d  of  
W a r i q u a m .  G r a i n  y i e l d  p e r  l i n e  

l a t i v e  c o m p e t i t i v e  a b i l i t y  of  t h e s e  l i n e s .  The  f . d . a .  

w a s  e s t i m a t e d  by  t h e  d i f f e r e n c e  b e t w e e n  t h e  y i e l d  a t  

l o w  a n d  h i g h  f r e q u e n c y ,  f o r  e a c h  l i n e .  C o m p e t i t i v e  

a b i l i t y  w a s  a s s e s s e d  a s  t h e  a r i t h m e t i c  m e a n  of  t h e  

m e a n  = 89.4 cm 
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Fig.4. Distribution of 76 F~ lines of (Wm • H) the 
two parents and the F• at 2 frequencies in a stand of 
Wariquam. Average height per line 

y i e l d s  a t  t h e  2 f r e q u e n c i e s ,  f o r  e a c h  l i n e .  T h i s  e s t i -  

m a t i o n  w a s  m a d e  b e c a u s e  a l l  76 F 4 l i n e s  w e r e  c o m -  

p e t i n g  a g a i n s t  t h e  s a m e  b a c k g r o u n d ,  W a r i q u a m .  H e n c e ,  

t h e i r  m e a n  y i e l d s  r e f l e c t e d  t h e i r  r e l a t i v e  c o m p e t i t i v e  
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Table 5. Mean squares for the comparisons of 76 F 4 lines of (Win X H) grown in Wariquam at 2 frequencies 

Character 

Source of variation df Average height No. of spikes Total weight Spike weight Grain weight 

Replicates 2 284.70 2123.60 11229.40 2108.20 321.21 
Lines 75 I0 I. 89** 893.64*** 6871.90*** 1430.90*** 487.42*** 
R• (Error a) 150 56.04 265.28 2159.50 385.38 119.77 
Frequencies 1 448.03*** 69190.10"** 514833.00** 101493.00*** 26683.20*** 
Frequencies• 75 17.25 167.28 1215.40 234.10 68.64 
RXFxL (Error b) 152 17.40 163.94 1284.10 253.97 78.83 

Table 6. Mean squares for the comparisons of 70 F~ lines of (Wq • G) grown in Halberd at 2 frequencies 

Character 

Source of variation df Average height No. of spikes Total weight Spike weight Grain weight 

Replicates 2 190.39 13.95 20.81 25.26 14.75 
Lines 69 214.11 **~ 180.81"** 635.58*** 87.81"* 39.00"* 
R• (Error a) 138 102.06 91.38 356.56 51.96 22.92 
Frequencies I 1030.40"** 1113.90"** 5589.60*** 679.62*** 270.71"** 
Frequencies x Lines 69 55.49 41.99 159.91 20.69 8.77 
R•215 (Error b) 140 63.01 48.00 172.81 24.50 11.38 
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Fig. 5. Relationship between f.d.a. (yield at low fre- 
quency - yield at high frequency) and relative compe- 
titive ability (mean of the yield at 2 frequencies) of 
76 F4 lines of (Win • H) when grown in Wariquam at 
2 frequencies. Y = 4.004 + (0.349) X 

a b i l i t i e s .  The  c o r r e l a t i o n  c o e f f i c i e n t  w a s  0 . 4 7  a n d  

w a s  s i g n i f i c a n t  a t  t h e  0 . 1  ~ l e v e l  ( F i g .  5 ) .  The  p o s i -  

t i r e  c o r r e l a t i o n  s u g g e s t s  t h a t  h i g h l y  c o m p e t i t i v e  g e n o -  

t y p e s  t e n d e d  to b e  m o r e  l i k e l y  to e x h i b i t  f . d . a .  

(ii) Experiment 2B: (Wq x G) in Halberd 

The results in Experiment 2B were similarly analysed 

(Table 6). Most of the F 4 lines of (Wq x G) had high- 

er yields at the low frequency than at the high frequen- 

cy (Fig.6). F .d.a. was also expressed by the par- 

ents, Wariquam and Gabo, and their F I. Wariquam 

was slightly better than the F 1 and both were among 

the 25 % highest yielding F4s. Gabo was among the 

lower 30 ~ of the F 4 lines. The higher yield at the low 

frequency was associated with a higher expression of 

other characters at this frequency. 

The distribution for height (Fig.7) had a signifi- 

cant negative skew, whereas the distribution for other 

characters had a strong positive skew. 

The F 4 lines showed very low yields, averaging 

6.16 g/plot and 4.43 g/plot for the low and the high 

frequencies, respectively; and many plants failed to 

survive to maturity. One explanation is that in 1973 

the variety, Halberd, was heavily infected with rust 

(Pucoinia graminis f.sp. tritici).Someof 

the F 4 lines grown in this stand were severely in- 

fected, resulting in a large number of low yielding 

lines. The reduction in yield in this experiment from 

the low to the high frequency was about 28 7~. 

The correlation coefficient between f.d.a, and 

competitive ability was 0.38 and was significant at 

I ~ level (Fig.8). Although the analysis of variances 

indicated that the 70 lines had higher yields at the 
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F i g . 6 .  D i s t r i b u t i o n  of 70 F~ l i n e s  of (Wq • G) the  two 
p a r e n t s  and  the  F~ at 2 f r e q u e n c i e s  in  a s t a n d  of Ha l -  
b e r d .  G r a i n  y i e ld  p e r  l ine  

mean_- 85.3 cm 
LOW FREQUENCY 
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F i g . 7 .  D i s t r i b u t i o n  of 70 F~ l i n e s  of (Wq • G) the  two 
p a r e n t s  and  the  F I at  2 f r e q u e n c i e s  in  a s t a n d  of Ha l -  
b e r d .  A v e r a g e  he igh t  p e r  l ine  

low f r e q u e n c y ,  the  i n t e r a c t i o n s  be tween  f r e q u e n c i e s  

and  l i n e s  w e r e  n o n - s i g n i f i c a n t  (Table  6 ) .  F i g u r e  8 

s h o w s  t ha t  s o m e  of the~e  l i n e s  did have  h i g h e r  y i e l d s  

at  the  high f r e q u e n c y .  

D i s c u s s i o n  

Both of the  p r e s e n t  e x p e r i m e n t s  w e r e  d e s i g n e d  to d e -  

t e r m i n e  if g rowing  a genotype  at d i f f e r e n t  f r e q u e n c i e s  

in  a m i x t u r e  r e s u l t e d  in d i f f e r e n c e s  in  the  y ie ld  of 

s i n g l e  p l a n t s  of  tha t  geno type .  In al l  four  c a s e s ,  f r e -  

q u e n c y - d e p e n d e n t  advantage was demonstrated, and 

increasing the frequency of the genotype from a low 

(4% or 6.25%) toa moderate frequency (50% or 

18.75 7O) was associated with a reduction in grain 

yields ranging from 28 7O to 38 7o. As the response 

from 50 % to 4 % was linear, it is likely that at even 

lower frequencies the advantage would be greater. 

That the occurrence of f.d.a, might be common is 

supported by the fact that it was obtained under differ- 

ent  c o n d i t i o n s .  The s e a s o n s ,  1972 and 1973, w e r e  

qui te  d i f f e r e n t .  The f o r m e r  had  a be low a v e r a g e  r a i n -  

fa l l  and a r e l a t i v e l y  s h o r t  p e r i o d  of c r o p  g rowth ,  du-  

r i ng  the  l a t t e r  r a i n f a l l  was  a p p r e c i a b l y  above  a v e r a g e .  

Also, E x p e r i m e n t  1 was  g rown  as  s p a c e d  p l a n t s  in 

s m a l l  p lo t s ,  w h e r e a s  E x p e r i m e n t  2 i nvo lved  a l a r g e  

n u m b e r  of geno types  g rown  in l a r g e  con t iguous  p lo t s  

r e s e m b l i n g  a c o m m e r c i a l  c r o p .  Al though e a c h  e x p e r i -  

m e n t  was  conduc t ed  in only  one e n v i r o n m e n t ,  a s i m i -  

l a r  r e s p o n s e  to f r e q u e n c y  was o b s e r v e d  fo r  the  

(Win x H) F 1 in bo th  y e a r s ,  o v e r  d i f f e r e n t  r a n g e s  of 

f r e q u e n c i e s  and in d i f f e r e n t  m i x t u r e s ,  s u g g e s t i n g  a 

c o n s i s t e n c y  of  the  r e s u l t s .  F u r t h e r m o r e ,  the  s a m e  

c r o s s ,  (Win X H) ,  was  u sed  aga in  in a t h i r d  t r i a l  in  

1974 d u r i n g  the  i n v e s t i g a t i o n s  of the  r o l e  of f . d . a ,  in 

s i n g l e  p lan t  p e r f o r m a n c e  in a s i m u l a t e d  F 2. In t h i s  

l a t t e r  s e a s o n ,  a m e a n  r e d u c t i o n  of 19 % was  m e a s u r e d  

with 25 F 5 l i n e s  a s  the  f r e q u e n c y  i n c r e a s e d  f r o m  4 % 

to 16%. (This  work  i s  be ing  p r e p a r e d  fo r  p u b l i c a t i o n . )  
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F i g .  8. Re la t ionsh ip  be tween f . d . a .  (y ie ld  at low f r e -  
quency - y ie ld  at high f r equency)  and r e l a t i v e  c o m p e -  
t i t ive  abi l i ty  (mean  of the y ie ld  at 2 f r e q u e n c i e s )  of 
70 F 4 l ines  of (Wq • G) when grown in Ha lbe rd  at 2 
f r e q u e n c i e s .  Y = - 0 . 1 3 5  + (0 .346)  X 

Two o the r  c r o s s e s  (War imek  • T imgalen)  and ( W a r i -  

quam • Gabo) ,  were  grown in an adjacent  e x p e r i m e n t  

in 1972 and a s igni f icant  f . d . a ,  was m e a s u r e d  with 

the f o r m e r  but not the l a t t e r .  Thus, on the grounds of 

the data  p r e s e n t e d  h e r e ,  and those  subs id i a ry  unpub- 

l i shed  r e s u l t s ,  it would s e e m  r e a s o n a b l e  to conclude 

that f . d . a ,  i s  a c o m m o n  but not un ive r sa l  f ac to r  in the 

growth of m i x t u r e s  of  wheat in South A u s t r a l i a .  

One m a j o r  r e s t r i c t i o n  of using hybr id  s eeds  was 

that they w e r e  ava i l ab le  in l i m i t e d  n u m b e r s .  Hence ,  

it was not pos s ib l e  to a l loca te  the d i f fe ren t  f r e q u e n -  

c i e s  ( E x p e r i m e n t  1) in a c o m p l e t e l y  r a n d o m i z e d  de-  

s ign as  th is  would have r e q u i r e d  cons ide r ab ly  m o r e  

hybr id  s eeds  for  the b o r d e r s ,  e s p e c i a l l y  at high f r e -  

quenc i e s .  This was o v e r c o m e  by growing the f r e q u e n -  

c i e s  in ascend ing  o r d e r ,  al though one c r i t i c i s m  of 

such a des ign was that the d i f f e r e n c e s  in y ie ld  of the 

hybr ids  at d i f fe rent  f r e q u e n c i e s  could have been a 

s y s t e m a t i c  ef fec t  i f  t h e r e  had been a f e r t i l i t y  t r end  

in the s a m e  d i r ec t ion  as f r e q u e n c i e s .  Howeve r ,  the 

non-s ign i f i can t  r e g r e s s i o n  of  the Ha lbe rd  p lants  

(Tables 1 and 2) with f r equency  ind ica ted  that this  

was not a f a c t o r .  F u r t h e r m o r e ,  the r e s u l t s  for  each  

r e p l i c a t e  s e p a r a t e l y  showed that the hybr ids  had h igh-  

e r  y ie lds  at the low than at the high f r equency .  It was 

unl ikely that a s i m i l a r  t r end  in soi l  f e r t i l i t y  o c c u r r e d  

in al l  4 r e p l i c a t e s .  

Since g ra in  s ize  did not change with f r equency  

(Tables 1 and 2),  the changes  in g ra in  y ie ld  were  a s -  

soc i a t ed  c l o s e l y  with changes  in the number  of g r a in s  

pe r  plant,  which, in an a g r i c u l t u r a l  populat ion,  i s  the 

f ac to r  mos t  c o m m o n l y  inf luencing the f i tness  of the 

genotype ( P a l m e r  1952; Suneson 1949).  Hence ,  the 

f . d . a ,  r e p r e s e n t s  the act ion of f r equency-dependen t  

s e l ec t i on  in a s ingle  gene ra t i on .  

The r e s u l t s  of Harding,  A l l a rd  and S m e l t z e r  (1966) 

for  l i m a  bean were  much m o r e  pronounced  than fo r  

the work r e p o r t e d  h e r e .  In m i x t u r e s  of hybr ids  and 

p a r e n t s ,  the tes t  genotype,  a hybr id ,  had a y ie ld  r e -  

duction of 66.7 70 as t h e i r  f r equency  i n c r e a s e d  f r o m  

2 70 to 16 70. At the l a t t e r  f r equency ,  it was found that 

the f i tness  of the hybr ids  was equal  to those  of  the 

p a r e n t s .  Khal i fa  and Qualse t  (1974) found that when 

two genotypes  of wheat were  mixed  in all  combina t ions  

at 12. 570 f r equency  i n c r e m e n t s ,  g ra in  y ie ld  of the 

s t r o n g e r  c o m p e t i t o r  was r educed  f r o m  a r e l a t i v e  value  

of 1.33 at 12.570 f r equency  to 0 .80 in pure  s tand,  a 

reduc t ion  of  39.8 70 which is  c o m p a r a b l e  to the p r e s en t  

f indings .  However ,  i ts  y ie ld  in pure  s tand was l o w e r  

than that of the p o o r e r  c o m p e t i t o r  by 20 70 ( r e p r o d u c -  

t ive  va lue  = 1.00 ) .  

As a m a r k e d  f . d . a ,  e f fec t  was evident  in E x p e r i -  

ment  1, it was expec ted  that  the ne ighbour ing  back-  

ground plants  might show an i n v e r s e  e f fec t ;  that i s  a 

r educed  y ie ld  when neighbour ing  a plant at low f r e -  

quency.  In fact ,  the plants  showed no s igni f icant  

t r end .  An explanat ion is  that the Halberd  plants  w e r e  

not grown at low f r e q u e n c i e s  but be tween 50 70 and 

96 g ; hence ,  they w e r e  a lmos t  a lways  in compe t i t ion  

with l ike  genotypes  at al l  f r e q u e n c i e s  of the t e s t  p lant .  

This was evident  by the non-s ign i f i can t  d i f f e rence  in 

the y ie ld  of the I-hlberd i m m e d i a t e l y  adjacent  and in 

one pos i t ion  r e m o v e d  at the two lower  f r e q u e n c i e s  of 

the hybr id .  The mean y ie lds  were  1.73 and 1.80 g /p lan t  

r e s p e c t i v e l y  for  the (Wm • H) e x p e r i m e n t ,  and 1.70 

and 1 . 6 6 g / p l a n t  fo r  the (Wq x H) .  

During the growth of p lants  in E x p e r i m e n t  1, 

m e a s u r e m e n t s  were  made of plant c h a r a c t e r s  which 

can be used  as i nd i ca to r s  of v igou r .  B e s i d e s  y ie ld ,  

y ie ld  componen t s ,  and m a t u r e  plant height ,  all  the 
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o the r  m e a s u r e m e n t s  (Tables 1 and 2) had r e g r e s s i o n  

coe f f i c i en t s  with the s a m e  sign as that for  g ra in  y ie ld .  

In the l a t e r  s t ages  of growth these  m e a s u r e m e n t s  

were  s t a t i s t i c a l l y  s ign i f i can t .  Thus, the f . d . a ,  would 

appea r  to r e s u l t  f r o m  a gradual  ampl i f i ca t ion  of  an 

e a r l y  advantage  gained by the genotype at low f r e q u e n -  

cy .  

It i s  unl ike ly  that e i t h e r  f inal  plant height  o r  t i m e  

of ma tu r i t y  is  a m a j o r  f ac to r  in f . d . a .  D i f f e r e n c e s  in 

plant height  a r e  only e x p r e s s e d  a f t e r  s t e m  e longat ion ,  

and in a M e d i t e r r a n e a n  type of c l i m a t e ,  where  t h e r e  

i s  amp le  i l lumina t ion  in the l a t t e r  par t  of the season ,  

any advantage  through addi t ional  l ight i n t e r cep t ion  is 

l ike ly  to be neg l ig ib le .  Also ,  the f . d . a ,  was n e a r l y  

as  l a r g e  in E x p e r i m e n t  2B, where  most  of the hy-  

b r i d s  w e r e  s h o r t e r  than the background Halberd ,  as 

it was in E x p e r i m e n t  2A, where  the hybr ids  w e r e  t a l -  

l e r  than W a r i q u a m .  F u r t h e r m o r e ,  in the s a m e  ex -  

p e r i m e n t ,  cons i s t en t  d i f f e r ences  in ma tu r i ty  were  

absen t .  

The highly s igni f icant  c o r r e l a t i o n s  be tween the 

mean  y ie ld  and the f . d . a ,  of  the l i nes  in Exper iment  

2 a r e  notable ,  ( F i g s . 5  and 8) .  The e s t i m a t e s  of f . d . a .  

f o r  p r a c t i c a l l y  all  the l ines  w e r e  pos i t i ve ,  desp i te  the 

r e l a t i v e l y  s m a l l  r ange  in f r e q u e n c i e s  ( e f f ec t ive ly  

12.5 %). The highly cons i s t en t  i n c r e a s e  in y ie ld  a s s o -  

c ia ted  with the lower  f r equency  r e s u l t e d  in the v e r y  

highly s ign i f ican t  v a r i a n c e  r a t i o s  fo r  f r equency  in 

Tables  5 and 6. The absence  of any s igni f icant  i n t e r -  

ac t ion  in the s a m e  tab les  suppor t s  the gene ra l i t y  of 

the conc lus ion  that f . d . a ,  is  w idesp read  in wheat .  
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