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GENERAL INTRODUC TION 

.. 

This thesis examines the potential for· i"n�re .as ing the· nut ri tiv e  

v alue o f  Phalaris tuberosa h e rbage by breeding . Two impor tant nutri tive  

value c ri teria for this species  are he rbage digestibility and c rude 

protein conten t .  One assumpt ion made in advanc e of the experiments 

was that , for ruminants grazing P. tube rosa pasture s in an e nvironment 

such as south-eastern Aus tralia , digestib ility and prot e in c ont e nt of  

vege tative herbage are unlike ly t o  be major limitations t o  animal prod­

uction.  For this reason , at tention was conc e ntrate d  on the nutritive 

v alue o f  herbage at  various growth stages during the reproductiv e phas e .  

The heading stage was chosen for many measurements because i t  i s  the 

latest  of the easily rec ognised developme ntal stages o f  t he re pr oduc t iv e  

cycle  a t  which a reasonably large plant population may b e  measure d for 

herbage quality in advanc e of flowering. In a plant breeding program , 

each cycle o f  selec tion for nutrit ive v alue at a later stage would 

require two years instead of one . However , th e quality o f  more mature 

h e rbage was also exam ined in s everal experiments.  

The response to sele c t ion for any ch aracter c an be predic ted  

p rovided c ertain genetic parame ters are known ; such requireme nts are 

b rie fly outlined and the relevant lit erature on he rbage diges tib ility 

and protein c ontent is reviewed with re ference t o  the se ge netic concepts.  

The first three experime nts , which provide in forma tion on the inhe rit­

anc e of  the two charac ters , are then described.  In addi ti on , t he third 

experiment provided sele c tion line s di ffering in c rude p rot ein content , 

and the following two experime nts describe the agronomic per formance 

of these lines under field c onditi ons . · When it became obvious that 

c rude protein c ontent was negatively cor relate d with seedling vigour and 

h erbage yield , a final se ries of four experiments was unde rtaken t o  

investigate the physiological nature o f  the se adverse rela t ionships . 

One of the expe riments ( expe rime nt 3), c onduc ted  while the author 

was employed by the Division of Plant I ndustry , CSIRO , Canberra ,  

Australia provides the c onne c ting link b e tween the gene tic , agronomic 

and physiological aspects  of this thesis . A brief summary o f  th e results 

of  this experiment which are relevant to the remainder of the work is 

there fore included.  
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LITERATURE REVIEW 

During the regular dry season in many pa�ts of Australia , the 

produc tiv ity of grazing animals is limited by the low d igestibility 

and protein  c ontent o f  the abundant dead herbage . I n  such env iron-

menta improveme nt of these two charac ters c ould substantially inc rease 

animal produc tion from dry-s eas on pastures. Pha laris tuberosa is 

the mos t  important pe rennial grass  sown in areas of southern Australia 

whe re drought-resistance is require d ,  but its use fu lness is l imited 

by its low nut ri tive value for she ep during summer and early autumn 

(Arnold 1962; Biddisc omb e 1964; D . B .  Jones unpub lished ) . C ommenc­

ing about the da te of ear e me rgenc e , herbage d iges tib ility and c rude 

prot e in c onte nt fall rapidly . Acc ompanying this decline in digest� 

ib le energy and prot ein c onc entrations,  and partly result ing from 

it , is a lowered intake of herbage by grazing sheep (Arnold !! !l 
1964). These factors l ead to  reduced animal produ c t ion from f• tub e r­

� pastures , unt il summer or au tumn rains allow renewed vegetative 

growth ( Arnold e t  a l  1964). 

The liv eweight maintenance fe ed requirement for grazing sheep 

is ab out 550-680 gm digestib le organic mat ter per day (C oop and Hill  

1962; Lambourne and Reardon 1963; C oop and Drew 1963; Grimes 1966). 

Since  intake is closely related to dige stibility (e g ,  Blaxter !! al 

1961; Arnold � � 1964), grazing sheep cannot obtain the ir maint en­

ance re quirements when the dry mat ter digestib ility of the diet fal ls 

below 55-60%. Highe r dige st ibili ties are ne e de d  for liveweight 

gain.  

At  conce ntrations below 1% nit rogen (6-8% c rude prot e in ) in 

the diet  of sh eep, the supply of ni trogen limits rumen microbiologic al 

activity , which in turn depresses fe ed intake  ( Allden 1959; Verc oe 

� � 1961; E lliott and T opps 1963; Blaxter a nd Wilson 1963; 

Milford and Minson 1967). A level of 1.6% nit rogen (10% crude 

protein ) is usually adequate for both anima l  maintenanc e an d produc t ­

ion , a lthough levels of u p  t o  2.5% nitrogen may b e  needed for maximum 

growth of early-weaned lamb s (Andrews and �rskov 1970). As is well  

known , nitrogen was tage can  occur i f  diets have  higher  l evels o f  c rude 

protein ;  following prot ein  breakdbwn and deamination of amino ac ids 

by rumen microorganisms , ammonia is absorbed through the rumen wall , 

conv e rted to urea and excreted.  However,  i t  has recent ly been shown 

( Reis  1969; Hemsley � � 1970) that if die tary plant prote in is 
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p rotec ted  from ruminal degradation and digested in the  small intestine , 

subs tantial increases in wool produ c tion occur even at  leve ls of 4%N 

(25% crude protein ) in th e die t . 

Where the diet c ontains less than 1% nitroge n ,  intake responses 

to nit rogen supplementation can be expected  and have  frequently 

been  demons trated ( e g ,  Faichney 1968 ) .  The nitrogen concentration 

of Phalaris-based pasture s frequently falls below 1% ( Allden 1959 ) 

but  grazing animals se lec t mate rial with a higher nitro gen c onc entrat­

i on than the mean of  the availab le pas ture . For th is r eason , nitrogen 

s upplementation of temperate a nd Me diterranean grass pastures during 

the summer wi ll not nec essarily improve animal performanc e ,  alth ough 

response s  have occurred ( Allden 1959 ;  Willoughby and Axe lsen 1960 ; 

C oombe  and Tribe 1962 ) .  

I t  is c l ear from these c onsiderations that improving the herbage 

nutritiv e  value of Phalaris-bas ed  pas tu res should result  in inc reased  

animal  production. Bree ding for higher quality of  the Phalaris 

c omponent is one possible approach .  The important nutri tive value 

c rite ria are digestibility and crude protein c ontent ; a similar 

c onc lusion has recent ly been reached by Hogan !1 � (196 9 ) . The 

measureme nt of c rude pro tein c ontent ( %N x 6 . 25 )  is a s tandard labor­

atory proce dure , requiring only small amounts o f  herbage fo r analysis . 

Until recently ,  measurement of d iges tibility requ ired that relative­

ly large amounts of  herbage be fed to  each of s ev eral animals ; such 

quanti ties of material were not usual ly availab le from plant b reeding 

programs . However , two easy and highly accurat e  methods are now 

avai lab le  for measuring the digestib ility o f  small sample s .  One , 

the � v i tro te chnique ( Til ley and Terry 1963) uses a simpli fied 

arti ficial rumen ; the other me thod me asures in viv o  dige stibi lity 

o f  s amples suspended in the rumen in nylon bags ( Quinn !! !! 1938 ; 

Lus k !1 !! 1962 ) .  The in vi tro technique may b e  marginally superior 

to the nylon bag method ( Van Dyne 1962; Hopson !1 !l 1963;  Van Dyne 

and Weir 1966 ; Monson !! a l  1969 ) .  

The overall benefit from b reeding for any cha rac ter depends 

not only on the improvement of  that charac ter , bu t also on the ne t 

resu l t  of  ac companying c hanges in'other charac ters . The re sponse t o  

sele c t ion for the c haracter  i s  a func tion of phe notypic variability , 

heritabi lity , sele c tion inte nsi ty , generati on interval and th e amount 

o � ge notype x environment  inte rac tion.  The asso c iated  c hanges in 

othe r characters depe nd partly on similar fac t ors  and partly on the 



gene tic relationships be tween charac ters.  Such relati onships can 

be c onv eniently measured as . ( ad d itive ) "ge netic c orre lations" 

and the sign and magni tude of  these c orre lations are important . 

I f  a significant gene tic relationship can b e  demons trated , it is 

helpful if th e unde rl�ing cause of the c orrelat ion ( i�e . , linkage· 
. , .. . 

or ple iotrop� ) can·be  de fine d ;  assoc iatio�s resu lting from linkage 

are frequently transien� and' can often be .br9ken ,  wh ile ·th ose due 

to pleiotropy usual ly cannot� 

There has so far been no sys tematic attempt by plant breeders 

to  analyse the prosp e c ts and problems of b reeding pasture p lants 

for improved herbage nutritive value , although a use ful s tart has 

b e e n  made ( eg ,  Smith 1952; C orkill 1 965; Oram 1970; C lements 1 970 ) .  

S uch an analysis , which must be based  on  the  gene tic c oncepts 

re ferred to  previously , should aim to  evaluate plant breeding gains 

( or estimated gains)  i� terms of animal produc tion under realis tic 

c onditions. H ere , discussion will be res tric t e d  to  t wo h e rbage 

quality criteri a ,  %N ( or crude prote in )  and digestibility . The 

potential fo r plant breeding gains and the problems of assessing 

th e benefits to grazing animals will be discussed  in turn.  

j_. 
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THE POTENTIAL FOR GENETIC IMPROVEMENT OF· HERBAGE D IGESTIBILITY 

AND PROTEIN CONTENT 

· ( a )  Variability 

Di fferences  in herbage quality between cu l t ivars , �cotypes, 

families and individual  genotypes wi thin spec ies  are we l l  do cument�d. 

The examples in tab l e  1 are restric ted  to those desc rib ing variat­

ion for %N ( or crude protein) and/or digestibility . They are 

chosen for their re l evanc e or rec ent pub lication and to inc lude a 

wide range of spe c i e s .  Some re ferences to other and earlier work 

are giv en  by the authors ; othe rs can be found in reviews by 

Smi th ( 1 952 , 1 956 ) , V ose ( 1 963)  and Cooper ( 1 966 ) . Whi le most 

experiments can be  faulted  fo r one or more reasons ( eg, poor 

de finit ion of growth s tages ; inade quate replication ; fai lure to  

test  in more than one  e nvironme nt or  at more than one growth s tage ; 

small numb ers of p lants or line s )  the results as a whole leave no 

doub t that within-spe c i e s  differenc es in herbage quali ty not only 

exist b ut are frequently very large . Furthe rmore , variat ion for 

both %N and diges t ib i lity has been found within both legume and 

grass s pecies , tropical and temperate species , species grown as 

spac ed  plants or in s wards unde r many different soil ferti lity 

regimes .  Variati on occ urs in vege tative herbage , in mature ( s enes­

c e nt or dead ) he rbage , and at all intermediate stage s .  In expe ri­

ments with suffic iently large and diverse plant populations , differ­

ences of 1 0-20 digestibility uni ts and twofol d  di fferences in %N 

b etwee n  entries at comparabl e  growth s tages have fre que ntly been  

obtained.  I n  oth e r  expe rime nts with a small number of  entries, 

d ifferences have often  been s light, but only relativ e ly rarely has 

the re b e en no s i gni ficant variation.  

V ariab ility in �. tuberosa is  extensiv e .  Among 21 ec otypes grown 

as unde foliated s paced plants at Canb erra in 1 966-7 , �vitro dry 

mat ter  digestibility at the ripe seeds s tage ranged from 36 to 45% 
(C lements , Oram and Scowcroft 1 970) . Among 7 entries chos e n  for more 

de tai led study, the range s in digestib ility of leaf, leaf sheath, 
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stem and
.
head ( inflore scence ) at the same s tage were 6 . 8 , 6 . 8 , 7 . 8  and 

4. 6 digestibi lity units respec tively, while ranges of the same frac tions 

at the head emergence stage were 6 . 7 ,  1 1 . 1 , 10. 5 and 4.4 units respect­

ive ly .  Nitrogen cont ent was equally variable ; for example, at  the 

ripe seeds stage values ranged from 0. 67 to 1. 11 %N ( whole pla nts ) 



TABLE 1 
EXAMPLES OF PUBLISHED DATA DESCRIBING WITHI N-SPEC I ES VARIATI ON IN 

%N AND/OR DIGES TIBI LITY OF HERBAGE 

Species 

Medicago sativa , .t!•.;.f.;.;a.;;;.l.;.c.;.;.a.;.t.;;;.a 

and derived mate rial 

Tri fol ium pratense 

Lolium pe renne 

Dac tylis glomerata 

Bromus  inermis 

Phleum pratense 

Fes tuc a arundinacea and 

Festuca x Lolium hybrids 

Phalaris tube rosa 

Phalaris arundinacea 

Paspalum s pecies 
.. 

Cynodon dac tylon 

·' 
Lespe deza c uneata.. . , . 

Re ferenc e ( s )  

Heinrichs and Troelsen ( 1965 ) 
Lamprecht !! � ( 1965 ) 
Gil et  a l  ( 1967 ) · 
Heinrichs !! � (1969 ) 
Troelsen and Campbell  ( 1969 ) 
He inrichs ( 1970 ) 

Davies !! � ( 1966 , 1968 ) 

Cooper !! � ( 1962 ) 
Dent and A ldrich ( 1963 , 1966 ) 
Rogers and Thomson ( 1970) 

Cooper!! �  ( 1962) 
Dent and A ldrich ( 1963 , 1966 ) 
Jul�n and Lager ( 1966 )  
Christie and Mowat ( 1968 )  

Pickett ( 1950) 
Christie and Mowat ( 1968 ) 

Dent and Aldri ch ( 1963 , 1966 ) 
Heaney e t  al ( 1966 ) 

Buckner !! al (1967) 
Frame !! � ( 1970 ) 

Clements e t  al  (1970 ) 
Hoveland ( 1970) 

Asay !,! .!!, ( 1968) 
Carlson !1 � ( 1969) 

·
Milford ( 1960 ) 

Burton_!,! !..! ( 1967) 

Donn�lly . and · Anth�ny ( 1970)
. 

H oener and D e'Turk ( 1938 )  : 

Roth !! !1 ( 1 970) 
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among ecotype s .  Digestibility and %N levels of c ommercial varieties 
were intermed iate . 
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In  another  experiment ( Oram , C lements and McWilliam , unpublished) 
two-year-old full-sib family swards ( described by McWilliam and 
Latter 1970 ) which had been grazed by sheep during the spring were 
sampled on two occasions ( December and March ) during the summer.  
The fam ily means for %N and in vitro dry matter digestibility ranged 
from 1 . 84 to 2.58% and 64 to 73% respectively in December, and 0.50 
to 1. 60% and 39 to 52% respec tiv e ly in March. The variation was 
s lightly overestimated b ecause of small differences between families 
in growth s tage at sampling. 

( b )  H eritability 
There 'is relatively little pub lished information on the herit­

abi lity of digestibility and protein content.  Although it seems 
c e rtain that much of the observed  variation is genetic in origin , 

. few investigators have partitioned the genetic varianc e into additive 
and non-additive components , and where this has been done the nature 
of the p lant population usually has not allowed generalisations 
to be made . In  the unpublished work described above ( Oram , Clements 
and McWi lliam ),  heritability estimates for %N and d igestibility at 
the December harvest were 0.22 and 0.23 respectively ( the reference 
unit is  a single plot measurement ) . Non-additive genetic variance 
was negligible .  As already mentioned ,  these values may be  slightly 
b iased. The only other heritability estimates ava i lable  for P.tuber­
osa are those reported in this thesis. For �· arundinacea, Asay 
!! al ( 1968) and Carlson !! al (1969 ) reported broad-se nse heritabil­
i ties of 0 .44 to 0.70 and narrow-sense heritabilities  of 0.19 to 0 .41 
for c rude protein content ; . corresponding he ritabilities for herbage 
digestibility were 0.51 to o .8o and 0.06 to 0. 66 i n  the broad and 
narrow sense respectively . 

Some information is available for other spe c ie s .  Christie and 
Mowat ( 1968 ) estimated broad-sense he ritabilities  of digestibility 
of Bromus inermis herbage harvested at anthesis to b e  0 .73 ,  0 . 60 ,  
0 . 62 and 0.73 respectively for leaves , stems, vegetative tillers 
and whole plants . Cooper ( 1961 ) and Coope r� !1 ( 1962 ) reported 
heritabilities of c rude protein content and digestibility of 
vegetative herbage to be 0.20 to 0.75 and -0.29 to 0 .17 respectively 
in Lol ium perenne, and 0. 53 to 0.69 and 0.52 to 0.53 respectively 
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i n  Dactylis glome rata . However , their statistical methods for cal-
c ulating heritability are open to c riticism . Later ,  Rogers and 
Thomson (1970 ) obtained narrow-sense e stimates in Lolium perenne 
of 0.14 ,  0. 69 and 0. 64 for %N and digestibility of dry matter and 
organic matter respective ly in one yea r ,  but in the fo llowing year 
the corresponding estimates fell to 0. 14 ,  0.14 and o. o6 .  Kneebone 
( 1951 ) reported significant general combining ability for crude 
prote in content in Bromus inermis , and Knight and Yates ( 1968)  
found significant general combining ability for digestibility in 
Dactylis glomerata. For Medicago sativa , Lamprecht .and Stevens 
( 1964 ) , Lamprecht et al (1965 ) and Gil et al (1967 ) have reported 
significant gene ra�c::bining ab ility fo�%;-( eg ,  h2=0. 56 ; 
Lamprecht et al  1965 ) and low spec ific c ombining ability .  
Ge neral c ombining ability was also significant and spec ific combin­
ing ability relatively insignificant for digestibility in �. sativa 
( G il � � 1967 ) . Roth et al  ( 1970 ) found significant general and 
specific c omb ining �bility for d�gestibili�y a�d protein  content in 
� mays . 

It should be  remembered that broad-sen.se heritability, which 
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is the ratio of the total genetic to the total phenotypic varianc�, 
cannot be used  to pre dict selection response in. cross-poll inating 
species which are sexually propagated .  Such heritabi lity estimates 
can be misleadingly high ; the disparity between  b road - and narrow­
sense estimates reported from the same expe rime nt for Phalaris 
arundinac ea by Asay !! � (1968 ) and Carlson!! al (1969 ) ( see earlier)  
is  a good example of this .  However , for species which  c an be  asex­
ually propag&ted ( such as Cynodon dactylon ) ,  broad-sense heritability 
has predictive value . 

( c )  Generation I nterval 
( i )  Genotype x Growth Stage Interactions 

Genetic improvement per unit time depends not only on progress 
per generation ,  but.also on the generation interval ( the time from 
a given  stage in the l ife cycle in one generation to the same stage 
in the subsequent generation ) .  · Because sele ction of plants for 
quality of standing dead (mature ) herbage requires a selection cycle 
of at least 2 years , it would b e  helpful if such quality c ould be 
accurately pre dicted in advanc e  of flowering,  thus enab ling a cycle· 
of selection to be completed in 1 year . To compare the relative 
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efficiencies of such direct and indirect s election requires knowledge 
of the heritab ility and s tandard deviation of each characte r  and the 
gene tic  correlation betwe en them .  

Genetic relationships be tween herbage quality c haracters 
measured  at different growth stages before and after flowering 
have not been published for any specLea , but s ome phenoty pic 
relationships have been described.  Experiments with a r epresentat­
ive range of f• tuberosa ecotypea have so  far shown no acceptable 
pre -flowering indicator of quality at maturity ( Cleme nts , Oram , 
and Scowcroft 1 970 ) .  On the c ontrary , there were highly s ignificant 
ecotype x growth stage and genotype x growth stage ( C lementa 1 970 ) 

interact ions for both %N and digestibility . It is possible to 
deduce from other work that similar interactions may occur in 
Bromus in ermis ( Pickett 1 950) , Medicago sativa ( Troelaen and Campbell 
1 969 ) , Dactylia glome rata ( Mowat !1 al 1 965b; Jul{n and Lager 1 966 )  

and other spec ies , but the importance of the inte ractions i s  not clear. 
It must be  emphasised that phenotypic c orrelations cannot be 

used with c onfidenc e  to predict changes in herbage quality at a 
given growth s tage resulting from selection at another . Although 
for characters of moderate to high heritability ( Falconer 1 960 ) the 
phe notypic c orrelation may b e  of some predictive value , there will 
usually be an e leme nt of unce rtainty in predictions which are not 
based on ge netic c orrelations . However , genetic c orrela tions are 
themselves notoriously inac curate and frequently unstable ( for example, 
in  small populations , or populations not in linkage equilib rium , 
or populations undergoing selection )  so that even predictions 
based on genetic c orrelations can be misleading. 

( ii )  Repeatability 
Another  factor influencing the generation interval is the 

repeatability of the desired character at a spe c ified growth stage. 
In the yreaent context , the relevant question is the need for 
repetition in time rather than in apac e . Although the r equirement 
for spatial replic ation is  an .important aspect of plant breeding, 
i t  is more likely to influence selection intensity than generation 
interval ; reviews by Morley (1 963 )  and Latter (1 964 ) c ontain 

excellent discussions of this  topic . However , the benefits from 
replication in � (e . g ,  from season to season or  year to year) can 

be  evaluated in a similar manner ,  provided the repeatab ility is 



- 1 0-1 ' 

known (Falconer 1 960 ) . Alternatively , the ne ed for multiple 
measurements could be examined using genetic correlation analysis  
or ( if seasons or years were markedly different)  techniques normally 
used for investigating genotype x environment interaction effects 
( eg ,  Finlay and Wilkinson 1 963 ) . So far, no evaluation along th ese  
lines for herbage quality characters has b een attem pted .  The only 
repeatability estimates available are those of Cooper !! �  ( 1 962 ) , 
for in v itro digestib ility of vegetative h erbage of Lolium perenne 
and Dactylis glomerata measured in 2 consec utive months of one year ; 
they were 0 . 44 and 0 . 53 respectively .  

Other authors who have replic ated measurements o f  %N or 
digestibility in time have sometimes presented the results e ithe r  
as phenotypic corre lations between measurements , or as a genotype  x 
harvest interaction term in an analysis of varianc e ,  and these c an 
b e  taken as an approximate indication of repeatability . The results 
have been conflicting. Burton !! � ( 1 967 ) , who measured the 
digestibility of 24 Cynodon dactylon genotypes in swards cut at 
2- , 3-, 4- and 6-weekly intervals found little evidence of genotype x 
c utting frequency inte raction. They also showed that in 4 c onsecut­
ive years the average digestibility of the best genotype exceeded  
that of a control commercial cultivar by 6 . 7 ,  3 . 6, 6 .3  and 9 . 6  d igestib­
ility units respectively . Pickett ( 1 950)  measured  %N in vegetative 
herbage of each of 7 first generation inbred c lones from each of 
25 unrelated inbred Bromus inermis families ; measurements in 
consecutive years were highly correlated (�=0 . 89� However ,  for the 
same species Christie and Mowat ( 1 968 ) ,  who examined 250 c lone s in 
each of 2 years at the heading stage , reported low correlations 
( r=O. OO and r=0 .48  respectively ) between repeated measurements of. 
leaf anci stem digesti,b ili ty . Among 9 Phalaris tuberosa clones gr.own 
in a contro'lled environment there· was. a h igh correlation ( r=O.  70 ) • t • • 

b etween measureme�ts· of %N At the headin�.��a�e repeate�.in differ-
• • '0 ' I 

erit years ( Clements 1 970 ) .  ·'Roth .et al' ( 1 970) found no evidence or' 

-genotype x year interactions for protein c�ntent or digestibility· 
of � mays herbage . 

On the other hand , Knight ·and Yates ( 1 968 ) ' re ported wide 

fluctuations in relative ranking of 9 Dactylis glomerata parents 

and their hybrids for digestibility at successive samplings in one 

year. Digestibility differences  between Trifolium pratense varieties  

have been found to  vary between years ( Davies !! !l 1 968 ) .  Asay 

,. 
'( 



e t  al ( 1 96 8 )  and Carlson � al (1969 ) found significant c lone x year 
and/or progeny x year interac tions in Phalaris arundinacea for %N 
and d igestibility respectiv e ly .  Rogers and Thomson ( 1 970 ) also 
ob tained progeny x year interactions for both %N and d igestibility 
in  Lolium perenne ; spec ific combining ability e stimates for 5 
parents  d iffered significantly for each character in  each of 2 
y ears, but  general combining ability was significant only for digest­
ibility in  the first year . However, the GCA rankings of the 5 

_parents were more repeatable ; for each characte r, the two parents 
having superior GCA in year 1 were also superior in year 2 .  

( d )  Genotype x Environment Interaction 
Consideration of the repeatability of a c ha racter in space 

and t ime leads logically to the more general prob lem of " repeat­
ability" in a range of environments- i . e . ,  genotype x environment 
int eract ion . I t  is usually unwise to assume that genotypes selecte d  
i n  one e nvironment will perform well in another ; the more the 
environments differ ,  the less like ly is the assumption to be  true .  
Should  genotype x environment interac tions for %N  or  digestibility 
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b e  large , bre eding programs may need to be  modified .  I n  addition to 
the spe c ial c ase of inte rac t ion between genotypes and years, some 
relevant information is available from experiments which have inc luded 
a range of environments imposed by the researchers.  

Heinrichs et  al ( 1 969 ) found a correlation of only 0. 33 
be tween %N in the leaves  of approximately 1 00 Medicago sativ a  
c lones grown i n  a greenhouse and in the fie ld . I n  Lolium perenne, 
Lazenby and Rogers ( 1 965 ) measured %N of 6 c lones grown at 5 levels 
of nitrogen fertilizer ( 0  to 897 kg N/ha/annum) as spaced p lants 
or simulated swards in each of 2 years . In one year a small but 
significant genoty pe x spacing interaction occurred ; in neither 
year were any genotype x N level interac tions observed . However, 
after  diallel-crossing 5 of the 6 c lones , Rogers and Thomson ( 1 970 ) 
later  demons trated high ly significant proge ny x N level  interactions 
for. b oth %N and digestibility.  Within years, the amount of variat­
ion in digestibility due to interaction between  the general c ombining 
abi lity of the parents and level of applied N was small ( 20-30t) 
in  comparison with that due to GCA main effects . For %N, the amounts 
of variation attributable to each source were about equal� indicating 
quitelarge interactions for this character. It should be noted 



that the range of  N leve ls chosen  for these experiments was very high ; 
up to twofold increases in %N and several-fold i�crease s  in h erbage 
dry matter yield were obtained.  

Dent and Aldrich ( 1 963 , 1966 , 1 968 ) measure d the digestibility of 
26 varieties of  Lolium perenne , 1 9  varieties  of Phleum pratense , 
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1 4  varieties of Dactylis glomerata and 1 1  varieties  of Festuca pratensis 
grown at each of 2 localities  and under 2 management systems ( swards 
cut either 4 or 8 tim�s each year ) . Location x variety inte ractions 
oc curred under  infrequent cutting in all species except Lolium perenne . 

· · ·with frequent defoliation there was little-�ithin-s�ecies.variation in  

digestibility averaged o�er all c uts ; howevei , �nteractions between. 
varieties and management systems would be confounded with variety x 
growth stage interactions . Genotype  x cutting frequency interactions 
for %N and digestibility have been  found to be of little importance in 
Phalaris arundinacea ( Asay !! � 1 968 ; · Carlson � � 1 969 )  and Cynodon 
dactylon ( Burton !l al 1 967 ) .  Dent and Aldrich ( 1 968 ) also found good 
agreement in  the ranking of Dactylis  glome rata varietie s  for digestib­
i lity and protein content of herbage from swards grown under 2 levels  
of  nitrogen fertilizer. 

Van Dyne ( 1 965) analysed herbage from 7 annual grasses and 4 
annual legumes grown as pure swards at one site . H e  compared the 
results with analyse s  of  the same species  growing together ( i . e .  in 
c ompetition ) at. 20 sites on a nearby annual range and found spec ie s  x 
s ource interactions for both %N and digestibility . Newell ( 1 968 ) 
measured %N of 1 0  strains each of  Panicum virgatum and the Andropogon 
geradi/A . hallii complex , grown as swards at each of  3 locations under 
2 nitrogen  fertilizer levels and 2 d e foliation treatments . E f fects 
o f  strains , nitrogen  leve ls and locat ions were high ly signi ficant for 

%N , while interactions were usually small and nonsi gni fi cant . 

THE BENEFI TS OF INCREASED DIGESTIBILITY AND PROTEIN CONTENT 
Assuming that increases in %N and digestibility o f  Phalaris 

tuberosa h erbage could be obtained by plant breeding , c ould increased 
animal productivity be expected? From earlier  considerations it might 

be  expected that the b ene fits would  be substantial. However,  evaluating 

the e ffects of even small changes in  grazing e cosystems is not easy.  

The difficulties of predicting t�e bene fits of improved herbage q uality 

. I 



of grazed  pastures in a Mediterranean c limate with low and erratic 
rainfall can be appreciated from recent computer simulation studies 
( Freer !! !1 1 970 ) . In  a model  constructed to s imulate the grazing 
of summer pasture by sheep ,  the di gestibility of dry feed was only 1 
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of 2 1  variables included for the purpose of predicting animal liv eweight 
changes .  Many important variables ( eg rainfall and stocking rate ) 
are beyond the control  of the plant breeder but a number of complexities 
that should b e  considered by plant bre eders will be discus s ed .  

( a )  Animal selectivity 
Grazing animals are selective in what they eat ,  so that in a past­

ure mixture some spec ies may contribute more or less to the diet than 
their  relative abundance would suggest. Further , animals select c e rtain 
parts of a given species in preference  to other parts . For example , 
in mature stands of both Medicago sativa and Phalaris tub erosa Arnold 
( 1 960a ) showed that sheep select leaf in preference to stem ,  and green 
material in preferenc e to dry material . Thus , there may b e  no point 
in improving the digestibility of a giv en spec ies - or even a part of 
it - if the environment and stocking rate do not force animals to e at 
that species or part .  It is pos sible that breeding for a c haracter 
such as stem digestibility in Phalaris tuberosa might raise animal 
productivity in some years but not in others.  

Three aspects of animal selectivity deserve comment.  First , a 
reasonable approach to improving the nutritive value of a sward might 
be to improve the resistance  of preferred species to selective grazing 
that could eliminate them from the pasture . This approach is unlikely 
to be helpful for Phalaris/subterranean clover pastures under Australian 
conditions , since both species are highly persistent under grazing. 
Second ,- it could be argued that selection for late flowering or summe r 
green leaf yield would b e  beneficial . Breeding non-flowering strains 
of perennial plants might achieve  the same effect. All of these  object­
ives could be achieved in Phalaris tube rosa ( McWilliam 1 962 ; McWilliam 
� al 1 965 ; Latter 1 965 ; McWilliam 1 968 ; McWilliam and Latter 1 970 ; 
Clements , Oram and Scowcroft 1 970 ) .  Although all these  characters could 
prejudice summer survival in drier areas ( Hoen 1 968 ; Oram unpublished ) , 
Axelsen and Morley ( 1 968 ) found that a Phalaris tuberosa x arundinacea 
summer-growing hybrid persisted under grazing at Canberra. This table­
land environment usually has a relatively mild , though dry ,  summer 
c limate but during this grazing expe riment a severe drought occurred 
which killed dryland cultivars of Dactylis  glomerata and F estuca 



arundinac ea.  
· Third , . animal se lect�vi ty within spec i�� might be uni�portant if 

genotypes with high leaf nutritive value als() have high'etem quality ; . 
that i s,·if genetic correlat ions among nut ritive value characters of 
different plant parte are high .  No such genetic correlations have 
been  published  but some relevant information is a�ailable . Clements, 
Oram and Scowcroft ( 1 970 ) found high phenotypic correlations between 
nutritive value (%N and digestibility)  of leaf b lade , leaf sheath, 
stem  and head in a range of Phalaris tuberosa ecotypee at heading , 
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but at  senescence the digestibility re lationships had deteriorated to 
an unacceptab ly low l evei. There are report s  both of low correlations 
( less  than 0 . 30 :  Heinrichs and Troeleen 1 965 ; Heinrichs � � 1 969 ;  
Heinrichs 1 970 ) and high correlations (0 . 77: Ellington and Davies  1 966 ) 
between nutritive values of leaves and stems of Medicago species , and 
low to moderate correlations ( 0 . 29 to 0.60) be twe en digestibility of 

.., 
plant parts in Bromus inermis ( Christie and Mowat 1 968 ) .  Julen and 
Lage r ( 1 966 ) ,  comparing digestibility of leaves and "straw" of 1 0  Dactylis 
glomerata c lones found good agreement betwee n  parts ; a s imilar result 
for this spec ies was obtained by Mowat � � ( 1 965b ) at heading but not 
at  later growth stages .  

I n  a very practical sense , differenc es i n  nutritive value b etween  
plant  parts ,  between vegetative and reproductive tille rs , and between 
p lants differing in heading date ( see later )  should be  considered by 
the  plant breeder during the development of herbage sampling te chniques . 
For example, in many species , s tem digestibility is initially h ighe r  
than leaf digestibility, b ut decreases more rapidly with advancing 
ma turity ( Pritchard � � 1 963 ; Terry and Tilley 1 964 ; later work 
reviewed by Raymond 1 969 ) ; th us , regular differences between genotypes 
i n  proportions of leaf and stem could account for some of the observed 
genotype x growth stage interactions. Similarly, at a given  plant growth 
s tage ( eg heading ) ,  within-plant variation in growth stage of individual 
til lers can differ markedly from plant to plan t  and cause consequent 
differences in nutritive value between plants ( Clements, Oram and S cow­
c roft 1 970 ) .  The plant breeder must take these factors into account 
when deciding at what growth stage( s )  selection is to be applied and 
what herbage is to be sampled for analysis .  

( b )  Correlations with other Agronomic Traits 
Yet another aspect of the sampling p roblem concerns the relationship 



betwee n  nutritive value ( especially digestibility ) and maturity time . 
It is  well known that pasture species and varieties differ in heading 
date and flowering date in any given environment, and it is  equally 
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well known that growth stage influences herbage quality . Thus, i f  a 
population of plants is sam ple d at some point in time during the 
reproductive stage , variation in nutritive value will partly result from 
variation in growth stage . On the other hand, i f  each plant is sampled 
as it reaches a de fined stage , there can be considerable variation in 
harv e st date, and there fore in c limatic conditions at di fferent 
developmental stages .  A good deal of evidence suggests that early­
maturing strains or genotypes within a species have higher digestibility 
at comparable growth stages than late -maturing strains ( Dent and Aldrich 
1 963 ; Mowat et al 1 965b ; Breese and Thomas 1 966; Walters et  al -- --
1 967 ; Christie and Mowat 1 968 ; Davies et !! 1 968 ) .  Variation in 
temperature and light conditions is known to affect c rude protein content 
in plants ( see, for example , Jones 1 961 ; Alberda 1 965 ; Deinum 1 966 ; 
Marten 1 970) and recently has been shown to i�fluence digestibility 
( Garza et  al 1 965 ; Smith and Jewiss 1 966 ; Hidiroglou �t al 1 966 ; - - . .  -- . 
Deinum et al 1 968 and pe rsonal communication

,
; . Smith 1 970

.
; Marten 1 970'; -- . . 

. ·  .. 

Minson a nd McLeod 1 970 ) . Whet-her  there is some additional , underlying 
biological relationship between nutritive value and maturity time is 
a matter for speculation. However  it is a matter of practical import­
anc e  that selection for herbage quality either at a point in time or 
at a fixed growth stage might actually reduce the value of the product;  
in  the first case , a late maturing variety might result, with consequent 
low quality at a given stage , while in the second case selection could 
produce an early variety and consequently prolong the period of nutrition­
al stress for grazing animals . Clearly , genetic  correlations between 
nutritive value and maturity time are  important ; so far ,  no estimates 
have been  published. 

One of  the major requirements of any pasture spec ies is a· high 
herbage y ield . The relationship between yield and herbage quality 
among an array of genotypes measured at the same growth stage in a 
given  environment is there fore of special interest. Negative relation­
ships b etween %N and yield have been described by Pickett ( 1 950),  
Kneebone ( 1 951 ) 9  Van Hee  �.!!!..! ( 1 963 ) ,  Vose and Breese ( 1 964 ) ,  Lackamp 
( 1 965 ) ,  Lamprecht !! !! ( 1 965 ) ,  Burton !! !! ( 1 96 7 ) ,  Gil !! � ( 1 967 ) ,  

· Pacucci and Patruno ( 1 968 ) ,  Newell ( 1 968 ) ,  Asay !:,l.!!!..! ( 1 968 ) ,  Roth !:.1.!1 
( 1 970 )  and Clements !! � ( 1 970) . Earlier evi dence ( mainly unpublished ) 

, .  ' 



has been reviewed by Smith ( 1 952) . The correlations vary considerably 
in magnitude but appear to be consistently negative. 

The relationship betwee n  digestibility and yield is not so clear. 
Weak to strong ne gative genetic associations have been reported by 
Allinson �.!!.! ( 1 966 ) ,  Gil !:.i al ( 1 967 ) , Burton.!:,! al ( 1 967 ) , Carlson 
� al ( 1 969 ) and Roth � � (1970) f('r the species Medicago s ativa , 
C ynodon dactylon , Phalaris arundinac ea and � mays . Clements , Oram 
and Scowcroft (1970) found negative phenotypic correlations for Phalaris 
tub erosa at the heading stage but not at maturity . De nt and Aldrich ( 1 963 ) , 
who examined digestibility and yield of a total of 70 varieties of 4 
different species  ( Lolium perenne , Phleum pratense , Dactylis glome rata 
and Festuca pratensis )  in  swards at  2 locations and under different 
managements , found that relationships between yield and d iges tibility 
were usually negligible but occasionally negative .  Knight and Yates 
( 1 96 8 )  also found no relationship in Dactylis glome rata but quite close 
positive correlations have  been  reported for this species  by Breese 
and Thomas ( 1 966 ) and for Lolium perenne by Rogers and Thomson ( 1 970 ) .  

( c )  Genetic Relationships between Quality Criteria 
Finally , while di gestibility and crude protein conte nt are import­

ant herbage quality_c riteria , they c annot b e  cons idered in  isolation 
from the .many other components of nutritive value.  The nature and measure­
ment of forage quality has been extensively studied and frequently 
reviewed ( eg Raymond 1 969 ) and need not be described here . However ,  
s ince  many of the components are inter�elated ,  it  is reasonable to · 

·expect that selection for %N or.digestibilitt will �e�ult in corr�lated· 
responses in other indicators . _Co6pe r  ( 1 961 ) has �howri strong negative 
genetic relationships between %N and water-soluble carbohydrate content" 
in  Lolium perenne and Dactylis glomerata ; similar relationships for 
Phalaris tuberosa are describ ed els.ewhere ln this  .the sis . Roth .!:,! � 
( 1 970) reported close negative genetic c�rrelations ( -0 . 81  to -0. 99 )  
between digestibility and acid detergent fibre , ac id detergent lignin 
and c ell wall constituents in s ilage maize (� mays ) ,  b ut protein content  
was not as c losely related genetically to any of the se characters ( -0. 1 6  
to -0 .43 ) .  Protein content and digestibility were not correlated 
genetically ( 0 . 07) . As far as i s  known , no other genetic correlations 
relating e ither %N or digestibility to other nutritive value indic�tors 
have been  published for these or any other species . It  is apparent from 
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several  experiments that %N and digestib ility are not c losely related 
genetically in Medicago sat iva (Gil !! al 1 967 ) , Cynodon dac tylon 
( Burton !! al 1 967)  or Lolium perenne ( Rogers and Thomson 1 970 ) , a lthough 
a posi tive  genetic relationship between these charac ters has been  ob served 
in Phalaris tuberosa (Oram , Clements and McWilliam , unpublished ) .  I t  
also appears that digestibility i n  Medicago sativa may be only moderately 
related  t o  acid de tergent fibre and c e l l  wall  cons tituents ( Gi l  !! al 
1 967) . 

One interes ting possibility is that high digestibility among 
Phalaris tuberosa genotypes may be in s ome way associated with low 
levels of  the tryptamine alkaloids though t  t o  cause Phalaris staggers 
and sudden death . Although the rankings o f  ec otypes for digestibi lity 
( C leme nts , Oram and Scowcroft 1 970) and t otal tryptamine a lkaloid 
c onc entration ( Oram and Williams 1 967 ; Oram 1 970 ) at Canberra showed  no  
obvious relationship , Arnold ( 1 970- personal communication ) recently 
observed  a striking depression of  digest ibility of  Dac tylis glome rata 
herbage to which these alkaloids had b een added.  Another a lkal oid  
( perloline ) ,  extracted  from Festuca arundinacea herbage has recently 
been shown to  inhibi t  cellulose digestion� vitro ( Bush_!!� 1 970 ) 

CONCLUSIONS 
Digestibility and protein content of herbage , espec ially mature 

herbage , are use ful indicators of herbage quality in  environments wi th 
regular dry seasons . There is genetic variation for these charac ters 
in many grass spe c ies , including Phalaris tuberosa . This variation and 
the heritabili ty estimates so far reported suggest that , f or a given  
environment and p lant growth stage , plant breeders c ould produce varieties  
with superior herbage quality . Whether this  superi ority would be  
maintaine d at  di fferent growth stages or in di fferent e nv ironments is  not  
clear . Most workers have not differentiated  between these  two  sources 
of  interac tion , and many o f  the resul ts which are c laimed to show 
genotype x environmen t  interaction for herbage quality are in fac t  
uninterpretable . 

The problem o f  assessing the l ike ly benefits of  inc reased herbage 

quality to animals is c omplicated not only by the possibility of inter­
ac t ions such as those abov e ,  but also by the c omplexity o f  the grazed 

pasture ecosystem in  Mediterranean c limates wi th unreliable rainfall ., 
Even using computer simulation techniques  it  will not be possib le t o  



p redict animal production changes until the effects of improve d  herbage 
quality on the other important parameters in the mode ls are known. 
In  particular, more information is  ne eded  on the importance of genotype 
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x environment and genotype x growth stage interactions for both characters , . 
and the nature and magnitude of the relationships between herbage quality 
and agronomic characters . 



EXPERIMENT I 

V ARIATION IN  HERBAGE DIGESTIBILITY AND NITROGEN CONTENT AMONG SPECIES 
AND STRAINS OF PHALARIS 

INTRODUC TION 

Alternative plant breeding methods for cross-pollinated pasture 
grasses such as Phalaris tuberosa include selecti on within an existing 
variety and se lection within a more broadly based population produc ed 
by c rossing a number of diverse ec otypes among themselves  and/or with 
a suitable tester ( McWi lliam and Latter 1970). How�er, in s ome 
genera, populations resulting from interspec ific hybridisation can 
p rovide an opportunity to c ombine the useful features of diffe rent 
species ( McWilliam 1 964). The potential value of such hybrid popul­
ations may be limited by reduced adaptation to the local environment, 
but selection or backcrossing to the adapted parent may overcome this 
l imitation. A lthough interspec ific hybridisation has not often 
been used intentional ly to improve he rbage nutritive value, there are 
some relevant examples .  C orkill (1 945), combined s ome of the superior 
nutritive value of Lolium multiflorum with a degree of the persistence 
of L.  perenne in the hybrid H1  ( short-rotation) ryegrass , now renamed 
"Grasslands Manawa" ryegrass .  More rec ently, Pritchard (1 965) has 
successfully c rossed Sorghum almum with perennial sweet sudan grass 
( S.vulgare x halepense ) t o  produce hybrids with 20% highe r stem sugar 
c ontent and markedly greater stem digestibility than l ocal s . almum 
cultivars. In many c ountries, Lolium x Festuca intergeneric hybrids 
are being produce d  to combine the nutritive value and seedling vigour 
of the ryegrasses with the desirable features of the fescues . 

Many interspecific hybrids in Phalaris have been p roduced, 
although not all have been described  i n  the literature . Of those 
involving P . tuberosa, the hybrids P.tuberosa x minor ( Trumbl e  1 935; 

Hutton 1 953, 1 954, 1 955) and P.tuberosa x arundinacea ( e . g. Jenkins 
and Sethi 1 932; McWilliam 1 962; Allison and Starling 1 963; 

McWilliam !! � 1 965; and many others ) have been most intensively 
studied.  Other known hybrids are P.tuberosa x canariensi s  ( Oram 1 961 , 

1970 and unpublished ; K. H oen , unpublished ) ,  P . tuberosa x brachystachys 
( Hoen, unpublished)  and P.tuberosa x c oerulescens ( Trumble  1 935; 

McWilliam unpub lished ; Oram unpublished ) . These  hybrids have been 

produced for s everal rea.sons, but probably in no case has the intention 
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been  to transfer herbage quality characteristics from one spec ies  to 
another. In fact , there is little information on the comparative 
nutritive value of Phalaris spec ies .  Vegetative herbage of P.canariensis  
has  been  reported to contain higher concentrations of nitrogen ( Scurfield 
1963) and lower levels of tryptamine alkaloids ( Oram 1 970) th an that 
of P.tuberosa , but no species is entirely free of tryptamine alkaloids 
( Culvenor et al 1 964; Oram 1970). P . arundinacea is le ss palatable 
than P . tuberosa (Robards 1 965; McWilliam !1 al 1965; Andrews and 
Hoveland 1 965), and the hexaploid races of P . arundinacea are particularly 
unpalatable ( Roe and Mottershead 1 962). P.tuberosa x arundinacea 
hybrids have usual ly been found to be  similar to P . tuberosa in palatab­
ility ( Robards 1 965; McWilliam 1962; Mc William !! !! 1 965) but 
the re are some reports of unpalatab ility ( e . g. George and Croft 1 968)/''"' 

Hutton (1 953) has stated that P . minor is more palatable  than the perennial 
species . Prote in contents of P . tuberosa , P .  arundinac ea and their 
hybrids are similar and the hybrids have been found to resemble P . tuberosa 
in  digestib ility ( McWilliam !! al  1 965; Cleme nts , Oram and Scowcroft 
1970). Digestibi lity of mature herbage of P . arundinacea may be  
lower than that of P . tuberosa ( Clements , Oram and Scowcroft 1 970). 

In the following experiment , the variation in herbage digestib­
ility and % N at the heaqing s tage among a range of Phalaris species 
and hybrids is described. 

; . ' 

, . " 
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MATERIALS AND METHODS 

A total o f  39 cultivars , ec otypes and experimental lines o f  6 
annual and 5 perennial Phalaris species and 4 categories  of spec ies 
hybrids , was chosen for study ( table 2). Further details o f  individual 
entries are given in appendix 4. In autumn 1 968 ( May 26 ) ,  2-month-old 
seedlings were transplanted from seed boxes and established at 60 x 60cm 
spacings in the field at Palmerston North . The soil was a ferti le 
Ohakea silt loam , i . e .  a strongly gleyed ye llow-grey earth ( J . A .  Pollok , 
personal communica tion) , previously drained and limed ( to pH 6 . 7 ) . 
Each entry was represented by an 8-plant row in each of  3 replicates 
in  a randomised block design , and each previously undefoliated  row was 
harvested individually in the spring when 6 of the 8 plant s had 
reached the heading stage .  A plant was considered t o  have reached this 
stage when inflorescences had emerged c lear of the flag lea f  on at 
least 4 individual tillers . Only tillers at the de fi ned  growth s tage 
were harvested , and an equal number was taken from each plant in . the 
row and bulked to give a s ingle row sample ( except that occasionally , 
because o f  variability in maturity time between plants within entries , 
extreme ly early or late plants were not sampled) . This pro c edure was . 
adopted because previous studies ( C lements , Oram and, Scowcroft 1 970) 
had shown that , at  a de fined plant growth s tage ; within-plant variition 
in the proportions of

.
ve�e�ativ� a�d reproduct�� t illers c o�ld signif­

icantly affect whole-plant nutritive value . 
· Harvested material was dried in a forced-draugh� oven at ·80°C , .; 

ground in an Apex cutter mill to pass through a 1 mm screen and analysed 
for Kje ldahl nitrogen concentratio� (%N , .dry matter basis ) and 
.!E, vitro digestibility of organic matt er ( IVDOM) . The analytical 
methods are described in detail in appendices 1 and 2 .  

RESULTS 

Analyses o f  variance o f  observed % N and IVDOM values showed that 
there were highly significant di fferences between the species  and 
hybrids ( tables 3 ,  4). The range o f  values of each character  was 
large , and several species were superior t o  P . tuberosa in one o r  b oth 
charac ters .  There was als o  variation be tween indiv idual ent ries within 
species ; although the overall analysis indicated  lit tle within - species 

variation for IVDOM , a separate analysis showed that  the varia tion 
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among P . tuberosa entries was significant . For IVDOM,  the P . tuberosa x 
arundinac ea  hybrid resembled P . arundinacea , while other P . tuberosa 
hybrids did not dif fer significant ly from the midparent values . 
However,  for % N ,  the P . tuberosa x minor and P . tuberosa x canariensis 
hybrids resembled P . tuberosa and the P . tuberosa x arundinac ea hybrid 
was int ermediate .  The nitrogen c oncentration of the P . brachystachys x 

minor hybrid was lower and its IVDOM higher than the midparent values . 
The variat i on among strains and hybrids of P . tuberosa and P . minor 

is shown in  table 5 .  The outstanding features were the large range 
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of %N values in P . m inor ( 1 . 07-2 . 54%N ) ,  the differences  in %N and IVDOM 
between the 2 hybrids and the signi ficant variation in IVDOM of  P . tuberosa 
entries .  Correlations between  % N and IVDOM among strains of  these 
2 spec ies were nonsigni ficant ( 0. 66 and -0. 08 respe c tively for P . tuber­
� and P . minor strains ) .  Correlations between IVDOM and heading 
date we re also nonsignificant ( -0 . 27 and -0. 1 1  respectively ) . 
Nitrogen c ontent was c losely related  to  heading date  among P . minor 
strains ( -0 . 96 )  but not . among P . tuberosa strains ( -0 .40 ) .  

Because o f  the variation in maturity time among the species and 
strains , it  was decided to examine the % N and IVDOM of the species 
after adjusting to a c ommon heading da te . This proved to be more 
di fficult than expec ted.  Preliminary analyses o f  regression of  IVDOM 
and % N on heading date showed that neither indiv idual nor average 
within-spec ie s  regressions were signi ficant in the case of  IVDOM , whereas 
both were highly significant for %N ( table 6 ) . I nspection of table 
3 suggested that much of the spe cies  variation in IVDOM c ould be 
account�d for by a simple grouping of  species as annuals or perennials , 
although th is was not so apparent for %N. Further analyses after this 
grouping was made ( tables 6 ,  7 ,  8 )  showed that ( a )  the average within­
group regression was signi ficant for each charac t er ;  ( b )  the annual 
and perennial group regressions of % N on heading date d iffere d signif­
icantly , but those for IVDOM did not ; ( c )  curvilinearity was signif­
icant in  the relationship between %N and h eading dat e in  the perennial 
group ; ( d )  in an overall analysis , ignoring groupings , curvilinearity 
� indicated in the regressions of both IVDOM and %N on heading date .  
Accordingly , both linear . and curvi linear regressions were fit te d  to  

· the data ,  and the adjusted group means are .given in table 9. The 
interpretation o f  these analyses is straight forward for IVDOM : . annual 
species o f  Phalaris were significantly higher in IVDOM than perennials. , · 

, I . ;' 1> • 

Be fore a·d jus tment , the differenc·e in IVDOM bet_ween groups· was 8 . 0  · 

,. :\ 

' d�gestibilit� unit� ,  •nd· alter adjust�erit to� line�r 'r�g�es�ion it  was 
� . 
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4 . 6  units.  The inc lusion of a quadratic term in th e regression had 
a negligible e ffec t .  

The interpretation of  the % N results is not. so  simple , because 
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the regression slopes di ffered between the groups . However ,  a c omparison 
of curvilinear regressions showed tha t ,  while the group regressions 
dif fered signi ficantly , the additi onal reduction in sums of  s quares 
of  deviations from regression which resulted when individual group 
regressions were fit ted was very small  ( 6% of the reduction due to 
the average group regression ; table  8 ) .  There fore the differe nc e  
between adj usted group mean %N values ( table 9 )  is  taken a s  real . The 
relationship be tween %N and heading date is given in de tai l  in figure 1 ,  

where both species  regressions and group regressions are shown. 
Taken as a whole the data leave little doubt that , as a group , the 
perennial Phalaris species have higher  %N levels than the annuals -
a conclusion which was not immediately obv ious from the results in 
table 4. 

Because of the c omplexity of  the relationship be tween  %N and 
maturity time , adjusted species mean %N values are not given .  However,  
the adjus te d  mean IVDOM values . are presented in table 4 .  I t  can be 
seen that the adjustment had lit tle overall e ffec t  on species ranking 
but reduced the species varia tion between and within the annual and 
perennial groups.  

, ·  ' 



TABLE 2 
CHARACTERISTICS OF THE PHALARIS SPECIES AND SPECIES HYBRIDS EXAMINED FOR NUTRITIVE VALUE 

{Details o f  individual e ntries are given  in appendix 4 ) .  

Species or hybrid* 

P . brachystachys 
P . minor 
P . ame thystina 
P . caroliniana 
P . c ali fornica 
P . canariensis 
P .paradoxa 
P . truncata 
P . coerulescens 
P. tuberosa 
P. arundinacea 

P . brachystachys x minor t 
P . tuberosa x minor 

P . tuberosa x canarie nsis 
P. tuberosa x arundinac ea 

Numb er of  
strains 
examined § 

- - -

2 
6 
1 
1 
1 
2 
2 
2 
5 
8 
2 

1 
2 

3 

1 

Somatic 
chromosome 
number 

1 2  
28 
1 4  
1 4  
28 
1 2  
1 4  
1 2  
1 4  
28 
42 

40 
56 

40 ( c . 28 )  
70 

Breeding 
sys tem ( self-
or cross-
pollinated)  

sel f 
sel f 
self  
self  
sel f 
sel f 
self  
cross 
cro ss 
c ross 
cross 

self  
mainly self  

mainly self  
c ross 

l I 

I 
I 
I 
I 

Habit ( annual 
or perennial ) 
at Palmers ton 
North 

annual 
annual 
annual 
annual 
perennial 
annual 
annual 
pere nnial 
per�nnial 
perennial 
perennial 

annual 
annual/weak 
perennial 
perennial 
perennial 

• 6 -of the hybridsare-i'ertile allopolyploids . The exception-,- p� c tuberosa X canariensisTx tuberosa is a 
fertile backcross hybrid with a soma ti c  chromosome numb er of  about 28 . 
"Strains'' inc lude cultivars , ecotypes and experimen tal line s ( see appendix 4 )  § t This previously unreported  hybrid was developed by Dr. R . N .  Oram , CSIRO , Canberra , Australia. 

I 1\) � I 



TABLE 3 

ANALYSES OF VARIANCE OF HEADING DATE , OF IVDOM AND % N (WHOLE TI LLERSJ AT HEADING AMONG 1 5  PHALARIS SPECIES 
OR SPECIES HYBRIDS 

Source  of  variation d. f Sums of squares attributable to  sourc e 
• .  

< IV DOM 

Blocks 
- 2 . .  34 . 70 

Betwe en species groups 1 4  2721 . 02 * * *  
Between strains in species 24 265 . 08 ( NS )  
Error 
Total 

'· 

. 
--------- . .� . 

> 76 502 . 89 
I 1 1 6  3523 . 69 

* * . P (0. 01 • • •  P Z0 . 001 NS = not s ignifi cant 

. .; 

C ,  

----- ------· ---

%N Heading date 

0 . 01 74 0 .07 
1 2 . 7966 • •  401 33 . 79* * *  

6 . 8694 • • •  6081 . 95 * * *  
2 . 0635 21 0 . 51 

21 . 7469 46426 .32 

I 1\) VI I 



TABLE 4 

VARIATION BETWEEN SIX ANNUAL AND FIVE PERENNIAL PHALARIS SPECIES , AND FOUR CATEGORIE S  OF SPECIES HYBRIDS , FOR 
IVDOM AND %N OF TILLERS WITH HEADS EMERGED 

Spec ie s  mean values ( S . E . ) 
Species or hybrid 

IV·DOM 
Observ e d  values adj usted  % N ,  H eading 

observed date ( days values to common 
heading dat e  � values  t after 1 -1 0-6E 

( 1 )  P . brachystachys 75 . 1  ( 0 . 3 )  72 . 5  1 . 34 ( 0 . 08 )  32 . 6  ( 0 . 2 )  
( 2 )  P . minor 74 . 4  ( 0 . 6 )  69 . 5  1 . 81 ( 0. 03 )  1 4 . 7  ( 0 . 5 )  . 
( 3 )  P . ame thystina 74 . 1  ( 1 .  7 )  70 . 0  1 . 24 ( 0 . 05 )  20 . 9  ( 0 . 1 )  
( 4 )  P . caroliniana 72 . 6  ( 1 .  7 )  69 . 9  1 . 54 ( 0 . 06 )  32 . 4  ( 0 . 1 ) 
( 5 )  P . cali fornica 68 . 9  ( 1 .  7 )  6 6 . 5  2 . 08 ( 0 . 1 7 ) 34 . 6  ( 1 . 0 ) 
( 6 )  P . canariensis 68 . 7  ( 1 .  7 )  69 . 6  0 . 91 ( 0 . 05 )  59. 8 ( 0 . 5 )  
( 7 )  P .paradoxa 67 . 1  ( 1 . 3 )  67. 1 0 . 76 ( 0 . 04 )  53 . 1  ( 0 . 7 )  
( 8 )  P . truncata 66 . 4  ( 1 .  8 )  67 . 4  1 . 35 ( 0 . 1 5 )  61 . 0  ( 1 . 7 )  
( 9 )  P . coerulescens 65 . 8  ( 1 . 2 )  65 . 2  1 . 60 ( 0 . 02 )  48 . 5 ( 0 . 3 )  
( 1 0 ) P . tuberosa 64 . 4  ( 0 . 4 )  65 . 6  1 . 38 ( 0 . 02 )  61 . 9  ( 0 . 2 )  
( 1 1 ) P . arundinac ea 58 . 6  ( 0 . 5 )  61 . 7  1 . 58 ( 0 . 03 )  77 . 1  ( o .  7 )  

( 1 2 ) P .brach�stach�s x minor 76 . 7  ( 0. 5 )  75 . 1  0 . 91 ( 0 . 07)  40 . 5 ( 0 . 1 ) 
( 1 3 ) P . tuberosa x minor 70 . 2  ( 1 . 8 )  69 . 2  1 . 38 ( 0 . 02 )  4 5 . 6 ( 0 . 4 )  
( 1 4 )P . tuberosa x canarie nsis 66 . 1  ( 0 . 4 )  67 . 3 1 . 32 ( 0 . 01 ) 62 . 0  ( 0 . 1 ) 
( 1 5 ) P . tuberosa x arundinac ea - 58 . 5  ( 2. 7 )  60 . 9  1 . 45 ( 0 . 07 )  71 . 3  ( 0 . 8 ) 

---

� Analyses  of c ovariance and pre liminary regression analyses showed that th e error regressions and 
within-spe c ies  regressions were nonsigni ficant , and t hat adj ustment for such regressi ons was negligib le .  
A more suitable adjustmen t , which is used here , was the average within-group linear regression o f  IVDOM 
on heading date  ob taine d  after sorting ent ries into  annual and pe rennial group s .  

t P roblems o f  ad jus t ing these data are discussed i n  the text . 
I 1\.> 0'\ I 
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TABLE 5 

VARIATION AMONG STRAJ.NS OF P . TUBEROSA AND ·p . MINOR AND TWO SPECIES 
. ' 

HYBRIDS. FOR IVDOM A�D %N OF . TILLERS WITH HEADS EMERGED 

Species and � IV DOM ( S . E )  %N ( S . E . ) 
strain 

' 

P .  minor 

1 92 1 5  76 . 9  ( 1 . 0 )  1 . 28 ( 0. 1 4 )  
1 91 97 1 75 . 8  ( 0 . 5 )  2 . 54 ( 0. 25 )  
1 91 95 74 . 4  ( 0 . 9 )  2 . 1 1  ( 0 . 07 )  
1 9224 73 . 8  ( 1 . 5 )  1 . 07 ( 0 . 07 )  
32270 73 - 7  ( 1 . 7 ) 1 . 90 ( 0. 1 4 )  
32269 71 . 9  ( 1 . 4 )  1 . 98 ( 0. 08 )  

Significance of  strain differences  ( N . S )  • • •  

P . tuberosa 
1 9280 67. 7 ( 0 . 4 )  1 . 55 ( 0 . 06 )  
Seedmaster 66 . 4  ( 2 . 3 )  1 . 43  ( 0 . 01 ) 
General Select 65.4  ( 1 . 7 ) 1 . 43  ( 0 . 01 ) 
1 931 5 65 . 1  ( 1 .  7 )  1 . 42  ( 0 . 07 )  
High N 64 . 8  (0 . 2 )  1 . 55 ( 0 . 07 )  
Low N 63 . 7  ( 1 . 5 )  1 . 1 5  ( o .oo)  
1 9351 61 .4  ( 1 . 9 )  1 . 1 8  ( 0.02 )  
1 9305 61 . 0  ( 1 .  7 )  1 . 37  ( 0 . 1 0 ) 

Significanc e of strain differences • • 

P . tuberosa x minor 
cv . Aus tralian X 

1 9203 68 . 3  ( 2 . 3 )  1 . 1 2  ( 0. 07 )  
"P . daviesii" 72 . 0  ( 1 . 4 )  1 . 64 ( 0. 08 )  

: 

�eading date  
days a fter 
Oc t . 1 ) ( S . E . ) 

22 . 8  ( 1 . 4 2 )  
-2 . 8  (0 . 8 )  
5 . 5  ( 0. 7 )  

38 . 8  ( 0 . 4 )  
1 0. 1  ( 0 . 7 )  
1 3 . 9  ( 0 . 8 )  

• • •  

52. 7  (0 . 8 )  
68 . 8  (0 . 3 )  
63 . 1  ( 0 . 5 )  
61 . 2  ( 1 . 1 )  
59 . 6  ( 1 . 5 )  
56 . 2  (0 . 2 )  
8o. o ( 0. 5 )  
53 . 7  ( 1 . 4 )  

• • •  

50 . 6  ( 1 . 0 )  
40. 5 (0. 5 )  

� · Numbers used are CSIRO C ommonwealth Plant I ntro ducti on (CPI ) 
accession numbers . 
See appe ndix 4 for further details of the strains . 

• P <. 0.05 • •  P <_0.01 • • •  P (0.001 NS = not significart . 

f'· 
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TABLE 6 

"PRELIMINARY ANALYSES OF LINEAR REGRESS ION OF IVDOM AND %N ON HEADING DATE 

Source o f  variation d. f. Sums of squares attributable to source 

IV DOM %N 

{ a )  Strains grouped in spec ie s :  
Total sums o f  squares within specie s  1 02 802 . 6230 8 . 9503 

SS due to average within-spe cies regression 1 0. 7223 ( NS )  3 . 5067 ( . . . ) 
Deviati ons from average regression 1 01 801 . 9007 5 . 4436 

SS due to indiv idual within-spe cies  regressions 1 4  1 41 . 1 363 ( NS )  1 . 9379 ( . .  * ) 
Deviations from individual regressions 87 660 . 7644 3 . 5057 

{b ) Strains grouped as annuals or perennials : 
Total sums of squares with in groups 1 1 5  1 71 6 . 0800 21 . 7229 

SS due to average within-group regression 1 448 . 361 3 ( • • • )  1 1 . 5357 ( • • • )  

Deviations from average regression 1 1 4  1 267 . 71 88 1 0. 1 872 

SS due to individual group regressions 1 1 0 . 0758 ( NS )  1 . 51 25 ( • • • )  

Deviations from individual regressions 1 1 3  1 257 . 6430 8 . 6746 

• • •  p < 0. 001 NS = not s igni ficant 

I N CO I 



TABLE 7 

\. 
PRELIMINARY ANALYSES OF CURVI LI NEAR REGRESSION OF IVDOM A ND %N ON HEA DI NG DA TE ,  STRAINS POOLED I NTO ANNUAL AND 

PERENNIA L GROUPS 

Sums of squares attributable to source 
Source o f  variation d . f 

IV DOM 

( a )  Within perennial group : 
Deviations from linear regression 64 725 . 989 

Deviations from curvilinear regression 63 687. 671 

Curvilinearity of regression 1 38 . 31 8 ( NS )  

(b ) Within annual group : 
Deviations from linear  regression 49 531 . 654 

Deviations from curvilinear regression 4 8  500. 424 

Curvilinearity of regression 1 31 . 230 ( NS )  

( c )  Groups ignored :  
Deviations from linear regression 1 1 5  1 608. 826 

Deviations from curvilinear regre ssion 1 1 4  . 1 541 . 61 9  

Curviline(il"ity of' __ regression 1 _6_7_._297 ( • ) - ----- -

• P < 0 . 05 • • •  P ( 0 . 001 NS = not signi ficant 

%N 

3 . 7494 

2. 7707 

0. 9787 ( · � · )  

4 . 9252 

4 . 7320 

0 . 1 932 ( NS ) . . 

1 5 . 61 41 

1 3 . 0055 

2 . 6086 ( * * * ) 

-' 

.. .. . 

' 

t:., 

" 

'· 
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� ., .. TABLE 8 
L 

ANALYSES OF CURV I LI NEAR REGRESS ION OF IVDOM AND %N ON HEADING DATE , S TRAI NS POOLED I NTO ANNUAL AND PERENNIAL 
. . . 

GROUPS 

Sourc e of variation d. f Sums o f  squares at tributable to sourc e 

IVDOM 

Perennials , deviations from perennials regression 63 687. 671 

Annuals , deviations - from annuals regression 48 500. 424 

Total within-grou� · dev iations 1 1 1  1 1 88.095 

Pooled within-group regressions 1 1 2  1 21 5 . 566 

Difference  between group _· regressions 1 27.471  

Between-plus pooled :within-group regressions 1 1 3  1 539. 1 8  

Between adjus ted  group ·mea�s § 1 " 323 . 61 

• •  p ( 0 . 01 • • •  P ( 0 . 001 NS = not signi ficant 

%N 

2 . 7707 

4 . 7320 

7 . 5027 

7 . 9930 

( NS )  o.4904 < . .  ) 
1 2 . 9827 

( . .  • )  4 . 9897 ( . . .  ) 

� Although the groupc regressions of %N on heading date differe d signifi c antly , the a ddi ti onal re ducti on 
in deviations sum of _squares due to fitting separate regressions for each group is only 0 . 4904/7 . 9930 , 

or approximately' 
6% . · For this reason , and taking into acc ount fig. 1 ,  the test for significance between 

adjus ted group means for %N is taken to be valid ( i . e . , over the range of heading dates encountered the 
groups do differ , signifi can tly ) o 

,_ 
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TABLE 9 

ANNUAL AND PERENNIAL GROUP MEAN VALUES FOR IVDOM AND %N OF WHOLE TI LLERS AT HEADING , BEFORE AND AFTER ADJUSTING 

TO C OMMON HEADING DATE 

Character , and adjustment § Group mean values and di fferences 

Annuals Perennials Differenc e 

IVDOM , unadjusted values 72 . 5  64 . 5  8 . o• • •  
IVDOM , adjusted for linear regression 70. 6  6 6 . 0  4 . 6· · ·  
IVDOM , adjusted for curvilinear regression 70 . 5  66 . 1  4 . 4 • • •  

%N , unadj usted values 1 . 44 1 . 47 0.03 ( NS )  

%N , adjusted for linear regression 1 . 1 4  1 .  71 0 . 57• • •  
%N , adjusted for curvilinear regression 1 . 1 5  1 . 70 0 . 55 · · ·  

• • •  P< 0 . 001 NS = not signi ficant 
§ adjustments were made using the average within-group c oef fic ients . These were 

( a )  linear regression coe fficients : for IVDOM on heading date , 

. .-.. 

b = -0 . 1 295 ; and for %N on heading date , b = -0 . 0208 
(b ) curvilinear regression coe ffi c ients : for IVDOM on heading date and heading date squared 
squared respectively , b1 • 2 = -0 . 0032 and 
coe fficients for %N were b1 • 2 = -0. 0467 
Heading date was measured in days a fter 

b2 • 1 = -0 . 001 4 ;  c orresponding 
and b2 • 1 = 0. 0003 . 
26 . 9 . 1 96 8 .  

I "" ..,\ 
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DISCUSSION 

The ou tstand ing re sults  in this experiment w'ere the di -ff e rences 

be tween annual and perennial spe c ies or  hybrids for IVDOM and %N . 

Although P . tuberosa was , on av erage , i n ferior in IVDOM to  most  othe r 

spec ies , only the annual species appeare d t o  be suf fic ien t ly superior 

to warrant cons idera t ion for hybridis ing with P . tuberosa. Such 

interspeci fic hybridisation doe s not s e em to o ffer much prospect  for 

improving the overall  use fulness of P . tuberosa for two reas ons . 

1 .  Hybrids b e tween P . tube rosa and the annuals P . canariensis 

and P . minor hav e reduced pe rennia li ty ; even under the relativ e ly 

mild c limatic c onditi ons o f  Palmerston North , neither of  the P . tuberosa 

x minor hybrids s urvived th e summer.  The P . tuberosa x canarie nsis 

hyb rids , which hav e  in fac t been sele c t e d  for pere nniality ( Oram , 

personal c ommunication )  surviv ed we ll at  Palme rston North but are not 

as drough t resis tant as P . tube rosa ( Oram 1 970 and pe rsonal c ommunic ation ) . 

A dec rease in drought resistance or pe rennia lity o f  P . tub erosa -

one o f  i ts spe c ial v i rtues under Aus tralian conditions ( e . g. Biddiscombe 

1 964 ; Axe lsen a nd M orley 1 968 ; Morley , Bennett and McKinney 1 969 ; 

Hutchinson 1 970 ) - would grea tly re duc e the agronomic value of  this 

spe c i e s ,  which does not readi ly re -es tablish from seeds fal ling on the 

soil sur face  ( Campb e l l  1 968 ; Dowling , Clements and McWill iam 1 971 ) .  

2 .  The P . tub erosa stra ins examined i n  this expe rimen t were 

expected  from our earlier results ( C lements , Oram and Sc owc roft 1 970) 

to vary markedly in herbage digestib i lity and protein conte nt , and this 

proved to be the case . In particular , the Algerian ecotype CPI 1 9280 , 

previously found t o  b e  re lativ e ly high in IVDOM at Canbe rra , was 

again superior. Furthermore , this e c o type was at least equal to  

( nonsigni ficantly greater than) all  the P . tuberosa x canariensis 

hybrids for both IVDOM and %N . Although CPI 19280 . is not an �gron- · 

omically acc.eptab le s train . in  oth er respe c t s ,  .- {t a"P.pears ' t o  b e  a use ful · 
• • '• ' r 0 

s our.ce  of  he rbage qual ity within P .  tub e rosa .  Als� , %.N v a lues. for 

the high N · and low N experimen tal s tra ins , which we re derived  fr�m 

. a P . t uberosa breeding population ( Mc William and Lat�er 1 970 ; · see 

expe riment 3 )  show that selec tion for this character  within P . t uberosa 

would probab ly giv e changes in %N e qual �o those obtainab le  by inter- . 

spe c i fic hybridisati on. 

However,  th ere are agronomic de fici encies other  than low he rbage 

quality in P . tub e rosa , such as weak see dling vigou r ,  poor seed retention 

and the presenc e of toxins wh ich can cause s taggers and sudden d eath 



in sheep.  I f  for  s ome reason it was decid e d  t o  produce  interspe c i fic 
hybrids , th en th e present re su lts suggest that th ose b e twe en  P . tub erosa 

and mos t annuals  ( and possibly P . cali fornica ) should have superior 

digestibility to  P . tube rosa. It would be  necessary to  chos e strains 

of the annual parent that were also high in %N ( e . g . P . minor s t rains 

CPI 1 91 97 and 1 91 95 ) . 

The relati onship b etween herbage quali ty and heading date deserves 

some c ommen t .  Many authors have desc ribed  a similar relat ionship 

-3� -

for several temperate grasses such as Lolium perenne , Dac tylis  glomerata ,  

and Phleum prat ense ( Dent and Ald rich 1 963 ; Mowat e t  !1 1 965b ; 

Breese  and Thomas 1 966 ; Walte rs !! !1 1 967 ; Christie and Mowat 1 968 ) , 

i . e . , wi thin a s pe c i e s , earl i er maturing genotypes or  strains have 

higher digestib ility at comparab le growth s tages than la ter maturing 

line s .  A weak t o  moderate ne gat ive ass ociation between heading date 

and IVDOM of  sev eral plant parts at heading was ob serv ed among s even 

pred ominantly Mediterranean strains o f  P . t uberosa ( Clement s ,  Oram 

and Sc owcroft 1 970 ) , but there was no re lationship b e tween heading 

date and IVDOM of mature herbage . I n  the present expe rime nt , heading 

dates  of  th e e ight P . tuberosa strains differed  by up to 4 weeks , but 
the relationships with IVDOM and %N were small and nonsigni fi cant . 

Howev e r ,  measured  ove r  all  spec ies and s trains the multiple ( c urvi linear) 

correlations b e tween earliness and IVDOM ( R=0. 75 )  and earliness and 

% N ( R  = 0 . 63 )  were highly signi fican t .  

Part o f  this  relationship i s  n o  doub t due t o  small changes i n  

the env ironmen t .  Temperature , ligh t intensity , moisture s t r e s s  and 

soil nitrogen l evels  are known t o  a f fec t  one or both chara c ters.  Under 

fiel d  c onditions it  is  di f ficult to isolat e th e e ffec t  of  any one 

of these fac to rs from that of anothe r .  However, Deinum � !1 ( 1 968 ) 

and Minson and McLeod  ( 1 9 70 )  have rec ently shown that , under cond i tions 

of adequa te mois ture and nutrient supply , herbage dry matter  digestib­
ility decreases  at a rate of  about 1 . 1 4  unit s per 1 °C increase in "mean" 
amb ient tempe rature . In th e prese nt expe rimen t ,  "mean" t emperatures 
( average of  daily maximum and m inimum ) calculat ed fo r the 4 -week 

period prior to sampling each strain ( i . e . , as derived  by Minson an d  

McLeod 1 970 ) increased from 1 0°C for the earliest  strain t o  1 5. 5°C for 

the latest s train , which di ffered by 1 6  digestibility units .  Temp­
eratures calculated  in this way and avera ged for the annual and 

0 perennial groups differed by only 2 C be tween groups , while  unadjusted 
.group means for IV DOM differed by 8 diges tibility units .  

H owever,  adjustment of IVDOM and %N  values on  the basis o f  heading 
dat e  would be expected to  corr ect for changes in the environment with 



t ime . Whe n value s we re ad jus te d ,  there were sti ll marked dif fere nces  

be tween annual and  perennial spe c i e s .  Wheth er th ere is  s ome fundamen tal 

b iological rela t ionship b e tween herbage quality and the annual habi t  

is a matter for speculation,  but th e present results  suggest  that  this 

may well be  t he cas e .  Such a possib i l i ty has b e e n  recently recognised 

for Lolium spec ies  by Corkill ( 1 9 65 ) .  I t  is sign i fi ca n t  that the 

annual and short-rotation rye grasses i n  New Zea land are sup erior in 

nutri tive value to the more perennia l c ultivars , and tha t  animal 

livewe ight gains are highe r on pas tur e s  containing th e short - lived 

types ( many rel evant experimen ts are reviewed by Butler,  Rae and 

Bailey 1 968 ) . 

Finally , i t  must b e  emphasised tha t the he rbage quality survey 

described here was c on fined t o  a single growth s tage in one  year. 

Because of  th e number  of strains examined and the marked d i ff erences 

b e tween spe c i e s  and groups of  specie s ,  it is unlike ly t ha t  the general 

c onclusions are misleading,  but the p o ssibility that di f ferences  at 

other  growth s ta ges a nd in othe r ye ars would be smal ler c annot b e  

re j e c ted.  
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EXPERIMENT 2 

THE INHERITANCE OF HERBAGE DIGESTIBI LITY AND NITROGEN CONTENT I N  AN 

ALGERI AN ECOTYPE OF PHALA RIS TUBEROSA 

I NTRODUC TION 

In t he previous expe rime nt , some alternat ive me thods o f  generat­

ing base populations for subsequent sele c tion in c ross-pollina t ing 

pas ture grasses were described.  The simple st procedure is to  choose  

an exist ing variety or e c o type . Normal ly , such a vari ety would b e  
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a c omme rc ial or agronomically acc eptable cultivar. Alterna tiv e ly i t  

c ould have pote ntial value , sub j e c t  t o  improveme nt by plant bre eders.  

H owever , us e ful information can also b e  ob tained by choosing an  e c otype ) 

already supe rior to  existing c omme rc ial cultivars for a character  o f  

interest , and examining t he poten tial for achi eving sti ll higher levels 

by selec tion. 

Phalaris tube rosa is a predominantly cross-pollinating spec ies , 

mos t plants being highly (but not c omple t e ly )  self-inc ompatib le ( M c ­

William 1 962 ) .  Although i t  is a te traploid species ( 2n=28 ) , i nherit­

anc e is  dis omic ( McWilliam 1 962 ) .  Ec otypes vary cons ide rab ly i n  

h erbage digestibility and protein  c ontent ( C lements , Oram an d S c owcro ft 

1 970 ; experiment 1 ) .  One ec otype , CPI 1 9280 from Alge ria appe ars 

t o  have superior herbage diges tibility a t  heading and later growth  

�tages and to have re latively high c rude protein c ontent at  hea ding 

i n  c�mparison with the Australian cultivar . I n  th is e xperiment , the 

i nh eritance of  these  two c harac ters in th is e cotype at t wo d i f fere n t  

growth stages will b e  d esc ribed.  , . . , 

· MATER IALS• AND METHODS 

S ixty..:five 2 -year old p lants , · taken a t  random· fro·m a la rge r spac ed- · ·· 

p lant populat ion o f  P .  tuberosa CPI 1 9280 , were c rossed. to prov ide an · 

array of  full-sib and hal f-sib fam ilies usi ng 
.,the "design 1 "  mat ing 

system o f  C omst ock and R ob inson ( 1 948 ) .  Thirteen plants were randomly 

assigned as pollen  parent� , and each polien  parent was ma ted wi th 4 

ovule parents , providing a t otal o f  52 full-sib matings in 1 3  s ire 

groups . Crosses were made using the tec hnique of mutual pollina tion 

under glassine b ags . Subsequently , 1 3  fam ilies were re jected  ( no seed ; 



suspicion o f  pollen c ontamination ; suspici on of s e l fi ng ;  insec t  

damage ) .  Ten-we ek-old see dlings from the remaining 3 9  families were 

transplan ted  from s e ed b oxes to  the field at 60 x 60 cm  spacings in 

autumh 1 968 ( May 2 ) . The si te  was immediately adjac e n t  to  that of the 

prev ious experiment and soil  type a nd condi tions were the same.  Each 

fam ily was represen ted  by an 8-plant r ow in each of 3 replic ates in 

a randomise d b l o ck design , and the plants we re maint ai ned without 

de foliati on ( oth er than sampling ) during the experiment . Seedling 

vigour was sc ore d  on a 1 ( low) - 5 ( h igh )  scale 2 weeks a fter  tra ns­

planting . 

Herbage samples we re c olle c t e d  a t  two grow th s ta ge s .  Rows were 

sampled indiv idually as each group o f  8 plants reache d  t he he ading 

stage ( de fined as for experiment 1 ) . Only ti llers at the d e fined 

stage were c ollected and an e qual number was taken from each plant 

in the row and bulked to give a single row sample.  The second ha rvest 

was taken . i n  late summer ( February 2 1 , 1 969 ) , all rows being sampled 

on the one occasion.  A t  this t ime , a l l  leaves , inflorescences and 

higher internodes were dead ( internodes t o  a height of 30-40 cm were 

usually green ) , seeds were dispersed and b oth he ads and leaves were 

disintegrating.  All plants were apparently do rmant ( i . e . , no growing 

vege tativ e  tillers were visible ) .  Th is will be sub sequently referred 

to as the ma ture stage . As be fore , s pec ial care was t aken in t he 

sampling o f  he rbage , and an equal number of ti llers was taken from 

each plant in the row .  

Harv e s ted tillers from each 8-plant row were dried i n  a forced­

draught ov e n ,  weighed ,  ground i n  an Apex cutter mill  to pass th rough 

a 1 mm screen  and analysed for K j e ldahl nitrogen content (%N , dry 

mat ter basis ) and in v itro dige stibili ty o f  organic ma tter  ( IVDOM ) . 

The analy t ical techniques are desc ribed in appendices 1 and 2 .  
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Statistical analysis of the da ta was carried out as detailed in 

Appendix 5 .  The 8 charac ters exam ined ( all having normal di stributions ) 

were % N ( heading) , % N ( matur� ) , IVDOM ( heading) , IVDOM ( mature ) ,  

log. 1 0  t iller weight (heading ) ,  log. 1 0  tiller wei ght ( ma ture ) , · 
heading date ( days a fter 31 . 1 0. 1 968 ) and seedling s c ore ( square root 

transformat io n  of scores summe d  ove r  all  plants i n  the row ) . 
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RESULTS 

A description of the variation be tween  families fo r each charac ter 

is given in table  1 0. Th e differenc� b e tween familie s a t  the  extremes 

of the herbage �VDOM range was 8 . 8  digest ibility units at hea ding 

and 1 1 . 3 units at  the _ ma ture s tage . Th ere .was: signi fi cant yariat ion in 

% N of  mature he rbage , but · families did not di ffer - s i gni ficantly at 

th e earlier s tage . Fam'ilies di ffere d by up to  1 1 . 5 days in mean 

· heading date and up t o  twofold in t i ller  weight , but · the re was re lative­

ly lit tle variat ion for se edling vigour. .The re wer.e la rge gene tic  

mate rnal e f fec ts on  s e edling vigour , and  · the re was some evi dence o f  

similar e f fects  ( or al terna t ive ly ,  o f  non-additive gene tic  e ffec ts ) 

on % N at heading.  The heri tability e s timate of the forme r  c harac ter 

( table 1 0 ) is  e ssen tially zero wh en th e maternal genetic  e ffe c t  is  

removed , wh ile the e st imate for % N a t  hea ding as given in the table is 

probab ly b iased upwards . The remaining he ritability estima te s  a re 

all high . I t  must b e  rememb ere d that thes e e stima tes are for family 

means , and would  b e  expe c ted to  be  higher than those for sing le plants.  

Replic ation and care ful  s ampling, and some inevitable  phe notypic 

ass ortative mating for fl owe ring dat e  all contribu ted to  some degree 

to  th ese value s .  

Although families di ffe re d  s i gn i fi cantly in herbage qua l i ty at 

each grow th s tage , t he same families were not ne c essarily s uperior 

at b o th stage s .  On th e c ontrary , t here were signific ant fam i ly x 

stage interac t ions for both % N and I VDOM ( table 1 1 ) .  This can also be  

seen  in the low  phenotypic c orrelat ions b e tween fami ly mean values for 

each charac ter at the two s tages ( 0. 303 and 0.036 respe c tive ly for 

IVDOM and % N ;  tab l e  1 2 ) . However,  for predicting c orrela t e d  responses 

in one c harac t er ( or a t  one stage ) result ing from sele c t ion for another 

character ( or at another stage ) , e s timates of gen etic c orre la tions 

be tween charac t ers are nec e ssary . These are give n  in t ab le 1 2 . The 

genetic correlation between  IVDOM at th e 2 stages was low but  pos i tive , 

while the corresponding correlation for % N was ( nonsigni ficantly ) 

negativ e .  A lso o f  intere s t  are genetic  c orrelations b e tween  IVDOM and 

% N ;  i t  can b e  seen that I VDOM at one harvest is ne ga tive ly rela te d  

genetically to  % N a t  t he o ther , but  le ss c losely relat e d  t o  % N at  

the  same harv e s t .  

The gen e tic c orre la tions between IVDOM and % N measurements ,  and 

the heritability estimates and standard deviati ons from tab l e  1 0 ,  

.. 



have b e en c ombined t o  produ c e  e s tima tes of c orrela te d respons es t o  

selec tion ( tab le  1 3 ) .  I n  th is table , two variables - %  N and IVDOM 
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of mature herbage - have been  desi gnated "main charac t ers" , and the 

re lative increase in th eir  levels a fter  a s ingle cy c le of fami ly sele ct­

ion  for  any o f  the 4 herbage q uality measurement s is  given .  For  the 

pu rposes o f  this  tab le , nonsign i fi c� n t  heritabi li ty e s tima t es and 

gene tic  correlat ions hav e been  t aken a �  fac e  val ue . S everal c onc lusions 

can be  drawn. Firs t ,  the re lative inc reas e in each main character 

from a cyc le o f  sele c ti on is greates t when selec t ion  is based on the 

character  itse l f ;  c orrelated re sponses fo llowi ng selec ti on for an 

alte rna t ive  charac ter are much smaller  and oc casiona l ly negative . 

Second , even assuming tha t ge neration interval would be two years i f  

quali ty had t o  b e  measured on ma ture he rbage ( compare d w i th one year 

i f  me asurem ents c ould be made be fore flowe ring ) ,  the selec tion response 

in the main charac ters pe r unit time would still fav our direct  ra ther 

than indire c t  s elec tion. Fur thermore , since he rbage quality measurements 

require c onsiderab le time and labour , it is like ly that many more 

fam i lies or genotype s could be measured at the mature s tage than 

would be possible during t he short t ime betwe en heading and anthesi s .  

Highe r s e lection intensity fo r the main character wo uld furth er 

inc reas e the supe ri ority of d irec t sele ct ion. Third , selec ti on for 

IVDOM at  ei the r s tage would hav e relatively litt le e ffec t  on % N ,  a nd 

vice  v e rsa. Shou ld both charac ters need to be improved , s e lec t ion 

must be  applie d for both ; sh ould only one chara c t e r  b e  ch osen for 

improveme nt , the other could b e  easily maintained ne ar the exist ing 

leve l .  

Despite the ma gnitude o f  the inte rac tion be tween  fa milies and 

growth s tages for both IVDOM and % N ,  it should b e  possible t o  produce 

popula t i ons having re lativ e ly high levels of each character  a t  each 

stage . Such a c onc lusion can b e  reach ed from the oretical c onsidera t ions , 

but is also apparent from a cl ose inspe c tion of t he fam i lies described 

here . A s  an  example , the values o f  the  39 families for  IVDOM ( h eading ) 

are plotted against the ir valu es for IVDOM (mature ) in figure 2 .  

I t  i s  c lear from this figure that 2 families had high values a t  both 

stage s .  For all othe r characters measured these  familie s ,  which were 

unre la t e d ,  were interme diate i n  value . 

Some o f  the remaining relationships between characters are of 

inte res t .  First ,  heading date was ne gatively rela t e d  to  IVDOM a t  

heading ( bu t  not a t  maturi ty ) and positive ly rela t e d  to  % N at 
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at maturity ( but not at heading ) . Sec ond , tille r we ight was nega tive ly 

re lated t o  % N ;  the gene tic  c orrelat ions were quite  h igh . Tiller 

weight  showed a l ow but s ignificant posi tive associa tion with IVDOM . 
Third , ne ithe r IVDOM nor % N was c losely c orrelate d phe notypically 

with seedling v igour. Howeve r ,  gene tic c orrelations c ould not be 

calculated.  Fourth , heading date was negatively rela ted to  tiller 

we ight.  
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TABLE 1 0  
S TATI STICAL DESCRIPTION OF THE VARIATION IN 8 QUANTITA TIVE CHARAC TERS AMONG 39 FULL-SIB FAMI LIES OF PHALAR I S  

TUBEROSA ( CPI 1 9280 ) . ALL DATA REFER TO FAMI LY MEANS BASED ON 3 REPLICATIONS 

·-

.- Character  and growth stage 
. ' 

% N, heading 

% N ,  mature 

� IVDOM , heading 

%IVD�M ,.  m.ature 

Ldg1 0  tiller wt . ( gx1 0 ) , headi� 

Log1 0  t i ller wt. ( gx1 0 ) 1 mature 

"Heading date ( days after  31 /1 0/ 
. . . ,  68 ) 

• .  

Wormalised se edling s c ore 

Mean Range S tandard 
dev iation ( <f" p )  

1 . 263 1 . 08-1 . 42 0 . 077 
0 . 51 1 0 . 38-0 . 66 o. o66 
64 . 2  59 . 3-68 . 1  1 . 96 
33 . 1  27 . 5-38 . 8  2 . 56 
1 . 36 1 . 1 8-1 . 4 9  0 . 069  
1 . 32 1 . 1 1 -1 . 49  0 . 075 

20 . 6  1 5 . 8-27 . 3  2 . 77 
5 . 76 5 . 3  -6 . 1  0 . 205 

Signi fi cance o f  e f fec t ,  Heritability (h2 ) ( a ) sire s  (b ) dams in s ireE + - s . E .  

NS NS 0 . 270:!: 0 . 1 98 ( NS )  
• • 0 . 586:!: 0 . 1 1 9  ( • • • ) 
NS • 0 . 545! 0 . 1 24 ( • • )  

• • •  • 0 . 782:!: 0 . 071 ( • • • , 
• • • •  0 . 825:!: 0. 052 ( • • � ) 

• • •  • • •  o. 83o! 0 . 057 < · · · � 

• • •  • • •  0. 930:!: 0 . 025 ( • • • ) 
NS • •  o . ooo � 

----

• P < 0 . 05 • • P < 0 . 01 • • • P < 0 . 001 NS = not significant, § best  e s t imat e ,  based on sire varianc e only . ) . I ) 
< '• 

..... 

>.:: 

- --·--
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' � � 
. .; · I 

.... , _ .  -.. - -•. 1. �-



TABLE 1 1  
· ' 

ANALYSIS OF VARI ANCE OF IVDOM AND % N AT TWO GROWTH STAGES IN 39 FU LL-SIB  PHALAR IS TU BEROS A FAMILIES 

Charac ter 

IV DOM 

% N 

Mean squares an d signi ficanc e o f  e ffects  due to • • • • •  
Grow th stages Families 

56597. 34oo• • • 20. 1 384 • • •  
33 . 065442 · · ·  0 . 01 6036· 

• p <. 0 . 05 • • p < 0 . 01 . . .  P < o . oo1 

Families x stage � 

1 1 . 01 55 • •  
0 . 01 491 4 •  

Interac t ion sum o f  squares 
as a percen tage of  families 
sum of squares .  

55 
93 . 

' 

0 

•,. 

·:." 

<·. 

> 
' 

·-' "  I .t:-1\) . < ' .  I 

.... _ 



TABLE 1 2  

PHENOTYPIC AND ADDITIVE. GENETIC CORRELAT IONS AMONG 8 CHARAC TERS ME ASUR ED ON 39 FU LL-SIB PHALARIS TUBEROSA 

FAMILIES . CORRELA TIONS ABOVE THE DIAGONAL LINE ARE PHENOTYPIC ; TH OSE BELOW ARE GENETIC . ALL DATA REFER 

TO FAMILY MEA N VALUES , BASED ON 3 REPLICA TIONS . 

(H1 and H2 re fer to charac ters measured at heading and ma ture sta ges respe ctively ) 

Charac ter and IVDOM ( H1 
growth stage 

IVDOM ( H 1 ) 
� 

IVDOM ( H2 )  0 . 397* 

% N ( H1 ) -0 . 232 

% N ( H2 )  -0 . 366• 

Heading date -0 . 570* 

Tiller wt . ( H1 )  0 . 1 80*  

Tiller wt ( H2 )  0 . 1 92 ·  

-
�------�----------------

-
-
-

· -- -

IVDOM ( H2 )  % N ( H1 ) % N ( H2 )  Heading 
date 

0 . 303 -0 . 055 -0 . 1 67 -0.465* * 

I� -0 . 207 0 . 235 0 . 1 00 

-0 . 552*  � 0 . 036 -0. 1 05 

0 . 21 7 ·  -0. 271 � 0 . 293 

0 . 1 1 1 *  -0. 079 0 . 386• � 
0 . 1 72 .  -0 . 220 -0 . 535*  -0. 475* 

0. 260• -0. 54 5 •  -0 . 596·  -0 . 547•  

- -------------------- ------------------------------ ----
Phenotypic c orrelat ions : • P ( 0 . 05 , • •  P <( 0. 01 1 • • •  P < 0. 001 . 

Tiller Tiller 
wt . ( H 1 ) wt . ( H2 ) 

0 . 1 27 0. 1 43 

0. 1 34 0 . 090 

-0 . 076 -0 . 1 65 

-0 . 395 * -0 . 339. 

-0 . 403 * -0 . 451 * *  

� o . 856 • • •  

0 . 967 · � 

Seedling 
scor e  

0 . 031  

0 . 1 06 

-0 . 074 

-0 . 1 32 

-0. 042  

0 . 321 · 

0 . 21 2 

Gene tic c orrelations : fo llowing Mc William and Latter ( 1 970 ) , a geDtic correlat ion is taken as significant 
( indicated • ) if the ratio o f  rg to its S . E .  exceeds 2 . 0 . 
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TABLE 1 3  

RELATIVE INCREASE IN TWO MAIN CHARACTERS FROM A SING LE CYC LE OF FAMILY SELEC TION FOR EACH OF SEVERAL ALTERNATIVE 

CRI TERIA 

I nc rease i n  main charac ter , relative to  re spons e from s ele c ting for main charac t. e r= ; 

Main Charac ter 1 00 ,  when sele c tion o f  e qual int e nsity i s  based o n  • • • • • • • • •  

% N ,  h eading % N ,  mature I VDOM 1 h eading 

' 
% N , mature -18 1 00 -3 5 

IVDOM , mature -32 1 9  33 

IVDOM , mature 

25 

1 00 ' 

. . 

- .. . 

. 
' 
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igure 2 .  - IVDOM \heading) 
plotted against IVDOM ( mature ) 
for 39 �· tuberosa fami lie s .  
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DISCUSS ION 

The extensive varia t ion for IVDOM at both the. heading and mature 

stages , toge ther w i th the high heritability estima tes  i ndicate that 

· selec tion would produce  a marked improveme nt in th ese characters . 
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P roviding the heri tab ilities and sta ndard deviations r emain c ons tant , 

s e lecting the best 1 0% o f  th e fam ilies sh ou ld ra ise IVDOM of the subsequent 

gene rat ions by 1 . 87 and 3 . 50 digestibility uni t s  resp e c t ively for each 

cyc le of sele c t ion . The range in IVDOM b e tween families  at  he ading ( 59. 3-

68 . 1 ,  or  8 . 8  uni ts )  is  greater than the range betwee n  P .  tuberosa 

s t rains observed in expe riment 1 ( 61 . 0-67 . 7 ,  or  6 . 7 unit s ) .  Select-

ion for IVDOM at headi ng would probab ly also a l ter the heading dat e  

( al though some improveme nt c ould be  achi eved h olding heading date 

c ons tant ) ,  and s e le c t ion for IVDOM of mature herbage might reduce % N 

at  heading. I t  will b e  shown la ter ( experiment 4 )  that in anoth e r  

population , sele c t ion for % N at heading d i d  in fac t  reduce I VDOM 

of ma ture h erbage . Both of  these l ikely corre lated respons e s  would 

ne e d  to be  kept in mind in a breeding program . The me an % N level  

of the populat ion a t  heading ( 1 . 26 )  was not h igh. 

Prospects for increasing % N by sel e c t ion are less  promising . 

A t  heading , heritabi l i ty of % N was l ow ( 0 . 27 ) , but a t  the mature 

s tage the heritabili ty was much higher ( 0 . 59 ) . A cyc le of 1 0% fami ly 

select ion should ra is e levels i n  the subsequent generation by 0 . 04 and 

0 . 07 % N at the h eading and mature stages re spe ctively .  Th ese expec t e d  

gains are small ; about 7-8 ge nera t ions of s e lection wou ld b e  required 

to ra ise the nitrogen c oncentra t ion of  the mature he rbage to  1 % ,  a 

figure often taken as the minimum die tary requireme n t  for rumi nants 

( see  e arlier li terature review) . I f  each s e lec tion cycle  required 

2 years - as seems like ly ,  s ince family pe rformance  for % N of  mature 

herbage could not be predic ted  in advanc e of flowering - inc reas ing 

the % N o f  mature he rbage t o  an accep tab le level c ould take up t o  

1 5  years . However , i t  must b e  remembere d tha t in P .  tuberosa pastures 

animals sele c t  herbage with a higher % N than th e mean of the available 

pasture ( Arnold 1 960a , b ) .  Thus even a small improveme nt i n % N 
o f  mature herbage might mean the dif fere nce between a positiv e  a nd a 

negative nitrogen balance for the grazing animal . 

In  this ecotype , % N is ne gat ively c orrelated w ith tiller  weight 

and there fore possibly with plant •nd pastur e  dry matter  yield.  In  

the  fol lowing experim ents it will  be s hown t hat such a relationship 

is  also found i n  oth e r  P . tube rosa populat ions , and that s e le c t ion for 



% N results  in  correlated dec reases in ti ller weight . The present 

data support our e arlier resu lt s ( C lements , Oram and Sc owcroft 1 970 ) 

wh ich showed negative phenotypic c orre lat ions betwee n  % N ( h eadi ng ) 

and yield at heading and prece ding stages among 21 P .  tuberosa s tra ins . 

However , previously we had not obs erved c l ose phenotypic relationships 

between % N of  ma ture herbage an d dry ma tter yields at maturi ty o r  

preceding stage s .  I n  the pres e nt expe riment , the phenotypic c orrelat­

ions b e tween  % N and ti ller we igh t  are low ,  but gene ti c  correla t ions 

are comparat ively high . Similar nega tive associat ions b e tween ni trogen 

c ontent and herbage yield hav e rec ently been re por ted  in oth e r  species  

( see literature review) . 

The re are no c omparable es timates o f  he ritability of mature 

herbage quality in  the lite rature . Chris tie and Mowat ( 1 968 ) repo rted  

b road-sense heritability o f � v i tro dry matter dige s t ibility ( IVDPM)  

o f  Bromus inermi s  at  anth esis t o  be  0 . 73 ,  o . 6o ,  0 . 62 and  0 . 73 for 

leaves , s tems , vege tative tillers and whole plants re sp ec t ively .  At 

earlier stages , heritabilit ies o f  crude pro tein c ontent  and IVDDM 

( or IVDOM)  have been estimated as 0 . 1 4  to 0 . 75 and -0. 29 to 0 . 69 

respec tiv e ly in Lolium perenne ( C oope r 1 961 ; Cooper � !!  1 962 ; 

Rogers and Thomson 1 970 ) ; 0 . 53 to  0 . 69 and 0 . 52 t o  0 . 53 respe c t ively 

in Dac tylis glomerata ( C ooper 1 961 ; C ooper !1 !1 1 962 ) ; and 0 . 1 9  t o  

o . 4 1  and 0 . 06 t o  0 . 66 respe c tive ly i n  Phalaris arundinac ea ( Asay !! !! 
1 968 ; Carlson e t  !1 1 969 ) . Other au thors have r epor t ed s igni ficant 

gene ral c ombining ability for one or bo th charac t e rs i n  Dac tylis glomer­

ata ( K nigh t  and Yates 1 968 ) and Medic ago sativa ( Lamprecht and S tevens 

1 964 ; Lampre cht !! � 1 965 ; Gil !! al 1 967 ) . 

The highly signi ficant fami ly x grow th stage int e rac tions for 

% N and IVDOM agree with the P . tuberosa ec otype x stage interactions 

re ported earlier ( C leme nt s , Oram and S c owcroft 1 970 ) ;  It is possibl e  

to  deduce from other publishe d  work that similar interac tions may wel l  

occur in  B .  inermis ( P icke t t  1 950) , M . sativa ( Troelsen and Campbell 

1 969 ) , D .  glome rata ( Mowat � !!  1 965b ; Julen and Lager 1 966)  and 

other spe cie s .  Such inte ractio ns c ould conceivab ly b e  caus e d  by 

regular di ffere nce s  b e tween genotype s in proportions of leaf and s t e m .  

I t  is  now wel l  known that s t em digestibility i s  initially h igher than 

lea f digestib i lity , but dec lines more rapidly w i th time ( Pritchard � !!  
1 963 ; Terry and Tilley 1 964 ; Mowat !! � 1 965a ; Walters e t  !1 1 967 ;  

Dent  and  Aldri ch 1 968 ) . However ,  in P .  tuberosa , digest ib i lity and 

% N at b oth the he ading and ripe seeds stages are higher for leaves 
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than s tems . (C lements ,  O ram and Scowc ro ft 1 970 ) , so tha t  both charac ters 

may wel l  have been nega tively corre lated with s tem : leaf ratio  at each 

sampling s tage in the presen t expe rime nt . The fam ily x stage inte r­

a c t ions could therefore be  due to  changes  i n  t he relative ra nking o f  

families for stem : l e a f  ra tio between ha rvests  ( e . g. re flecting dif ferences 

in dry leaf retention ) , or to other fac t ors qui te unre lated to this 

ratio. 

The present exp eriment was restri c t e d  to  a si ngl e env i ronm e nt 

and only one year . Furthermore , familie s were grow n  as  spac e d  plants 

and were not de folia t e d .  However ,  the results agre e remarkab ly well  

with those previously ob tained for both spac e d  plants ( C lements , Oram 

and S c owcroft 1 970 ) an d swards ( Oram , C lements and Mc William , unpublish­

e d ) in a di ffere nt env i ronment and in two di ffere nt years. 



EXPERIMENT 3 

SELECTION FOR HIGH AND LOW NI TROGEN CONTENT I N  AN ADVANCED 

PHALARIS TUBEROSA BREEDING POPULATION 

I NTRODUC TION 

Many of the important temperate and Mediterranean pasture spe c ie s  

have been  sub je c ted t o  intensiv e  selection b y  plant b reeders for s uch 

characters as herbage yie ld , s e edling vigour , persistence  and adapt­

ation . Consequently , exis t ing commerc ial or expe rimental cultivars 

and advanced b reeding populations are l ikely to have high lev e ls of  

sele c te d  charac ters . P lant breeders may b e  unde rsta ndably reluc tant 

to sacri fice the proportion of this supe riority which would be lost i f  

selected  material was c rossed with re lativ e ly inferior ma te rial in 

order to incorporat e othe r charac ters into the breeding population . 

I t  is  often possib le to select  instead wi thin existing e lite populations 

or cultivars and thus ( in the absenc e of  un favoura b le correlat e d  

respons e s ) maintain current levels o f  prev iously sele cted char�cters 

whi l e  improving othe r traits . 

Such an alternative is of interes t  for Phalaris tub eroaa.  The 

exis t ing breeding populat ions in Australia were e stab l ished in the 

lat e  1 950s and have since b e e n  inte nsive ly selected for yield , seedling 

v igour , seed retent ion and adaptation ( e . g. McWilliam 1 963 ; McWilliam 

!1 !1 1 965 ; McWilliam and Latter 1 970 ; Oram unpub lished ) .  The 

relativ e ly nutritious ec otype described  in expe riments 1 and 2 has 

good seedling vigour but i s  inferior in this an d especi ally othe r 

charac ters to the breeding populations . Furthermore , t he wide genetic  

base  o f  CSIRO breeding materia l  sug gests that many o f  the  populat ions 

may c ontain c onsiderab le gene t ic variab ility for he rbage nutritive 

ialue , and si gnificant varia tion has in fac t been  found in one of the 

populations ( Oram , Cleme nts and McWilliam , unpub lished ) . H e ri tabi lity 

of  c rude protein content (%N x 6 . 25 )  at about the heading stage in 

ful l-sib fami ly swards was 0 . 54 ( for a family mean based  on 4 rep licates ) . 

However , although %N was posi tively gene tically co rrelated with 

digestib ility ( r  = 0 . 4 8 ) , it was negativ e ly c orrelated with y ie ld , g 
particularly with winter yield  in th e year of  s owing ( rg = - 0 . 55 ) . 

Thi s  la tter c orrelati on was thought to re flect  a ne gative gene tic 

associat�on be tween % N and seedling vigour. 



The pre sent expe riment describ e s  the e ffects of  s e le c t ion  for % N 
o f  P . tuberosa plants measured at heading. The ma�erial chos en was 

a broadly-based , advanc ed breeding population ( Mc William and Latter 

1 970 ) which had previously been selected  for  yie ld and s e edling 

v igour . The same population at an earlier evolut ionary s ta ge had 

prov ided the unpub lished data prev iously refe rred t o .  Select ion was 

carried out in c ontrolled environments to shor ten the gene rat ion 

interval and reduce the e nvironmental variation , and hence inc rease 

the ac curacy o f  selection and the rate  o f  re spons e .  The hea ding s tage 

was chosen b ecause it was c onsidered t o  be the la test distinc t growth 

s tage in the reproduc t ive cycle at which  a reasonably la rge plant 

p opulation c ould be analysed for % N in advance of floweri ng. 

MATERIALS AND METHODS 

The se expe riments were c onducted in the Controlled Environme nt 

Research Labora to ry ( CERES ) at Canberra . P lants were grown in pe rlit e  

or  in perlite-vermiculite mixtures ,  and were watere d twi c e  dai ly , 

once with H oagland ' s  solution and once with water.  

( a ) Selection for Crude Prote in Content 

A repre sentative sample of seeds taken from this base population  

was prechilled at 4°C for 5 days and germinated at  25° in  the dark. 

A random sample  o f  1 40 seedlings was planted in 5 by 5 c m  peat cups 

and grown at an alte rnating temperatu re ( 21 /1 6° day/nigh t )  in natural 

light  with the photoperiod e x�ended to 1 6  hr by low int ensi ty incan­

desc ent ligh t  (40  f. c . ) unt i l  all plants  had pro duced at least three 

fully emerged leaves.  Seedlings were then vernalized for 5 weeks 

in short days ( 8  hr) at 9/4° in natural light . Followi ng c o ld treat­

ment , plan ts were trans fe rred to  4-in.  plast ic pots and grown at 

24/1 9° in long days as b e fore .  Elongating tille rs were harvested a t  

ground leve l  at  h eading , i . e .  as s oon as the inflorescence  e merged 

c lear of the flag lea f.  This occurred 3-7 weeks a fter trans ferring 

plants from the c o ld treatment . Harvested ti llers were d ri e d  for 
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24 hr at 80° in a forced-draught oven , we ighed,  and ground. Sampled 

material from the earliest t iller on each p lant was analysed  for nitrogen 

c ontent , except where the f irst ti ller was obviously abnormal .  

Occasionally more than one tiller was sample d ,  e spec i al ly in later 

generations . Total ni trogen c ontent was measured by the K j e ldahl 

technique ( Appendix 1 ) . 
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The 1 0 , plants with the highe st and . . �he 1 0  :- wi th the lowes t  pe rcent­
ages of nitrogen were selected ,as parents ·for · the high and . low select - ·  
ion lines .respectively ; a�d 1 0  .plants were t�ke.n ·a.t ran�om to · establish · 

a c ontrol ( unselected ) line . The fl owering o f  plants wi thin each li�e·· 
was synchronized by using cool and warm glasshouses ;  lines were 
recombined in isolati on at 24/1 9° .an d s eeds were produc ed by random 
pollination within each line . 

From the seed produced , equal numbers of pro geny from each ovule 
parent were planted to provide c .  1 00 first s elected generation ( S1 ) 
plants in each o f  the high ( H ) , low ( L ) , and c ontrol ( C ) lines . 

Later generations of p lan ts were grown and measured in an e ssent­
ial ly  similar manner .  The vernalizati on period was inc reased  to 6 
weeks after  the s0 generat ion,  and a Technicon autoanalyser was used  
to  measure nitrogen c ontent in  the s 2  genera tion. The gene ration 
i nterval was 5-6 months , allowing two cycles of  s elec tion per year.  

Realized heritabilit ie s  were calculated as described  by Falconer 
( 1 960 ) , after homogeneity of variances  within lines and generations was 
demonstrated , and selec tion dif ferentials were weighed for maternal 
parent contribution t o  the genera tion conc erned ( Lat ter,  pe rsonal 
c ommunicat ion ) . In  estimating heritabilities , correcte d  selection 
dif ferentials were measured as deviati ons from random c ontrol differ­
entials , and the regression lines of selec tion response on selection 
dif ferential were corrected  to pass through zero after appropriate 
tests.  Coe fficients of  inbreeding were es timated as describ ed by 
Falc on er ( 1 960 ) . 

(b ) Measurement of Corre lated Responses 
In each cycle of  selec tion , weights of  harvested tille rs and o f  

the ir leaves , and t ime from the end o f  c old treatment t o  heading , 
were recorded for each plant . During the fourth ( s3 )  cyc le additional 
measurements were made on each plant ; th ese included tiller  number ,  
length of  harvested ti llers , and number of leaves pe r harvested tiller 
( see  table 1 5 ) .  

Equal weights of ground herbage from each plant were bulked within 
lines in each generation to provide material for other chemical and 
b iological analyses .  These included !E vitro dry matter digestibility 
( IVD ) , norma l  acid fibre ( NAF ) ( ap Gri ffith and Thomas 1 955 ) , and 
wat er-soluble carbohydrate ( WSC ) by a modified anthrone me thod 
( K . R .  Christian , personal communication ) . 

·' 
,. , 

., . 



I n  th e s3 generation seedling characters were examined in replic ­

ated experiments . Seedlings were grow n in 3-in. plastic pots at 1 5/1 0° 

in natural light and watered dai ly with Hoagland ' s  solut ion.  They 

were m easured for leaf lengths and width s ;  leaf area , measured a t  

th e three - leaf s tage b y  length x width re gression ( append ix 7 )  and 

at th e fiv e -leaf s tage with a n  airflow planimeter ( Jenkins 1 959 ) ; 
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rate  of  leaf  appearanc e from fourth to sixth le a f ;  and dry we ight o f  

tops a nd roots at  both three -lea f  an d five-l eaf s ta ge s .  A l l  measurements 

were made on 30 seedlings pe r line,  5 ra ndomly chos en  hal f-sib families 

in each line b e ing us e d .  The measurements allowed re lative  growth 

rate , re lative rate of leaf  area expans ion, and s p e c i fic lea f  we�gh� 
( we ight p er uni t  area ; Hunt and Cooper 1 967) to b e  calculated.  

RESULTS 

( a )  Respons e t o  Selec tion 

Three gene rations of s e le c tion for high and low percent age nitrogen 

resulted  i n  a highly signi ficant divergenc e of sele c te d popula tion 

means ( 3 . 3  and 2 . 7%  N respe c t iv e ly )  from the c ontrol me an o f  3 . 0% 

( tab l e  1 4 ,  fig.  3 ) . Although the s3 dis tributions of percentage 

ni trogen for the three popu la tions overlapped, the t o ta l  range o f  

values s li ght ly increased.  

The high er c orrected  s e l e c t ion different ial i n  the high direction 

( fig. 3 )  was due to random fluc tuations in the se le c t ion - different ial 

in the c ontrol populat ion ( se e  table 1 4 )  and was not due to l ower 

phenottpic variation in the low line . I n  fac t ove r  all  gen erat ions 

the variat ion i n  all  popula tions was similar , and the re was no evidence 

of any decline with sele c t ion .  

Realized heritabilities and the regression equati ons from which 

they were calc ulated are pre sented in tab le 1 4  and fi gure 3 respe c t ­

ive ly .  Sinc e  t h e  realized he ritabi lities  i n  each . dire ction we re not 

significantly differen t ,  the data were poole d to calc ulate a comb ined 

estimate , h2 = 0 . 221 . 

The inbreeding c oe ffi ci ents p resented in Tabl e  1 4  are probably 

underestimate s .  Robertson ( 1 961 ) and Gill and C lemme r ( 1 966 ) have 

shown that selection and linkage each increase the ra te o f  i nbreeding , 

so that the t ru e  F values may b e  highe r in the s e le c ted  than in the 

c ontrol p opulation. Howev e r , the inc rease in inbree ding due t o  

population size i s  similar i n  all  .line s ,. 
.. ' � . 



( b )  Correlated Response s  i n  Charac ters Measured  a t  Heading 

Values o f  a number of morphologic al and physiological charac ters 

m easured at heading in sele c t e d  lines devia ted from the c ontrol mean 

( table  1 5 ,  fig 4 ) .  Tiller length and weight increased in the low 

line and lea finess ( perc entage lea f )  steadily decreas e d .  I n  the high 

line , tiller we ight  fell in the first two sele cted  generat ions and 

lea finess inc rease d  ( se e  fig 4 ) , but in the s3 gene rat ion thes e  two 

charac ters did not differ signi ficantly from control values . Over  

all lines and  generations , th ere was a c onsistent and highly si gni ficant 

negativ e  relationship betwee n % N and tiller we ight ( tab le 1 6 ) .  
Of  spec ial interest are changes in characters associated with 

nutrit iv e  value ( fig.  4 ) . C orre la tions between thes e  characters and 

% N ,  e s t imated over all lines and generat ions , are t abulated ( tab e 
1 6) .  Significant di fferenc e s  occ urred in WSC and IVD , but not in  

NAF , be twe en sele c te d  lines in each generation. Ov e r  all  generations , 

�-

% N was s i gnificant ly correlated with IVD ( r  = 0. 81 5 )  and NAF ( r  = -0 . 670) 

but not with WSC ( r  = -0 . 1 33 ) .  The latter lack of correlation 

probably re flects the susceptibility of WSC to temporary e nvi ronme ntal 

influe nces.  

( c )  Correlated Responses in Se edling Chara c t e rs 

Selec t ion result e d  in marke d changes in seedling charac teris t ic s  

of  both the high and the low lines ( table  1 7 ) . The ove rall e ffect  

was a reduc t ion of  see dling vi gour in the high line  and an increase 

in the low line . There were significan t ne gative c orrelati ons b e tween 

% N and a lmost all  indicat ors of see dling vigour.  · I n  addit i on ,  the 

sele c t ion lines differed s igni ficant ly in relative grow th rates and · 

specifi c  lea f we i gbt( c ontrol lines being consi stent ly intermediate ) and 

.
% N was negatively c orrelated  w i th these  charac ters ( table 1 7 ) .  

The % N in s2 seedlings at  4 we eks did not differ  between l ine s 

( data not presented ) . Sim i lar seedl ing measureme nts have since been 

made in t he s3 and s4 genera tions ( see  expe riments 6 and 7) , and lines 

have b e en found to differ. 



TABLE 1 4  

RESPONSE TO SELEC TION FOR HIGH AND LOW TOTAL NITROGEN CONC EN__TRATI 'ON : . s3 GENERATION LINE MEANS , ACCUMULATED . 

Line 

High ( H )  

SELECTI ON DIFFERENTI ALS A ND INBREEDING COEFF ICIENTS , AND REA LIZED HERI TABI LITIES 

Percentage of Coe fficient of 

nitrogen i nb reeding 
+ SE ( F ) -

+ 3 . 323 - 0 . 037 0 . 1 452 

Accumulated  

Selecti-on 

I n tensi ty ( i ) * 

--

� • . 696 -

Realized 

Heritab ility 

( h2 ) ! 

. . + 

SE 

C ontrol ( C ) + 3 . 007 - 0. 029 0 . 1 361 -0 . 742 

0 . 246 · - 0 . 032 } 
0 . 221  ! 0 . 049 t 

Low ( L ) 

• i= 

+ 2 . 727 - 0 . 031 0 . 1 370 . .  -4. 65� 

Mean of selected  pare nts - mean of popula tion from which they cam e 

Stan dard devia tion of population 

t C ombined e s timat e ( se e  text ) . 

"· 

.. 

� .· . ,. 

· o . 1 96 ! o . o9o 

( Falc one r  1 960) . 

I \.11 
-
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Fig. 3 .-Response to selection for 
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Observed response. 

Fitted l ine . 

Equations for fitted lines : 

High nitrogen : R = 0 · 246S. 
Low nitrogen : R = - 0 · 1 96S. 
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TABLE 1 5  

DIFFERE NCES BETWEEN s3 LINES FOR PLANT C HARACTERS MEASURED AT HEADING 

Line Mean Values ! 

Charac ter  

High Control 

Days from c old treatm ent to heading 
+ 29 . 1  - 0 . 5  26 . 7  :!: o . 6  

Length o f  reproductiv e  t i l lers ( cm )  54 . 5 :!; 1 . 1 52 . 6 :!; 1 . 1 

No .  of reprodu c tive t i l lers per plant 
+ 

1 2 . 9  - o . 6  9 . 8  ! 0 . 3  

No . o f  vegetative or new t illers per  + 7 . 6 :!; 0 . 7  p lant 7 . 6 - 1 . 0 

No.  o f  l eav es per reproduc tive ti ller 7 . 8  ! 0 . 2  + 7. 0 - 0 . 1  

Leaf weight per reproduc t ive t i ller  ( mg ) 324 :!: 1 5  34 6 :!; 1 4  

Weight pe r reproductive  ti ller (mg )  I 885 ! 39 860 :!; 35 

40. 7 :!; 0 . 4  Percentage l e a f  p e r  reproduc t iv e  tiller 39 . 6! 0 . 4  

f 

SE 

Low 

25 . 4  :!: o . 6  

60 . 6  :!; 1 . 2 

1 0 . 8  ! 0 . 2 

5 . 4  ! 0 . 7  

7 . 6  :!; 0 . 2  

447 :!; 1 6  

1 1 92 ! 44 
+ 37 . 0- 0 . 7 

Line Diffs.  
Signi ficant 
at P ( 0 . 05 

H ) C , L  

L ) C , H  

H )  L )  C 

C ) L .. 

H , L ) C 

L )  H , C  

L )  H , C  . 

H , C ) L 
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TABLE 1 6  

CORRELATIONS AMONG CHEMI CAL  AND MORPHOLOGICAL CHARACTERS AT HEADI NG OVER ALL LI NES AND GENERATIONS 

Total of 1 0  popula tions 

Charac ter IVD wsc NAF Lea fine ss Ti lle r Wt . 

% Nitrogen 0 . 81 5 · ·  -0 . 1 33 -0. 670• 0 . 444 -0. 883· · ·  
IVD 0 . 1 65 -0. 838· ·  0 . 534 -0. 753 .  
wsc -0 . 371 -0. 058 0 . 1 95 
NAF -0. 734 • 0 . 733 . 
Leafiness -0 . 597 

• p < 0 . 05 .  . .  p < 0 . 01 . . . . P <o. oo1 • 

--· I \,.,, ..CO l 



TABLE 1 7  

CORRELATIONS BETWEEN SEEDLING CHARAC TERS AND PERCENTAGE NITROGEN AT 

HEADI NG , s3 GENERATION 

Character 

Relative growth rat e  of roots  

Relative growth rate  o f  t ops 

Re lative grow th rate , whole plant s 

Rate of  leaf appearanc e 

Log plant weight , 3-lea f  stage 

Log plant weight , 5-leaf stage 

Relative rate of leaf area expans ion 

Specific leaf area 

• •  P < o . o1 . 

C o rrelation 

-0 . 59 .  

-0 . 58 •  

-o. 6o•  

0 . 2 5  

-0. 54 •  

-0. 71 • •  

-0 . 39 

-0. 61 · 

-59-
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DISCUSSION 

I n  this expe riment , sele c tion  for high and �ow %N in whole ti llers 

at  heading r e sulted  in signifi cant responses , which were acc ompanie d 

by changes i n  other charac ters .  Real ized he ritabi lities were s imilar 

i n  the high and low lines . 

The ove rall  b ene fit from select ion for a ny character  depends not 

only on improvement of tha t  chara c t er b ut also on c orrela t ed  c hanges 

i n  othe r de sirab le  or undesirab le att ribut es.  Thus in these  selec tion 

lines , improvement in c rude prot ein c ontent mus t · b e  c ons idered agains t 

a re duction i n  se ealing v igour and ti ller wei ght whe n evaluat ing 

agricultural me ri t .  Low seedling vigour i s  a maj or weakness of P .  
tuberosa as a past ur e  plant , and see dling vigour i s  one o f  the  select­

iori ob j ec tives  i n  curre�t breeding programme s . · 

I n  this breeding populat ion , these  res�lts and those o f  Oram , 

C lements and McWi lliam ( unpub li she d data)  demons trate . ·a c ons istent 

negative c orr elation b etween seedling v igour and nutritive value 

characters .  In experiment 2 ,  a ne gative ge netic c orrelation between 

%N and tiller weight was observed in an Algerian ec otype of  f. tub erosa , 

and ne gativ e  phenotypic c orrelations be tween %N and yield  have been  

observed among 2 1  strains grown as  spaced plants ( C leme nts , Oram and . 

Scowcro ft 1 970 ) . Scurfield  and Biddiscombe ( 1 966)  examined 54 

i ntroduc ed lines of f· tuberosa during the s eedling stage and c onc luded 

that percen tage nitrogen was not re lated  to the yield of i ndivi dual 

line s .  H owever , their  results demonstrate a c lose negativ e a ssociation.  

Thus , un fav ourable rela tionships b e twe en %N  and vari ous indicator s  

o f  plant vigour hav e been demons trated i n  several d i ffere n t  populations 

and it s e ems reasonab le to  suggest  tha t this is a general phenomenon 

in this spec i e s .  Fur the r evidenc e will be  given in experiments 4-7.  

There are indicat ions that  s imilar relationships may o c cur i n  oth er  

spe c ies ; this has been  dis cussed  elsewhere ( see  li terature revie w )  

and need n o t  b e  reiterated here . 

The results of this experiment al low some specula tion  on the 

possible reasons for variation in seed ling vigour and ti ller weigh t .  

Levels o f  i nbree ding are similar , a t  least  i n  the s el e c t e d  line s ,  and 

inbreeding depression can there fore be disc ounted . S ome variat ion i n  

vigour was probab ly due t o  s e e d  weight  di fference s  which may in turn 

have been due t o  

c omponent . The 

ation to  heading 

a maternal genotype e ffe c t  or s ome e nv i ronmental 

change in the t ime  from the conc lus ion o f  v ernaliz� 

in these l ines ( table 1 5 )  suggests  that heading and 

; '· 
, . . , . 



flowering dat e  may hav e been changed by selec tion . Date of ear 

e me rge nc e is negat ive ly c orre lat ed gene t ically with seed we i gh t  in  

Aus tralian Commerc ia l  P .  tuberosa (r  = -0. 24 ; Lat ter 1 965 ) .  - g 
S ome variati on i n  s eedling vigour in th i s  expe ri ment , h ow ev e r ,  

. was due t o  di ffere nc e s  be twe en lines in relat ive growth rates . 

There was in additi on a great deal of variati on in relative growth 

ra tes , b e tween half-sib families within lines , which  suggests  tha t 

there is c ons iderab le sc ope for fur the r c orre late d  c hange s ( or for 

s e lect ion in breeding programme s ) . The variat ion in re la tive  grow th 

ra te o f  whole plants  was correlated  with spec i fic lea f  weigh t  ( r  = 0 . 5 ) . 

and the re are indi cations that the lat ter  cha rac ter is  assoc iat e d  with 

chlorophyll concentrat ion per unit lea f  area ( Hunt and C ooper 1 967 ) . 

The relationship b etwe en %N and seedling vigour is desc ribe d  in 

detail in experime nts 6 ,  7 and 9. The asso c iation between %N and 

t iller w e igh t , and i ts c ons e quences in terms of herbage yield are 

fu rther examined in experime nts 4 ,  5 and 8 .  

The fluc tuati ons i n  c ontrol line mean values ( fig. 4 )  for nutritiv e  

value c harac ters ( including %N ) i n  each generation deserve c ommen t .  

They are thought t o  b e  largely due to varia tion i n  ligh t  intensity at 

di fferent times o f  t he year , s inc e th is was the only ma j or envi ronmental 

factor tha t  was not cont rolled.  Changes in WSC , %N 1 IVD and NAF are 

known to result from variation in ligh t intensity ( se e , for example , 

Jones 1 961 ; Alberda 1 965 ; Deinum 1 966 ; Nowakowski and Cunningham 

1 966 ; Deinum !! � 1 968 ) . 

C orre lated res ponse s  in nutritive value charac ters ( fig.  4 )  

were gene rally as expe c t e d .  Oram , Clements , and McWilliam ( unpub lish­

ed data)  found negative and posi tive genetic correla tions respe c t iv e ly 

b e tween % N and NAF ( r  = -0 . 4 8 )  and between % N and IVD ( r  = o . 4 8 )  g g 
i n  this  breeding populat ion , and Cooper ( 1 961 ) has reported ne ga tive 

genetic c orre lations b e tween % N and WSC in Lolium pe renne and Dactylis  

glome rata.  In  t he present experi ment , there were no signi fi cant 

changes b e twe en selected  line s for NAF ( although the di ffere nc e  b e t ween 

C and L lines in the s3 generation just  reached s ig�i fi ca nc e )  b ut 

c hanges in WSC and IVD occurred in th e e xpec t ed direc t ions in the s1 
and s2 gene rations . Over a ll gene rat ions and lines , a close relation­

ship ( rp = 0 . 81 5 )  b e twee n  % N and IVD was found. Howeve r ,  in the s3 
there were no s igni ficant line dif fere nc e s  in IVD , and l ine di ffere nc es 

in WSC were marke dly lower than thos e for ear lier generations . I t  will 

be shown in experiments 4 and 5 that the e arly (s1  and s2 ) c orrelated 



changes in IVD were not maintained in the s3 and a late r  ( s4 ) generat­

ion under field cond it ions. In experiment 2 ,  three of the four genet ic 

c orre lat ions be twe en % N and IVDOM were ne gative (one nonsigni fic ant ly ) 

and only one was p ositive . Othe r worke rs have usually not found % N 

and digestibility t o  b e  closely related genetical ly (G il  � � 1 967 ; 

Burton !! � 1 967 ; Roth � � 1 970 ; Roge rs and Thomson 1 970 ) . The 

result here in the s1 and s2 generat ions may refle c t  transient linkage 

b e tween genes affe c ting the two charac ters . 

The breeding populat ion wh ich was used for this expe rime nt 

clearly c ontains gene tic  variation for % N and responds readily to  

se lec tion for th i s  c ha rac ter . However , there are obvious dan ge rs i n  

extrapolating from c ontrolled environment t o  field situa t ions and  

from one grow th stage t o  ano ther.  I n  t he fo llowing two experiments the 

fie ld performance o f  the line s will be described. 
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EXPERIMENT 4 

FIELD STUD IES ON SPACED PLANTS OF PHALARIS TUBEROSA SELECTION 

LINES GENETICALLY D I FFERENT IN NITROGEN 

CONTENT 

I NTRODUCTION 
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I n  th e previous expe riment , th e development of sele c t e d  lines 

of Phalaris tub erosa with high ,  low and "random" ( c ontrol ) 

p e rc entage nitrogen in wh ole  tillers at heading was out lined.  

The pres ent expe riment was designed t o  examine the pe r formance 

of th e selec t i on lines grown as spac ed plan ts in the fie ld .  I n  

particular , information was s ought on aspec t s  of p la nt m orphology 

and physiology suspec t e d  of  c o ntribut ing to  line and p lant 

di fferences in  %N ; on di f ferences betwe en line s with respe c t  t o  

nitrogen c onc e nt ration o f  plant parts ( leaf b la de , lea f  sheath , 

stem  and head frac t ions ) ;  on  dif fe rences between lines in %N and 

herbage digestibility a t  di f fere nt plant growth s tages ; and on  

the  nature of  th e relationship b e tween %N  and  tiller  wei gh t .  I n  

addi tion t o  the se maj or aims it  was intended t o  estimate the resid­

ual gene tic variab ility of %N within the high and low l ine s .  

Variat ion in  digestib i li ty o f  indiv idual plant s at  the he ading 

s tage was asse sse d ,  and its  relat ionship with %N and other 

characters was examined . 

MATERI ALS AND METHODS 

( a )  Design and Estab lishmen t of  the Experiment 

Nine-we ek-old seed lings from th e s4 generat ions of  the high 

N ,  low N and cont rol  N s e le c t ion line s were t ransplant e d  from seed  

boxes  to  the fiel d in autumn 1 968 ( May 5 ) . The s i te was adjacent  

to  those  used for experiments 1 and 2 ,  and soil  type  and conditi ons 

were the same . Each l ine was repre sent ed by a 20-plant r ow i n  

e a c h  o f  t e n  replicates in a randomis ed  b loc k design. P lant s were 

spac e d  at 60cm intervals wi thin rows 1 00cm apar t , and were  maint­

ained without de folia ti on  ( oth e r  than sampling)  during the exper i­

men t .  Care was taken to ensure that , within lines , progeny of each 

mat�rrial parent were included in e ach replicat e , and the maternal 



parentage o f  each plant in the expe riment was recorded.  

( b )  Sampling Proc edures  and Data Collection 

P lants were sample d at  5 stage s during th eir firs t ye ar o f  

growth . A t  the  f i rst and last s tages ( re ferred t o  as the  v e ge t ­

ativ e  and mature s tages ) ,  a l l  plants were samp led  on Septembe r  1 ,  

1 968 and March 23 , 1 969 respe ctively.  The remai ning samples  were 

taken succ e ss �v ely from each plan t as it reach e d  a de fine d stage 

in  the reproduc tive . growth phas e .  The se  were the preheadi�g s tage 

( de fine d as the d� te ' of f lag le a f  appearance , wh ich 9ccurred on 

average 21 , 22  and 23 days prior t o  headi�g in ' th� high , c ontrol and 

low  N lines  respe c t iv e ly ) ; . th'e he ad�ng s tage ;  as · d e fined 
·
in 

previous expe rime nt s ; and an th e s  s ,  wh eh oc curr e d. on av erage 

2 3 ,  21 and 22 days after heading in the high , c on trol and low  N 

l ines respe c tive ly .  The ma ture s tage was similar t o  that desc ribed 

i n  experime nt 2 ;  leaves , heads and upper internodes were dead , 

but lower le a f  sheaths and int ernodes were green  and sappy . New 

v e getat ive growth was usually negligib le , i . e .  most  plants  were 

d ormant . 

At  each s ampling, severa l  early tillers ( enough t o  pr ovide 

1 0-30 gm dry ma t t e r )  at  the de fine d grow th stage were taken from 

e ach plant . Til l e rs were cut by hand into short segments  ( 2-3 cm 

i n  le ngth ) either be fore ( later stages ) or after ( earlier stage s )  

drying in a forc ed-draugh t oven a t  80°C an d weighing. Exc ept  at 

the heading s tage , material for subseque nt analysis was prepared 

by bulking e qual ( weighed)  amoun ts of dri ed , chopped he rbage from 

e ach plant to provide a single  sample for each line in each o f  

the t e n  replica t e s .  Bulk samples a t  these stage s and samples  from 

i ndividual p lan ts at th e he ading s tage were ground in an Apex 

cutter mill to pass thr ough a 1 mm screen and analysed for K j e ldah l  _ 

nitroge n  c ont ent (%N ,  dry matter basis ) as describ ed in appe ndix 1 .  

Bulk samples a t  t he he ading s tage were prepared from the ground 

individual plant material ,  and the bulk sample s from all 5 s tages 

t oge ther wi th a number of single-plan t  s ample s at the heading s tage , 

were analysed for � vitro digestibility of organic mat t e r  ( IVDOM ) 

as described  i n  appendix 2 .  
Additi onal t i l lers were colle c ted  from each plant a t  the heading 

s tage . As b e fore , only t i llers at  the d e fine d s tage �were  taken. 

Measurements  on several tillers from each plant were pooled t o  

p rovide mos t o f  t he morphological and phys iological data for 

tables  1 9-21 , 23 and 26 . Tiller l ength ( including head)  was 
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measured to the nearest  centimetre , and the numbers of gree n  leaves  

and  elongate d  internodes ( i . e .  greater than 2 cm  in length ) were c ounted.  

Each tiller was the n separa ted into lea f ,  sheath ; stem and head portions. 

The lengths of th e penultimate inte rnodes were recorde d .  Widths o f  

the penultimate and lowes t  e longated inte rnodes were ob tained by 

lying the internodes in each category from each tiller  side by sid e 

and measuring the total width to  the neare st millimetre . An "av e rage " 

inte rnode width was later computed as the mean of these  t wo measure­

ments , and the ratio of  tiller length ( cm )  to  average width ( mm )  was 

c alculate d .  An "average" internode le ngth was e stimated from inter-

node numb er  and tiller length measurements . 

Following separa tion of  tillers into their c omponent part s , 

separate d material was drie d a t  80°C and weighed�  Line bulk samples 
of  each frac tion were then pre pared by taking a n  equal ( we igh e d )  amount 

of the frac t ion from each plant in the rep licate . For e ach  frac t ion , 

there were thus ten bulk samples of  each line , and these  were analysed 

for Kje ldah l  ni trogen  c onte nt (%N ) as b e fore .  

( c )  Statistical Analysis 

Two aspec ts of the s tatistical analysis nee d  som e  explana t ion.  

I n  relating %N of  indivi dual plants to  the c ombined e ffec t s  of  the  

various morphological and physiological features measure d ,  a multi ple 

linear regression analysis was used. The "step down me thod" ( Sne decor 

and Cochran 1 967) was chosen ; variables for whi ch the partial regress­

ion coe f ficient with %N was least significant were suc ce ssively e limin­

ated  until all remaining b values we re signi ficant at the 5% level.  

The genetic analysis was c omplicat ed by inequalities in  the sub­

c lasses and a signi fi cant re plicate ( b lock)  e ffec t  on %N. I ni ti al ly , 

t wo alternative mode ls were fit ted.  The first model ( designat e d  

model A )  de fined e a c h  indivi dual me asurem e nt i n  terms of  a populat ion 

mean value , plus a spe c i fic dam e ffec t ,  p lus an indivi dual error. The 

sec ond analysis ( mode l  B )  contained two additional components , a 

re plicat e  e ffec t  and a dam x replicate interac tion. Details o f  these  

models and the computations inv olved are giv en in appendix 6.  A 

c ompari�on of th � �wo analyses is  given in  table 22 ; they gave s imilar 

heritab ility est imates  for %N. Because replicate e ffe cts  were not 

s igni fi cant for any other charac ter  measured on individual plants , 

the  simple� model ( mod�l A )  was used for al l subsequ e nt genetic analysis. . I 

. ,  
' ' 

• '  ' 



RESULTS 

( a ) Nitrogen Content a t  Di fferent Growth Stages 

The high N line had high e r  %N than th e low N line a t  each o f  the 

5 growth stages ( tab le  1 8 ) .  The supe riority of th e high N line was 
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mos t marke d at the headin g  and mature s tages , whe n  %N values exc eeded 

those of the low N line by about one third.  The c ontrol N line was alwa;y.s 

int e rmediate , but not always si gni ficantly so. The fai lu re of one or 

other of the selec ted  lines to  di ffer from the control N line at aome 

stages resulted  in highly signi ficant line x stage interactions . A 

result o f  particular interest was the lack of d i f ference betwe en the 

high N and control N lines at the vege ta tive stage . 

( b )  Morphological and Phys iological Charac ters 

At e ach growth s tage , the low N line had he avier  tille rs than the 

high N line . Again the c ontrol N line was in terme diate , but not always 

signi fic antly supe rior to the high N line ( tables 1 8 ,  1 9 ) .  At heading, 

weights of lea f ,  sheath , s tem and head per tiller were greater  for the 

low N line than other lines ; stem weight  in the high N line was less 

than hal f that in the low N line , but leaf wei ght pe r tiller was two 

thirds that in the low N line . It is c lear that sele c tion for h igh 

and low %N has produc ed l ines di ffering markedly in the rela tive proport-

. ions of leaf and s tem , th� t issues wi th the highest and lowe st %N 

respec t iv e ly at this stage ( e . g. table 24 ) .  The dif ferenc es between 

line s in the weigh t  and p roportion of s tem tissue hav e  been  b rough t  

about partly by. di ffere nc es  i n  t iller length ( which in turn have been 

. caused by changes in the numb er , and le ngth · of
.
-i.nternodes ) and partly 

by "Changes in s tem thickness . Diffe re nces between - lines in leaf  weight 

per t i ll e r  re flect changes in both the number and weigh t  of individual 

leaves ; high N line plants  had smaller and fewer le aves per tiller than 

low N line plants.  Clearly the gx:-ea ter "lea finess" of the high N line 

on a unit tiller basis was due not to greater lea f  production , but t o  

a relativ e ly greater dec rease i n  stem produc tion than le a f  produ ction� 

Howeve r , it must be emphasised that the data refe r  to indivi dual ti llers , 

not to  whole p lants . 

Differe nc es  be tween the high N and l ow N lines i n  the proporti ons 

of sheath and head ,  though statistically significant , were ne gligible 

by c omparison with di fferenc es  b etween the selected a nd c ontrol lines .  

At  this growth stage , %N of sheath is  similar to  that of wh ole tillers 

. I  
, . 
. , . 
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( table 24 ) ,  so that selection for h i gh and low %N of whole tillers 

would not b e  expe c ted t o  change the  relative  proportion of  this c ompon­

ent except t o  c ompensate for changes in othe r fractions . However , 

· among individual plants o f  each of  the  selected lines , %N was more c losely 

corre lated with the proportion of  sh eath than wi th any oth er o f  the 

morphological/physiological characters examined ( table  20 ) . 
The relationships between %N and oth er charac ters p resented in 

tab le 20 are in formative . Firs t , they show t hat no one charac ter  

accounted for more than 25% of t he between-plant varia tion in  %N. 
Di fferences in %N between the high and low N line s were high ly signif­

icant aft e r  values were adjusted for any o f  th e charac ters individual ly • .  
Sec ond , the average within-line c orrelat ions were usua lly smaller in 

magni tude than t h e  c orre lations ob tained when line group ' ngs were ignored.  

S inc e there was much less  variat i on for all  charac ters w i thin line s  

than in the la rge r ,  pooled population , th is result is  not surpris ing. 

Third , the within-line linear regressions of  %N on the various charact­

ers did not _ di f!er signi ficant ly be tween  line s for any charac ter.  

Howeve r ,  the  a�erag• w it�in-line regression coe-ffic ient was often  o f  · 

lower magnitude than the regression ob t��rie � �hen line gro�pings were 

ignore d.. This oc curred  partic ularly in  equations rela. t in g  %N ( whole : 
t illers ) to  the weights  and proportions of t i ller c omponen ts , and was • · I 
cause d by b e tween-line di ffere nc es in %N of the c omponents ( tab le  24 5 .  
Such an interpre tation can most easily be . understood by c ons id ering 

the two groups of  charac ters which mus t ( in the simple s t  analysis )  

acc ount for any change s in %N o f  wh ole tillers , i . e .  th e p roporti ons 

and %N of the tiller c omponen ts . Se lec tion for high and low %N 
( whole tillers ) has produced  populations wh ich di ffe r  partly b ecause 

of stable relationships b etween %N ( whole tillers ) and the proporti ons 

o f  t iller c omponents having di fferent %N values . For each l ine , linear 

equat ions re lating %N ( whole  t illers ) to t iller propor tions have the 

same slope b u t  d ifferent intercepts , the dif ference b e tween inte rcep ts 

re flec ting di ffe rences  in  %N of the various c ompone nt s .  Whe rever  the 

dis tributions of values for both the d ependent an d independent variables 

dif fe r  between line s ,  re�ressions ob tained when line g roupings are 

ignore d can b e  expected  to di ffer from the within-line re gressi ons . In 

all of these cases , th e wi thin-line c orrelations and regress ions 

have more meaning than those estimated ignoring groups . Howev e r ,  none 

of the phenotypic correlations in tab le 20 are of val ue in pre dic t i ng 

likely changes i n  the charac ters as a result of c ont inued selection 

for %N ( whole t illers ) .  For this purpose genetic c orrela t ions are 

required.  
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Multiple linear regression analyses ( table 2 1 ) showe d  tha t  a 

c omb ination o f  a l l  the morphologic al and physi ological charac t ers 

measured accounte d  for only 37% and 50% of the variation in %N ( whole 

t il lers ) in the h i gh and low N lines respec tively , or  54% ignoring line 

groupings . The re maining varia tion was presumably due to indivi dual 

plant differenc es in %N of t iller components and to erro rs in measure­

ment . This i s  di scusse d later .  The signi fi cant variables  i n  table 

2 1  were not the same for e ach line , but since many o f  the v ariab les were 

rela ted this is not surprising. Howev e r , th e fac t  tha t at least one 

third of the 1 8  variables c ontribut e d  s igni ficant ly to each multiple 

c orrelation is o f  interest , illustrat ing the complex origin of individ­

ual plant %N val ue s .  

( c )  Gene tic  Analysis  

A desc ription o f  th e genetic varia t i on for %N at heading in the  

high  and low  N lines  is given in  table  2 2 . The s tandard devia tion 

was lowe r ,  but the he ritability was ( nonsigni ficantly ) high er ,  in the 

low N line � Expec ted response to  a furth er cycle of 1 0% indivi dual 

selection is there f ore similar for b o th l ines (0 . 1 00 and 0 . 1 24 %N 

respectively in the high and l ow N lines , assuming heritab ilities  t o  

b e  0 . 2� and 0 . 34 respec t iv e ly ) .  Alth ough li ttle r eliance can b e  p lac e d  

o n  these predic t ions because o f  the large standard e rr ors o f  the  

heritability e s timates , due in  tu rn to the small numb e rs of  dams used 

to gene rate t h e  s4 populations , the he ritabi lities obtained here are 

in c lose agre ement w ith th ose obtained i n  earlier  gene rat ions ( expe ri-

, ment 3 ) .  Furtherm ore , dam e ffects we re signi fi cant in each l in e .  ' It  

se ems reasonab le therefore to expe c t  s ome furthe r  response to  selec tion 

in these line s ,  and the possibility of further correlated changes in  

the various m orphological and physiological characters prev iously 

described c an b e  examined.  Such ass ociated changes can be pre dic t e d  

i f  the heritab iliti�s and s tandard dev iati ons o f  t h e  co rrela te d  

charac ters , and the ir genetic correla t i ons with %N , are known . The 

nec essary information is  given in table 23 for each line � As b e for e ,  

the es timated heritabilities a nd gen e tic  cor re lat ions have large 

. sampling varia nc es ; four o f  the he ri�abiiity �es ti�ates ar� negativ e ,  

and lit tle conf idenc e can b e  plac ed i n  a ny _ indivi dual s t�tistic . 

H owever , the agreement 'b etween iine s , and wi thin di f fe rent  categories  

· o f  characters ( e . g. w�ights and proporti ons of · t i ller compone�ts ) 

is  excellent . I f  the statistics are taken at fac e .value , then i t  is  

c le ar that . furthe r changes in %N  in these  populations will  be  accompanied 
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by opposite  changes in the weight o f  all tiller c omponent s , s ince 

these charac t e rs have the r equired c ombination of  mod e rate  to high 

he ritabili ties ( 0 . 20 to  0 . 68 ) , negative genetic c orrela t ions with %N 

( -0 . 04 to -0 . 1 6 ) and high phenotypic variability ( c oe f fici en ts o f  

variat ion from 3 5  t o  50% ;  c . f .  tab les 1 9  and 23 ) .  Tiller  length can 

be  expec ted  to show further c orrela t ed response ; presumably the c ompon­

ents of t i ller length , i . e .  int ernode length and numbe r ,  would also 

change . It c annot be assumed that the remaining charac ters would remain 

at the ir pre sent level s ,  but t here is little  evidence that fu rther  

changes would oc cur. O f  particular interest is the apparent ly low 

heritab i li ty of t i ller compos iti on ( proportions of lea f ,  sheath and 

stem , but  not head)  and its ne g ligible genetic c orre lat ion with %N of  

whole tille rs .  

( d )  N i trogen Conc entrat ion in Tiller Components  a t  Heading 

As prev iously note d ,  the lines diffe red in %N o f  e ach  tiller part 

at heading ( table 24 ) .  The high N line had the highest  %N values for 

all four parts , and the  l ow N line had the l owest  val ues for all  but the 

head frac t ion . The lack of  d i f ference be twe en the c ontrol and low N 
lines  for %N ( head ) cause d a highly signi ficant line x c omponent 

interac tion for %N ( table 25 ) .  There was relatively le ss difference 

b e tween lines for nitrogen conc en tration in head than in  o the r pa rts ; 

in relativ e  t e rms , ni trogen c onc ent rat ions in leaf,  sheath , stem and 

head in the high N line exceede d  values in the l ow N l ine by 1 9 ,  23 , 37 

and 1 1% respe c t ively.  

Among tiller c ompone nts , leaf and head had t he highe s t  %N values 

and stem and sheath the lowest .  Lea f and head , which t oge the r ac counted 

for less than one t hird o f  t i ller  weigh t  at this growth s tage , contained 

55-60% o f  the total nitrogen in the tillers. I ndividual t illers in the 

low N line contained ab out 50% more t otal  nitrogen t ha n  t hose in 

the high N line at the heading s tage . 

( e )  I n  v i tro Diges tibility 

Tab le  1 8  shows the IVDOM v alue s o f  t he thre e line s a t  fiv-e 

stages o f  growth . Although its supe riority was not always significant ' 
the low N l ine had the highest . IVDOM values ' at each · s ta€!e . · There was ' 

' . 
very lit t l� d i f ference b etwe en . any o f  the ' lines be fore the heading st�ge , . . . . . 
but from h eading onwards the c ontrol N line was regularly inferi�r to � ., ' 
both selec ted  line s .  � The large s t  - and most nutritionally significant -

l ine di f fe re nc e s  oc curred at the mature s
'
tage , whe'n IVDOM o f  the low N 

... 
' • 

, . . , 

... 
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line was 4 . 6  and 6 . 3  digestib il ity units higher than th at of the  high 

and c ontrol N lines respe c t ively . During the experime nt , IVDOM 

dec lined from ov er 80% in early spring to about 40% in late summer/ 

early autumn a nd was s i gni fican t ly lower at each suc c e ssive growth s tage . 

I n  tabl e  26 , the relat ionships be tween IVDOM at he ading and ten  

other  variab les  are given for a s ubpopulat ion of  43 indiv i dual plants . 

The plant s  were not a c ompletely random sample ; ins tead , the 1 0  plants 

with the highe s t  %N values were take n from the high N line , the 1 0  

with the l owest  values were chos e n  from the low N line , and the remainder 

were taken at random from both line s .  For subsequent statis tical 

analysis of these  dat a ,  the line groupings of  th e plants  were retaine d ,  

although an ov erall c orrelation analysis ( ignoring groups ) was al so 

carried out . The values of  t he 43 plants ranged from 56 t o  76% IVDOM , 

with an ove rall  mean o f  64% and a s tandard deviation o f  4% IVDOM . 

The interpre tation of  the results in tab le 26 is  a s  follows . 

First , the t wo groups of  plants di ffered in %N and IVDOM . A fter  

adjusting t o  a c ommon %N , the  group IVDOM values no  longer differed 

signifi cant ly although the adjusted I VDOM values we re a lmost  ident ical 

with the unadj usted v alue s .  The c onc lus ion is that a negative rela tion­

ship between %N and IVDOM c ontributed  to the ob served IVDOM values.  

Sec ond , de spite the negative  rela t i onship b etween %N  a nd IVDOM , 

some variab les  were c orrelated similarly with bo th o f  these charac ters . 

For example , tiller le ngth and proportion o f  s tem were ea ch  c orrela ted 

ne gatively with b oth %N and IVDOM with in groups , wh ile  proport ion of 

leaf was c orrelated pos it iv e ly .  H owev er , when groups we re ignored ,  

the ne gative relationship b e tween %N and IV DOM maske d many o f  the real , 

underlying associations b etween IVDOM and other chara c t e rs , and the 

co rrelations were much l ower .  The e f fect  can also be  s e e n  in the 

adjusted group m eans , where "correcting" for many variab les  actually 

increased group diffe re nces in IVDOM . Third , an inspe c t i on of t he 

adj usted group means and the various c orrelations show s t ha t  only 2 

of  the 1 0  independent variables ( i . e . the proportions o f  she ath and 

head ) were unrelated to IVD OM .  D i fferences between the groups were 

c losely related  to ash c ont e nt and le ss c losely c orre l at e d  with he ading 

dat e .and %N . Within the groups , high IVDOM was assoc iated with short , 

thin s tems , high lea f :  stem ratios , early maturity and low ash c ontent. 

Tiller length alone accounted for 40% o f  the within-group variation i n  

IVDOM , and t h e  partial corr e lation b etween IVDOM and t ille r length 
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among the 43 plants wi th %N held c ons tant was -0. 581 • • • . Many of 

these relationships woul d  not have been  apparent from a s impler ana lysis 

( e . g .  from the c orrelations with groups dis re garded ) . 



TABLE 1 8  

MEAN %N , % IVDOM , % ASH AND DRY WEIGHT  OF TILLERS SAMPLED AT FIVE GROW TH S TAGES FROM HIGH N ( H ) , LOW N ( L )  AND 

Growth s tage and selec t ion Line 

H 
Vege tative c 

L 

If. 
Pre-heading c . 

L 

H 
Heading cc 

L ' 

' H 
An thesis c 

L . . 

Mature  

Analysis of variance : . 
Data trans formation 
Line di f fere nc es 
Growth stage dif ferences 

. Lines x stages 

H • 

c 
L 

• • •  p ( 0 . 001 

.. 

. CONTROL N ( C )  SELECTION LI NES 

S e lect ion line mean values ( S . E . ) 

% N 

� . 32 ( 0 . 1 2 ) . 
3 . 22 ( 0. 1 0 ) 
2 . 86 ( 0 . 1 0 ) 

2 . 1 9  < o . o6 )  
1 . 82 ( o. o4 )  
1 . 72  ( 0 . 04 )  

1 . 4 2  ( 0 . 03 )  
1 . 32  ( 0. 04 )  
1 . 09 ( 0 . 02 )  

. � . 1 5  ( o .  02 ) 
1 . 05 ( 0 . 02 )  
o . 93 < o . o1 r 

o . 44 ( o . o1 ) 
o . lj-1 ( o . o1 ) 
0 . 32 ( 0 . 01 ) 

log 
• • •  
• • •  
• • •  

% I VDOM 

82 . 4  ( 0 . 3 )  
82 . 4  ( 0 . 4 )  
84 . 0  ( 0 . 7 )  

75 . 3  ( 0 . 5 )  
76 . 0  ( 0 . 2 )  
76 . 9  ( o .  4 )  

6 7 . 3  ( 0 . 6 )  
65 . 1  ( 0 . 8 )  
68 . 9  ( 0. 4 )  

56 . 2  ( 0 . 6 )  
53 . 6  ( 0 . 6 )  
56 . 5  ( 0 . 6 ) 

38 . 0  ( 0 . 4 )  
36 . 3  ( 0 . 7 )  
4 2 . 6  ( 0 . 9 )  

nil 
• • •  
• • •  
• • •  

NS = not s igni ficant 

% ASH 

7 . 45 ( 0 . 50)  
7 .  65  ( o .  24 ) 
6 . 4 7 ( 0 . 29 )  

8 . 71 ( 0 . 20 )  
7 . 02 ( 0 . 1 5 )  
7 . 24 ( 0 . 1 5 ) 

8 . 01 ( 0 . 1 7 ) 
6 .  60 ( 0 . 1 2 ) 
6 . 28 ( 0 . 1 4 )  

8 . 45 ( 0 . 1 7 )  
6 . 74 ( 0 . 1 1 ) 
6 . 99 ( 0 . 07 )  

1 3 . 70 ( 0 . 4 3 )  
1 0 . 30 ( 0 . 36 )  
1 1 . 1 1  ( 0 . 29 )  

log 
• • •  
• • •  
NS 

Tiller wt . ( g )  

---
2 . 42 ( 0 . 08 )  
2 . 61 ( 0 . 07 )  
4 . 02 ( 0 . 09 )  

3 . 4 9  ( 0 . 1 1 ) 
4 . 04 ( 0 . 1 1 ) 
6 . 83 ( 0 . 1 3 )  

4 . 51 ( 0 . 1 6 ) 
4 . 76 ( 0 . 25 )  
7 . 96 ( 0 . 1 2 )"  

2 . 88 ( 0 . 1 0 ) 
3 . 24 ( 0 . 1 5 )  
6 . 1 8  ( 0 . 1 6 ) 

log 
• • •  
• • •  
• • •  

I -...J C\J l 



TABLE 1 9  

DIFFERENCES BETWEEN HIGH N ,  LOW N AND CONTROL ( UN SELECTED ) LINES IN SEVERA L CHARACTERS MEASURED AT HEADHIG 

( Statistics  are based  on rep l i cation mean value s )  

V ariable 

Leaf weigh t  per t iller (gm) 
Sheath wei ght per t iller ( gm )  
Stem weight per tiller  ( gm )  
Head weigh t  p e r  tiller ( gm )  
Percent leaf  
Perc ent  sheath • 

P ercent  s t em 
Perc ent head 
H eading date ( days after 30/1 0/68 ) 
P enultimate internode le ngth ( cm )  
" Average" internode le ngth ( cm )  
Tiller length ( cm )  
Number o f  internodes p e r  t iller' . t 
Width ( mm )  a t  base of t i l le r ·· ' . , 
Width ( mm )  o f  penultimate  internode 
"Average" t iller width ( mm )  
Ratio  length : ave rage width 
Number  of green leav e s  pe r tiller 

• • •  p ( 0 . 001 

Line mean values � 
H 

O. t$6 
0 . 91 
1 . 39 
0 . 33 
. 25 . 2  
26 . 1  
39 . 3  

9 . 5 
55 . 5  
1 6 . 3  
1 7 . 4  
82 . 6  

4 � 8  
4 . 6  
3 . 6  
4 � 1  

20 . 2  
1 5 . 2  

c 

O .t$4 
0. 96 
1 . 73 
0 . 51 
2 1 . 1  
23. 7 
4 2 . 6  
1 2 . 6  
59 . 8  
1 7 . 0  
20 . 3  
95 . 1  

4 . 7  
4 . 9  
3 . 4  
4 . 2  

23 . 0  
1 4 . 5  

L 

1 . 35 
1 . 75 
3 . 22 
0 . 58 
20.0  
25 . 5  
45 . 8  

8 . 7  
5 1 . 6  
2 1 . 1  
2 1 . 0  

1 08 . 4  
5 . 2  
5 . 6  
':1: . 4  
5 . 0  

21 . 7  
1 7 . 0  

Signi ficance 
of line e ffec t  

• • •  
• • • 
• • •  
• • • 
• • • 
• • • 
• • • 
• • •  
• • •  
• • •  
• • •  
• • •  
• • •  
• • •  
• • • 
• • •  
• • •  
• • •  

§ H ,  C and L ' denote high N ,  control N and low N lines respe c t ively t This  re fers _t o  elongated  internodes ( se e  t ext ) 

·- . - --

Line di ffere nc es  
signi fi cant at  5 

p < 0 . 05 l 

L )  H , C 
L )  C , H 
L ) C ) H 
L ) C ) H  
H ) C ) L  
H ) L ) C  
L ) C ) H  
C ) H ) L 
C ) H ) L  
L )  C , H  
L ) C ) H  
L ) C ) H 
L )  H , C  
L ) C ) H 
L ) H ) C 
L > c , Ii  
C ) L ) H  
L )  H )  C 

I ....: V. I 



TABLE 20 
LINEAR RELATIONSHIPS BE TWEEN % N ( WHOLE TI LLERS ) AND OTHER CHARAC TERS MEASURED ON INDIVI DUAL PLANTS AT THE 

HEADING S TAGE 
. 

( These s tatistics  are based on  measurements o f  1 61 individual plan ts in the high N l ine , i gnor ing replicates , 
and 1 93 plants i n  th e low N line ) ' 

Charac ter 

Leaf weight  pe r t iller �g�} 
Sheath weight per tiller ( gm )  
Stem wei ght pe r tiller ( gm )  
Road weight  pe r t iller ( gm )  
Percent leaf 
Percent  sheath 
Perc ent stem 

Average with­
in-line reg­
ression of 
%N on char-
ac ter  § 
-0. 0498 
-0 . 0789 * * *  
-0. 01 34 

0 . 021 6 
0 . 0093 * * 

-0 . 0258 * * *  
-0 . 001 2 

Percent head I 0 . 0322 * * *  
Heading date ( days a fter  30/1 0/68) -0 . 0045 * 
Penultimate  internode length ( cm)  0 . 0092 * * *  
"Average" inte rnode len,th ( cm )  0 . 0087* * 
Tiller length ( cm x 1 0- ) -0 . 0059 
Number  of  internodes per tiller f -0. 1 091 • * • 
Width ( mm )  at base o f  tiller 0 . 01 82 
Width ( mm)  of penult imate internode0. 0457 * *  
"Average" tiller width ( mm )  i 0. 0323 * 
Rati o  length ( cm ) : average width 

( mm ) 
Number o f  gree n  leaves  per t iller 
Degrees  o f  freedom 

-0 . 0207 * * * 
-0 . 001 5 

351 
• p ( 0 . 05 • •  p < 0 . 01 • • •  P<o. oo1 

Regression 
with lines 
ignor e d  

-0. 207b* • •  
-0. 1 960* * *  
-0 . 0754 * * *  
-0. 4222 * * *  
0 . 031 0 * * *  

-0 . 01 82 * * . 
-0 . 01 95 * * *  

0 . 0499 * . . 
0 . 0027 

-0 . 0066 * 
-0 . 01 27 * * *  
-0 . 0455 * * . 
-0 . 1 847 * * *  
-0 . 0567 * * * 
-0 . 0436 * *  
-0 . 0550* * *  

-0. 0353 * . . 
-0 . 0225 * * *  

352 

Average with·­
in-line c orr·­
e la tion bet­
ween %N and 
character  § 
-o. o9--s-
-o. 2oo• • •  
-0 . 074 

0 . 01 8  
0 . 1 38 * *  

-0 . 31 7 * * *  
-0. 024 
0 . 272 * * *  

-0. 1 33 * 
0 . 204 * * *  
0 . 1 40* *  

-0 . 051 
-0 . 300* * *  
0 . 082 
0 . 1 74 • •  
0 . 1 29 * 

-0 . 257* * *  
-0. 01 8 

351 

C orrelati on 
with lines 
ignor e d  

-0 . 377 * * * 
-0 . 4 96 * * *  
-0 . 4 1 7 * * *  
-0. 341 * * *  
0 . 468 · · ·  

-0 . 1 78 * * *  
-0 . 387 * * *  
0 . 343 * * *  
0 . 065 

-0 . 1 30 * 
-0 . 1 82 * * *  
-0 . 382 * * *  
-0 . 427 * * *  
-0 . 229 * * *  
-0. 1 47 * *  
-0 . 1 98 * * *  

-0. 360* * * 
-0 . 222 * * *  

352 

Signi fi canc e of 
line differ­
e nc es in  %N 
after fit t ing  
regression 

• • • 
• • • 
* * *  
• • •  
• • •  
• • •  
• • •  
• • •  
• • •  
• • •  
• • •  
• • •  
• • •  
• • •  
• • •  
• • •  

• • •  
• • •  

1 and 351 

§ With.in-line regression and correlati on c oe ffic ients did not differ s i gni fi cant ly b e tween lines 
for any c harac ter .  

t This re fers to  e longated int ernodes  ( see  text ) 

.. � . 

-�· ' 

,; 
.,. 

•--::. 

I -..J 
•. . � 

•, . 

..... . .  · 



TABLE 2 1  

MULTIPLE LINEAR REGRESS ION OF %N ( WHOLE TI LLERS ) OF INDIV I DUAL PLANTS ON THE VARIABLES LISTED I N  TABLE 2 0 .  

(Partial c orrelat ions ( r1 ) and partial regression coe fficie nts ( b 1 ) ,  whe n  the partial regress ion c oe f fici e nts  
o f  all  re maining variables  in  the multipl e regression equation are  si gni fi cant at  P ( 0 . 05 )  

Significant variable 

Leaf weight ( gm)  per ti ller 
Stem weight ( gm )  per ti ller 
H ead weigh t  ( gm )  per ti ller 
P ercent  leaf  
Perc e nt sheath 
Percent stem 
Perce nt h ead 
Heading date ( days after 30 . 1 0 . 68 )  
Penultima te inte rnode length ( cm )  
Total  t ille r length ( cm )  
Width ( mm )  a t  base o f  tiller 
"Average" ti lle r width ( mm )  
Number of  green  leaves p e r  tille r 
R (multiple c orrelation) 
R2 ( c oe f ficien t  of determina tion)  
Ftest  for s ignificanc e o f  regression 
Degrees of  fre edom 
Standard error of e s tima t e  
Y int erc ept 

R ( multiple c orre lat ion)  with all 
18 variables inc lud ed  

High N line 

r 1 I b 1 

o . 43 

o . 45 

0 . 26 

0 . 39 

0 . 22 

0 . 20 

-0 . 58 

o . o4 

0 . 03 

0 . 03 

0 . 1 0  

0 . 02 

0. 590 . . .  

0 . 348  
1 3 . 7 · · ·  
1 54 
0. 1 99 
-0. 6  

o . 61 o  " " ,.  

• • • p < 0 . 001 

Low N line All plants ( lines disregarde d )  
1 r 

o . 4 1 

0 . 54 
o . 45 

0 . 29 
0 . 31 

0 . 33 

b1 

-0 . 20 

-0. 04 
-0 . 02 

-0 . 01 
0 . 01 

0· 1 0  

1 r 

o . 43 
0 . 26 
0 . 22 

0 . 55 
0 . 52 

0. 1 3  
0 . 1 2  

0 . 3 2  

o .  683• . .  -, o.  733 * * .  

0 . 467 
27 . 2  • • •  
1 86 
0 . 1 38 
3 . 0  

o .  71 0 * * . 

0. 537 
50. 2 • • • 
345 
0 . 1 86 
4 . 6  

0 . 737 · · ·  

b1 

-0 . 51 
0 . 1 1  

. -0 . 4 2  

-o . o6 
o . o6 

0 . 01 
0 . 003 

0 . 1 5  

' ......:1 \.n I 



TABLE 22  

STATISTICAL DESCRI PTION OF  THE VARIAT ION I N  %N (W HOLE TI LLERS ) OF I ND IVI DUAL SPACED PLA NTS WI THIN HIGH 
N AN D LOW N SELECTI ON LINES IN THE S� GENERATION AT THE HEADING STAGE 

· S tatistic  

P opulation size ( indivi duals measured ) 

P opulation mean , %N ! SE 
Phenotypic s tandard deviation , %N 
Range of indivi dual value s ,  %N 
Range of dam family me ans , %N 
F ratio  and si gni fi canc e of dam e f fect , mod e l  A 
Coe fficie nt of inbreeding , F 
Heri tab ility ( h2

) ! SE , model  A 
Heritabi lity ( h2 ) ! SE , mod el B 

High N line 
--

1 61 
1 . 422 ! 0 . 01 9  

0 . 244 
0 . 95 - 2 . 1 3  
1 . 20 - 1 . 53 

2 . 226 • 
0 . 1 955 

0 . 200 ! 0 . 1 87 
+ 0 . 222 - 0 . 1 97 

I Low N line 

1 93 
+ 1 . 091 - 0 . 01 3  

0 . 1 87 
0 . 65 - 1 . 55 
0 . 95 - 1 . 1 5  

3 . 293 • • 
0 . 1 820 

+ 0 . 327 - 0 . 2 1 7  
+ 0 . 363 - 0 . 230 

I � -0". I 



TABLE 23 
GENETIC ANALYSIS OF THE WITHI N-LINE VARIATION IN CHARAC TERS MEASURED ON INDIVIDUAL PLANTS AT THE HEADING STAGE 
( These  statistics+ are based on measureme nt s o f  1 61 indivi dual plant s in the high N line , and 1 93 plants in the 

low N line,  analysed  accordi�g to model A ( see  t ext ) ,  appendix 6 )  
· 

I H igh N line Low N line 
Character )am e ffectl 6 p • 2 r Dam e ffect  ((p h2 h g r 

L__ 
Leaf weigh t  per tiller ( gm )  • 0 . 37 0 . 24 -0 . 1 6  • • •  o . 47 0 . 38 -0. 1 2  
Sheath weight per tiller ( gm )  * *  0 . 42 0 . 32 -0 . 1 4  • • •  0 . 63 0 . 50 -0 . 1 1  
Stem we ight per t iller ( gm )  • •  o . 67 0 . 32 -0 . 1 3  * *  1 . 4 9  0 . 33 -0 . 1 0  
Head weight per t iller ( gm )  • 0 . 1 5  0 . 20 -0 . 1 4  * * *  0 . 29 . .. o .  68 § -0 . 04 
Percent leaf NS 3 . 35 0 . 01 0 . 07 * 3 . 03 0 . 1 6  0 . 05 
Perc ent sheath NS 2 . 50 o . o7 -0. 05 NS 2 •. 74-

I 
0 . 03 . -0 . 05 

Perc e nt stem NS 3 . 70 0 . 09 0 . 01 NS 4 . 67 -0 . 01 .. -

Percent  head * *  1 . 75 0 . 32 -o . oo * * *  1 . 87 . 0 . 43 o . o8 
H eading date ( days after  30/1 0/68 ) * 7 . 1 0  0 . 22 -0 . 04 * * *  5 . 58 0 . 72 § -0 . 08 
Penultimate internode length ( cm )  NS 4 . 92 0 . 02 - NS 4 .  62 . 

. 
o . o6 -0 . 09 

"Av erage" internode length ( cm )  NS 4 . 01 0 . 05 -0 . 1 3  • 2 . 90 .: . ,  0 . 22 -0 . 1 0  
-· 

Tiller  length ( dm )  NS 1 . 90 0 . 1 1  -0. 1 1  • • •  1 . 83 . 0 . 55 -0 . 1 0  
Number o f  internodes p er tille r  • 0 . 54 0 . 1 8  -0. 04 • • •  o . 63 . 0 . 38 . -o . o8 
Width ( mm )  at base o f  tiller  NS 1 . 09 0 . 07 -0. 1 9  NS o . ?5 

· . .  o . o6 -0 . 1 6  
Width (mm)  o f  penultimate internode NS o . 86 0 . 07 - • 0 . 77 0 . 1 7  -0 . 04 
"Average" t i ller width ( mm )  NS 0 . 96 0 . 01 - NS 0 . 77 . 0 . 09 ..;0 . 1 0  
Ratio length ( cm ) : average width ( mm)  • •  2 . 50 0 . 31 -0. 02 • • •  2 . 7.9 I o . 43 -0 . 09 
Number o f  green  leaves  per tiller NS 2 . 31 0 . 1 2  0 . 05 • 2 . 66 0 . 1 9  -0 . 03 t dam e ffec t = s igni ficanc e  of  variation due to dams ; �p = phenotypic s tandard deviation ;  h2= single -plant 

heritabi lity ; r
g

= genetic  c orrelat ion with % N. • p ( 0. 05 , "'* P(0. 01 , * * *P ( 0. 001 (Ns _ _  not sign i ficant ) .  
A dash indicates  a non-es timable r value ( due to negative  h2 estimat e ) .  For simplic ity , standard errors of  � 

2 
g 

2 . � 
h and r

g are omitted ;  i n  only 2 instances  ( § )  was . the  ratio of  ei ther h or r
g

to  its  SE greater  than 2 . 0 .  1 



TABLE 24 

DIFFERENCES BETWEEN HIGH N ,  LOW N AND CONTRO L (UNSELECTED ) LINES IN %N OF WH OLE TI LLERS AND TI LLER 

COMPONENTS AT HEADING 

Tiller · %N in  c omponent Signi ficanc e of  
c omponent high N Control Low N line di f ferenc es 

line N line line 

Whole ti llers 1 . 420 1 . 31 7 1 . 091 • • •  

Leaf 
Sheath 
Stem 
Head 

2 . 673 2 . 425 2 . 253 • • •  
1 . 049  0 . 963 o . 855 • • •  
o . 879 0 . 740 0 . 643 • • •  

2 . 326 2 . 004 2 . 094 • • • 

• • •  p < 0 . 001 

� H ,  C an d  L denote high N ,  low N and co nt rol N lines respe c tively 

_________________ ____:___ --

Line dif ferences  
signifi c ant at § p < 0 . 05 

H ) C ) L 
H ) C ) L 
H )  C ) L 

H ) C ) L 
H ) L ) C 

I -....) (X) I 



TABLE 25 

ANALYSIS OF VARI ATION I N  %N OF TI LLER COMPONENT S AN D WHOLE TILLERS AT HEADING . DATA WERE TRA NSFORMED 

USING LOG ARI THMS 

Sourc e 
Degrees o f  

fre edom 

Replications 9 

Selec tion line s ( L )  2 

Til ler components  ( C ) § 4 

L x C interac tion 8 

Error 1 26 

Tot al 1 4 9  

-- ·--- --------
• • •  p ( 0 . 001 

1 ( X  = 1 00 log1 0  ( X + 1 . 1 ) ) 

-
Sums o f  

squa re s 

1 97 . 1 75 

572 . 704 

1 81 06 . 802 

86. 638 

252 . 961 

1 921 6 . 280 

Mean 

Square s 

21 . 9083 

286 . 3520 

4526 . 7005 

--- -�-- ----

1 0 . 8298 

2 . 0076 

F ratios 

1 0 . 91 3 · · ·  

1 42 . 634 • • • 

2254 . 782 . . .  

5 . 394 * * *  

§ All  tiller co mponents we re si gni fi ca ntly di f f e re nt i n  %N .  The me an de-trans formed values were 

as fo l lows : 

leaf 2 . 43 

sheath 0 . 95 

stem 0 . 75 

head 2 . 1 4  

t -.J \.0 I 



TABLE 26 

RELATI ONSHIPS BETWEEN IVDOM OF WH OLE TILLERS AN D SEVERAL OTHER CHAR ACTERS AMONG 43ti NDI VIDUAL PLANT S  A T  

THE HEADING S TAGE 

Variable  � Correlation with Group mean S ignifi cance  of differences  be tween  
I VD OM 

Average 
wi thin-
group 

� 
I VD OH -
% N -0 . 03 
% leaf  o . 42 * *  
% sheath -0 . 05 
% stem -0 . 38 *  
% head 0 . 03 
Heading date ( days )  -0. 24 
Tiller  length ( cm )  -0 . 63 · · ·  
Avera ge ti ller width ( mm -0. 4 7 * *  
Ratio le ngth : width -0 . 32 ·  
% ash -0 . 34 •  

- ----

• p < 0 05 • •  . ' 

values group means , for • • • • 
Dis regard- High N Low N ( i )  Variab le ( ii )  IV DOM after 
ing groups group group adj us ting for regress-

ion on variable 
( b racke t s :  ad justed hig 
N and low N group means 
resp . ) 

- 62 . 1  65 . 5  • •  - -
-0 . 33 *  1 .  73 1 .  01 • • •  NS ( 62 . 3 , 65 . 3 )  
-0 . 01 26 . 1  1 9 . 2  • • •  • • •  ( 60 . 1 , 67. 0 )  
-0 . 06 25 . 5  27 . 1  • • ( 62 . 1 , 65 . 5 )  

0 . 02 38 . 4  4 5 . 2  • • •  • • •  ( 60 . 3 , 66 . 8 )  
-0 . 1 2  1 0 . 0  8 . 5  • • •  • ( 62 . 1 , 65 . 5 ) 
-0 . 39. 58 . 4  50 . 0  • • •  NS ( 62 . 8 , 65 . 0 )  
-0 . 27 76 . 2  1 02 . 0  • • • • • •  ( 60 . 1 , 67 . 0 )  
-0 . 1 3  3 . 74 4 . 87 ." • • •  • • •  ( 60. 5 , 66 . 7 )  
-0. 27 20. 5 2 1 . 0  NS • •  ( 62 . 0 , 65 � 6 )  
-0 . 50 * * * 9 , 5 6 . 4  • • •  NS ( 63 . 9 , 64 . 2 )  

P <o . o1 , • • •  P < o . oo1 , NS = not si gn i fi cant .  

h 

f 2 groups , co ntaining 1 8  plants from the high N line and 25 plan ts from �e low N line respec t iv e l� 
( see t ext ) � see  earlier tables  for de tails of the se ch arac ters . § within-group regression and corr e lat ion coe fficients did not differ  si gni ficant ly be tween  

groups for any charac ter .  
I c:: :c I 



DISCUSSION 

The main results o f  this experiment were as follows : 

( 1 ) %N di f fe renc e s  between line s selected for high and low %N 

( whole tille rs ) a t  heading in an artificially controlle d e nvironment 

were maintained in  the fie ld under  spac e d  plant c ond iti ons at  a wide 

range of grow th s tages and in dif ferent tiller  component s .  The 

relative di fferences between thes e  two lines varie d  to s om e  e xtent , 

depending on the growth stage and tiller frac tion . 
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( 2 )  Nitrogen c oncentration in wh ole ti llers at th e heading s tage 

in  the high N line was approximate ly 30% higher than tha t in  the low 

N line after 4 cyc les of sele c t ion and c rossing. There was considerab le 

residual genetic  variat ion for this ch arac ter  in each line  and further 

response to  sele c tion c ould be expec ted .  Heritab ility e s t imat es were 

similar to  the r ealised  heritabilities  obtained in earlie r  gene rat ions . 

( 3 )  Changes in  b oth the proportions and %N of  t iller components 

c ontributed t o  the s e le c tion response in  each sele c tion l in e .  The 

main di fference i n  tiller c ompos it ion was a change in the  l ea f :  stem 

ratio.  This  was caused by disproporti onate changes in the weights of  

lea f and stem per tiller in the  high and  low N lines r e la tive to the 

c ontrol N line . 

( 4 )  The we i ght o f  whole t illers and all tiller c omponents was 

negativ e ly related  to %N . Sele ction for %N resulted in opposite changes 

in ti ller we ight , and further sele c t ion would result in  fur th e r  

correlated change s .  

( 5 )  The low N line was margi nal ly higher in IVDOM than the high 

N line at mos t growth stages , and markedly supe ri or for IVDOM of 

mature herbage . The control N line was lower  in IVDOM than b oth 

s e lecte d  lines from the heading s tage o nwards . 

( 6 )  Among individual p lants at  the heading s tage there was a 

small but significant ne gative corre lation b etween  IVDOM and %N. 

High IVDOM was associated with short , thin s tems , low ash c ontent , 

early maturity a nd high lea f :  stem ratios . Variation in  IVDOM 

between plants· was extensive .  



The finding tha t di fferenc es in  %N be tween  the h i gh and low N 

l ines were mainta ined at di fferent growth stages and in  di fferent 

t iller c omponents is impor tant . Previ ous results ( C lem ent s ,  

Oram and Scowcro ft 1 970 ; exper iment 2 )  have indi cated  highly 

s igni ficant genotype x stage inte rac ti ons for both %N and IVDOM 

in P . tuberosa. I n  this expe rimen t ,  line  x s tage interac tions 
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were again highly si gn i ficant for bo th charac ters , and l ine x tiller 

frac t ion int erac t i ons were signifi cant for %N. Howev e r ,  mos t  

in terac tions invo lved  th e control N line an d one or othe r o f  the 

selec ted  lines .  The relative ranking of the high and low N lines 

for th ese characters was stab le , alth ough dif fer ences were not 

always signi fic ant . The la ck of  a signi ficant diffe re nc e  b e tween 

the h igh and control N lines for %N of vegetative he rbage agree s  

with the result s obtained in  expe riment 5 .  

The ranking o f  the 3 lines for %N of ti ller parts was the 

same for le af ,  shea th an d stem frac tions bu t not for hea d .  This 

result is  in agreement with the c orre lati ons between %N in the 

same plant parts desc ribed by Clements , Oram and S c ow c ro ft ( 1 9 70 ) , 

which showed that nitrogen conc entrat ions in  the h ead portion 

tend t o  vary independently of those in  other frac ti ons at this 

growth s tage . 

A l though heri tabi lity e stimates for %N i n  each s e le c t e d  line 

have large standard errors , they agree very we ll  with the realised 

heritabi lities des c ribed in expe riment 3.  The large standard 

errors are due to the small numbers of pa rents in each line . The 

mating sy s t em was quite ine fficient for e stima ting he ri tabi lities , 

but this was not a ma j or aim o f  the expe riment . The re were other 

possible sourc e s  o f  b ia s .  Comple tely random ma t ing was assumed , 

and a lth ough flowering dat es of  the parents  were synchronised 

there coul d have b ee n  a smal l amount o f  sel f-pollination. I n  

addi t ion , becaus e o f  the small numbers o f  pa rents ( 8  and 9 i n  the 

high and low lines respec t ive ly ) , the polyc ross families would 

have  included b ot h  half and full sib s .  Furthe rmore , be caus e the 

field environment was very dif fere nt to the controlled  e nv ironment 

described in experiment 3 ,  genotype x e nv ir onment interac t ion 

could have c ontribut e d  to the he ritab ilitie s  e stimated here . All 
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·these source s  of  b ias would tend to  inflate heritabi lity val ue s ,  so  

that the fou r negative  e s timates ( see  t ab le 23 ) almos t c ertainly 

reflect  random s ampling e rro rs due t o  the smal l numbers o f  par ents 

( Gill  and Jensen 1 968) . 

·The negative genetic relat ionship b e tween %N and t iller  

weight was expe c t e d  (S ee  expe riments 2 and 3 ) . The data sh ow 

that the relationship holds for all tiller components and a t  

all  growth s tages dur ing the reproductive phase .  A lthough negat­

ive associati ons b e tween %N and plant weight ( or he rbage yiel d )  hav e  

frequently been  described ( s ee  literature rev iew ) , the r e lative 

c ontribution of  the numb er of t illers pe r plant and the weight 

per  indiv idual ti l ler t o  these re lationships doe s not see m to have 

been examine d .  Lazenby and Rogers ( 1 965 ) measure d % N  a n d  tiller  

weight of 6 Lolium pe renne c lone s grown as spa� e d  plants under a 

ran ge o f  nitrogen fertiliser le vels  for 2 years . Within years , 

their  data can b e  shown t o  indicate � w eak negative r e la t ionship 

b etween %N and tiller  we ight . H owever , because of  the smal� 

numb er of genotypes e�amine d ,  and be cause they found %N and yield 

o f  spac ed plants t o  be  posit.ive ly rela t ed 
'
( in conr"lict  with mos t  

other results that have been  obtained ) , this
. 

parti cular aspe c t  o f  

their  results mus t b e  accepted with some caution.  

The data i n  tables  1 9  and 24 can be  manipulat ed t o  provide a 

crude estimate o f  how much o f  the be twe en-line variation in  %N 

o f  whole tillers at heading resu lted 1rom differences  in the prop­

ort ions of t i ll e r  compone nts and how much was due to di f fe rences 

in %N o f  th ese c omponen t s .  As an examp le of the c a lcula tions 

require d ,  assume that the %N value s of  the ti ller  components had 

not changed with sel e c t ion,  i . e .  that the control line values 

for these c omponents ha d been maintaine d.  From the observed 

changes in t�ler composition in selected lines , an  inc rease of  

0 . 027%N in the high N line and a decrease of  0. 073%N in  the low 

N line , relative to  the c ontrol value o f  1 . 31 7%N (whole t illers ) , 

would then have b een expected.  H owever ,  the obs e rved changes were 

0 . 1 03 %N and 0 . 226  %N respec tiv e ly , i . e .  the expe c ted changes are 

only 26 . 2% and 32 . 3% o f  the ob served c hanges . The remainder o f  

the difference  b e tween % N  ( whole tillers)  of  th e c o ntrol .and each 

sele cted line ( 73 . 8% and 67 . 7% resp e c t ively)  is  due to changes 

in %N of  the ti ller componen ts.  C omparisons o f  the expe c te d  and 

observed d i f fere nces between the high an d low N line s  can b e  made 

similarly by holding %N o f  ti ller  components co nstant , first at 

, . \ 

'.J 

. ' I 
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( say ) the low N line values and then at  the h igh N line value s ,  

calculating th e expe cted di fferenc es be tween the lines result ing 

from ti lle r composi ti on di fference s ,  and comparing the exp e c ted 

differences wi th  those observed .  Alternat ively , ti ller c ompositi on 

can be  held c ons tant inst ead and the c ontribu tion of obs erve d  

changes i n  % N  o f  the components can b e  es timat ed .  Vfu en the  vari ous 

estimates ob taine d in th is  way a re averaged , it is found that 

ab out 25% o f  the dif ference  b e tween the high and low N lines was 

due to changes in  ti .ller c omposition and 75% was due to changes 

in %N o f  th
_
e compone nts . Because .the tille rs provi ding the c ompos­

ition data were not the same tillers us ed · for %N d e t�rm_ina ti ons , · 

th ese estimates are only approximat e ,  b ut they . suggest  that change_s 

in th e proportions of tille� components have had a re lativ e ly 

small e ffect on whole tiller nitrogen conc ent ra tion . 

Several oth e r  pieces  o f  evi dence support t�is c onclusion.  

Firs t , di f fere nces  b e tween selec ted lines were ma intaine d i n  v e g­

etative he rbage ( t ab le 1 8 ;  see  also expe r iments 6 and 7 )  whe re tiller 

composition would not be  a factor.  Second , exc ept for the he ad 

frac tion ( which acc ount ed for only a small proporti on of t i ller 

weight ) , relativ e di fferences betwe en lines for %N of tille r 

components and whole ti llers were similar ( table 24 ) .  Third , 

phenotypic c orrelations and regressions ( table 20 ) and genetic  

correlat ions ( t able  23 ) relat ing %N to  tiller c omposi ti on i ndicate 

that these relat ionships are weak. Taken as  a wh ole ,  the results 

indicate c lear ly that the main c ontributing fac t or t o  the observed  

line di f fe renc e s  in  %N  ( whole ti llers ) was the dif fere nc e 

between lines in ab ility t o  conc entrate nitrogen in  all tissues.  

This ab ility or inab ility to c oncentrate nitrogen may pos sib ly 

apply also to s ome o the r elements , s inc e the line di fferences  in 

% ash ( table 1 8 ) at  each growth sta ge are to some extent c orrelated 

wi th %N di fferenc e s .  How ev e r ,  more evidence is needed on this 

pos sibility be fore any conclusions are possib le . 

The line di f fe re nces in ab i lity to  c onc entrate nitrogen in 

the tissues were not primarily due t o  changes in  the t otal amount 

of nitrogen prese nt in' the tillers . A comparison o f  the high and 

low N lines sh owed that tillers in the low line ac tually c o ntained 

50% more nitrogen than those from the high line . I n  fac t ,  the 

variation in nit rogen concent rat i on per uni t dry weight seems 

more truly to re fle c t  dif ferences b e tween lines in dry weight 

production per unit of nitrogen in the tillers . Evidenc e t o  

, .  
' 
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support this interpre tation is  describ ed in expe riments 5-8.  

. -85-

The rela tionship b e tween %N and IVDOM in the se  lines is o f  

spe c ia l  interest . The re sults indic ate that the p osi tive gene tic 

c orre lation b e tween the s e  charac ters during t he early evolutionary 

his tory of the line s  ( experiment 3 )  has not pe rsis ted  in la ter  

generations . The weak ne ga tive asso ciat ion b e tween %N and IVDOM 

observed  her e agre es  we l l  with the results o f  expe riments 1 

and 2 .  Howeve r ,  among the 43 ind ivi dual pla nt s examined for IVDOM 

at the heading stage the re we re some genotypes wi th relatively high 

values for both charac ters , suggesting that it would be pos sib le 

to  produce p opulations which also had higher levels  of b oth 

charac t e rs .  A similar c onc lusion was reached in  experiments 1 and 

2 .  I t  is cur i ous that the negative re lationship be tween %N and 

IVDOM occurred despite th e fac t  that o the r variab l e s  such as le af ;  

stem  rat io and tiller  length had similar effects  on each o f  the 

nut ritive  value charac t e rs . 

Mowat !1 � ( 1 965 a ,  1 967 )  found no re lat ionship b e tween 

stem d iameter  and digestibility of Bromus inermis  and Medicago 

sat iv a  herbage , while Allins on !! � ( 1 969)  obs e rved  that a th ick­

stemm e d  Phala ris arundi nac e a  cul tivar was more digest ib le than a 

thin-s t emmed e cotype . In  the present expe riment , there was a highly 

signi ficant negative c orrelation ( r= -0. 47 • * )  b e tween average 

tiller  width ( i . e .  stem diame ter)  and IVDOM at th e heading s tage 

within the high and low N line s ,  but the ov e ra l l  c orrelation 

was nonsigni ficant ( r=-0 . 1 3 ) . The partial c orrela t ion b e tween the 

charac t ers , ho lding %N co ns tant , was a lso nonsignificant ( r=-0. 28 ) ,  

suggesting tha t the within-line c orre lat i on gave a misleadingly 

high e s timate  o f  the re lationship between ti l l e r  width and IVDOM . 

Til l e r  length on the o the r hand was c learly r e la t e d  negatively 

t o  IVDOM ; the �ith in-line co rre lation ( r=-0 . 63 • • • )  and the partial 

c orre lation b e tween the s e  characters holding %N cons tant ( r=-0 . 58• • • ) 

were i n  good agre ement . Tiller  length is  also ne gat ively relat ed  

to the  le af :  stem rati o  ( tab le 1 9 ) , and a t  the  h eading s tage the 

diges tibility of lea f is greater than that o f  s t em ( Clements , Oram 

and Sc owcroft 1 970 ) . These  fac tors may account for the c orrelat­

ions obs e rved  here . In addition,  Pritchard !! al ( 1 963 ) showed 

that in  the species  Dac tyli s  glomerata , Bromus inermis and Phleum 

prat ens e  digestibility was higher  i n  basal s tem s e gments , and 

that above 60-70 cm , s tem digestibility decreas e d  markedly .  Average ' ' 
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tiller length ( i . e .  height ) among the 43  p lants measured  for IVDOM 

at heading here ra ng e d  from 51 .to  1 5 8  c m ,  but although the two  

extreme plants als o sh owed very la rge d i ffere n"ces  in  lea f :  stem  

ratio ( 1 . 00 and  0 . 38 respectiv e ly )  they were similar in  IVDOM 

( 63 . 8% and 60. 4% respe c t ively ) . It is perhaps signi fi cant that 

they di ffere d wid ely in  %N ( 1 . 85% and 0 . 80% ) .  
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EXPERIMENT 5 

A COMPARI SON OF THE Y IELD AND NUTRI TIVE VALUE OF HERBAGE FROM SWARDS 

OF PHALARIS TUBEROSA LI NES PREV IOUS LY SELEC TED FOR H IGH AND LOW 

HERBAGE NI TROGEN C ONCENTRATION 

I N TRODUC TION 

Most pasture plant breeding programs inc lude an initial phase 
of  evaluat ion and selection of genotypes grown as spa c e d  plants , 
bas ed on the assumption that the performanc e ranking o f  individual 
genotypes as spaced plants and in swards will be similar . For some 
important charac ters such as disease resis tance this i s  likely t o  b e  
true . In  a highly variable bre eding population , it  i s  unlikely that 
the genotypes with highest herbage yields as spaced  plants will yield 
poorly in swards , but in less variable  populations ( or in highly 
selec ted material)  it  has been  repeatedly shown that sward performance 
cannot be  re liably predicted from yields of  widely-spac e d  plants ( see , 
for example , the short review by Lazenby and Rogers 1 962 ) .  Consequent­
ly it cannot be  assumed that di fferenc es in herbage nutritive  value 
betwe�n genotypes grown as wide ly spaced plants would be maintained 
in swards under any given management system.  Although most  experiments 
to date hav e  shown little evidence  of significant changes in the 
herbage quality ranking of  genotypes grown under dif ferent spacings , 
levels o f  applied fertiliser and de foliation treatme nt s  ( se e  literature 
review) , there are a numb er of c ontradictory results  in the litera tur e .  
In  addition , t h e  relativ e nutritive value o f  genotypes in  pure swards 
and mixtures with other species  seems  not to have b e e n  s tudied at all.  

The present  experiment was designed specifically t o  c ompare the  
yield and herb age quality of  the Phalaris tuberosa lines  s e lec ted  
for high and low  %N levels ( experiments 3 ,  4 ) . For this purpose 
small swards of each line were e stablished and the performance o f  
the lines was examined under two quite different de folia t ion treatments 
and two levels of applied nitrogen  fertiliser. The s e  treatments are 
not claimed  to represent or even  to approximate agricultural practices .  
The amount o f  seed  available was inadequate for s tudies o f  the b ehav­
iour of the lines under di fferent grazing intensities and managements . 
Instead , the t reatment combinations were chosen t o  prov ide an array 
o f  environments between which the yield and nutritiv e value of  Phalaris 
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herbage' c ould be expected t o  diffe r  considera�ly . 

MATERI ALS AND MET�ODS 

•. : 
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Seeds for this experiment  were obtaine d by polycrossing the 
parents which produced the s3 generation in experiment 3 .  When  s e eds 
for expe riment 3 had been c ollec ted , these parents were c loned and 
transplanted to the field at 1 00 x 1 00 cm spac ing at Canberra on 
August 3, 1 967.  Clones were liberally irrigated and fertilised 
during the spring and trans ferre d t o  the Canberra C r os satron ( McWilliam 
1 964b )  just  prior t o  anthesis ( November 20 , 1 967) . One Crossatron 
cell was allocated  to  each s e l e c t ion line , and clones o f  each o f  the 
1 2  parents of the line were randomly positioned within each of  4 
replicates  within the c ell .  The s eeds c ollected from these  parents  
were bulked in  each line to provide  the quantities nec essary for this 
experiment . 

Small swards were estab lished at Palmerston North in  s pring 
( Octob e r  1 )  1 968 on a care fully prepared seedbed.  Four plots ( each 
1 x 4 m , or 0 . 001 ac. in size ) of each of  the high , low and c ontrol N 
lines were s own i n  each of 3 replicates by hand-broadcas ting and lightly 
raking a s e e d/sawdust mixtur e .  The sowing rate o f  the c ontrol N 
line was 1 1 . 2 kg per hectare ( 1 0  lb per acre ) of v iable  seed , and 
sowing rates  of the oth er line s  v,:ere adjusted to an· e quivalent viable 
seed rat e  ( 750 se eds per sq . m ,  or 70 seeds per s q .  ft ) .  The site  
was adjac ent  to  those o f  experiments 1 ,  2 and 4 and  the so il type 
was the same ( see  experiment 1 ) .  A basal fertilis e r  dressing o f  
250 k g  superphosphate , 250 k g  c alc ium ammonium nitrate and 6 3  kg 
muriate of potash per hec tare ( 2  cwt , 2 cwt and 0 . 5  c wt per acre 
respe c t iv e ly )  was applied prior to sowing and a further 750 kg super­
phosphate  and 250 kg potash per hec tare was applie d to all plots during 
the experimental period ( 20 month s ) . 

Estab lishme nt measured 6 weeks after sowing was uniformly high , 
averaging 64% on a viable seed  basis . During the first 3 months the 
plots were regularly mown and s prayed to  eliminate  weeds but there was 
no attempt t o  prevent the growth o f  volunt eer whi t e  c lover ( Tri folium 
repens ) .  At  the e nd o f  this period of preliminary growth the swards 
c ontained a mixture of 75% ( by weight ) P .  tuberosa and 23% T .  repens 
and were virtually weed fre e  ( le s s  than 2% ) . There was no a t t empt to  
c ontrol weeds after  this e stab lishment phase . 



Experimental treatments which c ommenced  at the end of  1 968  
( D ec emb er  31 ) consis ted  o f  two levels o f  applied h itrogen fertiliser 
and two de foliation frequencies . Frequently de foliated  plots  were 
cut 3 cm ab ove ground level  when  the average height of the grass was 
about 1 5  cm and infrequently de foliated plots were cut similarly 
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when the  grass was approximately 30 cm high . Mown herbage was removed 
from the plots.  The arrangement al lowed all plots to be mown toge ther  
each  time the infrequently de foliated plots w ere cut.  The nitrogen 
treatments were zero ( N  ) fertiliser applied ,  and 56 kg N per  he c t are 0 
( 50 lb N per acre ) applied as urea ( N1 ) ,  during the t ime interval 
b etwee n  each mowing o f  the infrequently cut  plot s .  The sam e  t o tal 
amount o f  urea fertiliser was applied t o  each N1 plot , as a s ingle 
dressing following mowing ( in frequently de foliated plots ) or as a 
split dressing a ft e r  each mowing ( frequently de foliated  plots ) .  
The treatments and lines were c ombined fac torially in  each replicat e ,  
providing a total oi 3 �  plots .  I n  1 970 , the frequent de foliation 

' 

treatment was discontinued,  but observatiohs on th� infr�quently cu� 
plot� c ontinue d until the - �pring ( September - 4) . 

Pasture samples  w e re cut  �y hand 3 cm above �round lev e l  from : 
an  area o f  0. 1 9  sq m ( 2  sq ft ) in each plot immediateli b e fore m owing , : 

for measurements o f  yield and botanical c omposition�  Harvested  
material was separated  into P . tuberosa , clover and- other spe c i e s  and 
was dried  at 80°C in  a forc ed-draught o�e n .  During 1 969 , the Phalaris 
herbage samples at  each harvest were ground in an Apex cut ter  mill to 
pass a 1 mm screen and analysed for K j e ldahl nitrogen c ontent (%N , 
dry matter basis ) and in  vitro digestibility of organic matter  ( IVDOM) 
as described  in appendices  1 and 2 .  Tiller numbers were counte d  
during the second hal f of  the experiment  on  infrequently de foliated 
plots , with measurement techniques varying to sui t  the pasture c onditions . 
S ome counts in rep li c ated  quadrats were always made , although quadrat 
size varied ,  and additional information was occasionally obtained 
from soil core samples ,  giving a total measurement area of 0 . 1 9  sq m 
( 2  sq ft ) in each plot  at each harves t .  

F o r  the purpose o f  statistical analysis , data from the  individ­
ual harvests of  the frequently de foliated plots were pooled for the 
t ime inte �als b e twe e n  harvests  of the infrequently c ut plots .  Data 
trans formation was frequently necessary and the trans formations are 
indicated in the tab l e s .  

The general features o f  the Palmerst on North c limate have been  
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described  by various auth0rs ( e . g . Sears 1 953 ) . ,  Rai-nfall during the 
experiment i� given. i n' app"�ndix 8 .  Ari  unusuaL· fea t11re. was the marked 
dr'ought from lat e  D e c ember ·1 969 'to  .mid-Narch  1 970 . : . - , , 

RESULTS 
( a )  Botanical C ompositi on a nd Herbage Yield 

A particular feature of  th is expe riment w as the inab ility of  
P . tuberosa to  persist  in the frequently cut  swards ( figure 5 ) . A fter 
1 2  months the  proportion o f  Phalaris in these swards had d e c lined to  less 
than 1 0';6 , while the " weed"  component ( mainly Holcus lanatus ) had 
increased to about 25%. All three selection lines were e qually affe c t­
ed.  This treatment was there fore disc ontinued aft e r  1 969 but the plots 
were subsequently maintained ( without measurement ) during 1 970 under 
infrequent de foliation,  and at the conclusion of the experiment a 
visual inspect ion showed that some rec overy had occurred.  

Differenc es in  botanical c omposi t ion between lines and  nitrogen 
fertiliser treatments occurred during the experiment ( table 27 ) .  The 
e ffec t  of  nitrogen was expected  and de tails are not  presente d .  Nitrogen 
in flue nced only the balance of clover and Phalaris and had no e ffec t 
on the proportion o f  weeds.  The only harvests for which the  nitrogen 
e ffects  were substantial were those i n  the spring and early summer o f  
1 969 ; a t  these times ,  application of  nitrogen reduced  the average 
proportion o f  c lover  from 38 t o  26% ( November 2 harvest) and from 60 
to 47% ( January 6 ,  1 970 ) .  The select ion lines showe d no di f ferenc es  in 
susceptibility to weed infestation ( table  27) , but the low N line swards 
tended to contain a higher proportion o f  grass and lower proportion o f  
c lover than those o f  the other line s .  Apart from this tendency , the 
botanical c omposition of  the plots o f  all lines responded similarly 
to the vari ous treatments , as indicate d  by the almost complete  lack 
of interaction between lines and treatments  ( the single exce ption is  
indicated in tab le 27 ) .  

There were significant yield e ffe c ts due to de foliation�and nitrogen 
treatments in  1 969  ( tables 28 and 30 ; figure 6) and due to nitrogen 
treatments in  1 970 ( table 28 ; figure 6 ) , but these  results are not o f  
immediate  interest .  Di fferences  betwe en  the selec tion lines in  annual 
and seasonal Phalaris yields are presented  in de tail in tab le 28 and 
figure 6 .  The low  N line had  the highest  total Phalaris yields in 
both 1 969 and 1 970 and there were no signi ficant line x t reatment 
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interac tions for annual Phalaris yield in either year. H owev e r ,  
there were signi ficant line x de foliation treatment inte rac tions for 
Phalaris yield at individual harv e s t s  in 1 969 , due t o  the  deteriorat-
ion of the frequently cut plots in which there were no yield differences 
b e tween lines a fter the September 6 harvest . At earlier harv ests , 
differe nc es  b etween lines were similar in both frequently and infrequent­
ly de foliated  plots . There fore , Phalaris yields of the in frequently 
de foliated swards a t  all harves t s  during 1 969/70 are shown in figure 6 ,  
from which  i t  can b e  seen that the low N line had the highest yields 
in every s eason exc ept spring 1 969 ( November 2 ) . Although its  super- · 

iority was not  statistically signi ficant at the indiv idual 1 970 harvests , 
i ts total yield  of  Phalaris in 1 970 was signi ficantly higher.  I n  
general , di fferenc e s  betwe en the lines were smaller i n  1 970 than in 
1 969.  The c ontrol and high N lines differed very little in to tal yields 
of Phalaris in  either year , although there were dif ferences  at  individ­
ual harve s ts . 

Although at no stage was there a signi ficant line x nitrogen 
level interac t ion , it  was obvi ous th at on several occasions the yield 
superiority o f  the low N line c ompared with the high N line was most 
marked when  nitrogen fertiliser was not applied.  A ft e r  November  
1 969 the response t o  applied nitroge n was negligible  for  the  low N line ; 
during the remaining 1 0  months o f  the experiment , the average yield 
inc reasa on these infrequently cut  plots was only 1 kg dry matter for 
each 1 kg of applied N.  During the same time , the yield increase from 
infrequently c ut high N line plots was 4 . 5  kg dry mat t e r  per kg N .  
Thus , for example , i n  both winter periods the low line outyielded the 
high line by at least 30% in the absenc e  of  applie d nitrogen , b ut only 
by 1 7� and 6% in t he 1 969 and 1 970 winter periods r e spect ively when 
nitrogen was added .  

D ifferences b etween lines  in the weight and number  ( dens i ty ) o f  
Phalaris tillers in  infrequently c u t  swards are given  in tab l e  2 9 .  At 

each harv e s t  at which these  data were c olle c ted ,  t illers from the low 
N line plots were heavier than those from the high line plots . Average 
weight  o f  c ontrol line tillers during the 1 0  months from 2 . 1 1 . 1 969 
to 4 . 9 . 1 970 was intermediate b e tween  weights of  the selec ted lines 
( 1 51 , 200 and 263 mg/tiller respec tively for the high , c ontrol and 
low N lines ) , but at individual harvests this relationship was not 
always consis tent . Usually , tiller density was greater  in the high line 
plots although on one occasion ( 6 . 1 . 1 970 ) the low N line was superior. 

. .  



Tiller numbers on control' pl6ts �ere ag�i� �nc o6sisfent but the av�rage . 
· - d�nsi.ty · was similar t o  that on �he low line pi.ots ( ·1 688 , 1 235 and · 1 1 87 . 
tille rs/sq m ' respectiv e ly in high , ' c on trol · and iovi · N l�n� swards during 

' ' 
the 1 0  months of  measureme nt ) .  The application of nitrogen increased. 
t iller we ights but had variable e f fects on tiller de'nsi ty at di f ferent 
harvest .  

Data for total yield ( i . e . , from all species )  in each  year are 
presented in table 30 . I n  both years , yie lds from the low N line swards 
exce eded those from other swards under infrequent cutting , but there 
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were no line di fferences  in the frequently de foliate d  plots.  I n  1 969 
there was a signi ficant yield reduction due to  frequent c ut t ing  and a 
significant response t o  applied nitrogen , but  in 1 970 there was no  s igni f­
icant response to nitrogen .  

( b )  Nitrogen C oncentration i n  Phalaris Herbage 

At e aqh sampling during 1 969 , Phalaris herbage from the low N line 
plots had lower %N values than high N line herbage ( tab le 31 ; figure 6 )  
but line di fferenc es  were not always signi ficant and were relatively 
smaller than differences previously observed  in spaced plants ( experiments 
1 ,  3 arid 4 ) .  At no harvest  were the re any line x de foliation fre quency . 
or line x nitrogen lev e l  interactions for this character .  The lowest 
values were rec orded at the January 6 ( 1 970) harves t ,  whe n  anthesis had 
oc curred on the earliest tillers in the infrequently cut  plots . This was 
the most advanced developmental stage in the normal reproduc tive growth 
cycle achieved by the swards under the de foliation systems impos e d ,  and 
nitrogen content at this stage ranged from 1 . 25 - 1 . 43%N ( figure 6 ) . 

There was no s igni ficant di fference in  %N of  Phalaris from the high 
and c ontrol N plots ( table  31 ) at any individual harves t ,  and di f ferenc e s  
b e tween the control and low N line plots were signi ficant a t  only 2 o f  
t h e  5 harvests i n  1 969 . However , when ave raged ove r  all 5 harv ests , 
the high , c ontrol and low N lines c ontained 2 . 52 ,  2 . 43 and 2 . 31 %N respect­
ive ly .  

Nitrogen content was always higher in  herbage from frequently cut 
than from infrequently cut plot s .  On two occasions t here was a s igni ficant 
increase in %N of herbage from frequently cut  plots due to  the application 
of nitrogen fertiliser , but at  most times the e ffect  of applie d nitrogen 
on this character was small.  

, · .  ' .  
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( c )  Yield of  Nitrogen from P h a l a r i §  Herb age 
There were significant differences between s e le c t i on line s  in yield 

of nitrogen from Phalaris at 3 of the 5 sampling dat e s  in 1 969 ( table 32 ) .  
On eac4 o f  these o c c asions the low N line plots yie lded the mos t nitrogen. 
Total nitrogen yields during 1 969 we re 1 75 ,  1 55 and 1 91 kg N/ha for the 
high , c ontrol and low N lines resp e c t iv e ly .  Recov e ry of  applied nitrogen 
by the Phalaris was generally low , but it  mus t be  remembered that some 
nitrogen would hav e been rec overed by the clover and weed  components of 
the swards . Recovery was greatest  during the winter  in 1 969 , and this 
was also the period of  greatest  pas ture response ( in terms  o f  herbage 
yield)  to applied nitrogen ( fi gure 6 ) ; at this time , there was an average 
yield increase of 40 kg Phalaris herbage per kg N applie d .  During 1 969 , 
the greatest  recovery of applied nitrogen by the Phalaris occurred on 
high N line p lots ( averige 36% recovery ) , with smaller am ounts being 
rec overed on low ( 27% ) and c ontrol ( 2 1 % )  line plots ,  although this  
ranking was not  always consis tent at individual harv e s t s .  

( d )  In  vitro Digestib ility 'o f  Phala�is Herba�e 

Phalaris herbage fro� the low N line pl�ts· was high�st in IVDOM 
at each sampling in 1 969 ( tab le 33 ) and that  from the c ontrol line was · 
usually lowest  in IVDOM . Howev e r ,  di fferences between  the lines were 
small , at no Stage excee ding 3 digestib ility units�  The re we re no 
line x treatment interactions for this charac ter at any harv e s t .  The 
lowest digestibility values were recorded at the 6 . 1 . 1 970 sampling , whe n  
Phalaris herbage from infrequently cut  p lots averaged 52% IVDOM .  
Herbage from nit rogen fertilised plots was often higher in  IVDOM than that 
from unfe rtilised plots ( table 34 ) although the di f ferences were never 
greater than 3 digestibili ty p.ni ts . Herbage from fre .quently cut plots 
was more diges t ib le than that from infrequently c u t  plots except during 
the winter  period. 

DI SCUSSION 
The aim of  this experiment was to examine the agronomic per formance 

of the high , low and c ontrol N selec tion lines under sward c o nditions , 
and the main inte rest is the c omparative performanc e o f  the high and low 
lines . The results indic ate that the low N line swards gave higher yields 
of Phalaris and t otal herbage , and that their superior  Phalaris yields 
were mainly due to a tiller weight  advantage . Low N line plots tended 
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TABLE 27 
DIFFERE NCES IN BOTANICAL COMPOSITI ON OF S WARDS SOWN WI TH HIGH N ,  LOW N AND CO NTROL N SELEC TION LI NES . 
( Line mean value s in each harvest a re average d ov e r  treatments ; analyses o f  varia nce were carri ed  out after  

arcsin trans formation of  data ) .  

C omponent and 
Proport ions o f  c omponents (% t otal dry weigh t )  by harvests =#= 

Selection line § 1 3-2-1 969 27-4-1 969 6-9-1 959 2-1 1 -1 969 6-1 -1 970 

Phalaris H 68. 3 75 . 2  73 . 1  4 8 . 5  31 . 3  
c 66 . 9  77 . 3  64 . 3  4 5 . 9 31 . 2  
L 74 . 3  85 . 2  76. 8 50. 6 3 7 . 0  

Sig.  di ffere nces  ( NS )  ( L ) C , H )  ( L , H > C ) ( NS )  ( L )  C )  

C love r  H 27 . 7  20 . 7  1 5�4 34. 0 55 . 9 
c 2 8 . 3  1 9 . 1 20 . 2  33 . 0  57 . 2  
L 22 . 5  1 1 . 3 1 1 . 7 28 . 8  4 7 . 2  

Sig . di ffe renc es ( NS )  ( NS )  ( C ) L)  ( NS )  t ( C , H ) L )  

Other spp. H 4 . 0  4 . 1  1 1 . 5 1 7 . 5  1 2 . 9  
c 4 . 8  3 . 6  1 5 . 5 21 . 1  1 1 . 5 
L 3 . 2  3 . 5  1 1 . 4 20 . 6  1 5 . 9  

Sig.  dif ferenc es ( N S )  ( NS )  ( NS )  ( NS )  ( NS )  
��--------------�------- -----------

� H = high N line ; C = c ont rol N line ; L = low N line . t Significant line x de fo liat ion freque ncy int e racti on ; wi th frequent de foliation , C )  L ;  with in frequent 
de fo l iation,  H )  L .  

� I n  1 970 , there were signi fi cant diffe re nces  be tween lines at  the 2-6-1 970 harvest ; h owever , since 
dur ing 1 970 the proportion of Phalaris did not fal l be low 90% on any plots , line d i f ferenc es were negl i g ib l e  
and the data a r e  n o t  presented . 

I \D Vl I 



TABLE 2 8  

EFFECTS OF SELEC TION LINES , DEFOLIATION TREATME NTS A ND LEVELS OF APPLIED NITROGEN O N  ANNUAL PHALARIS YIELDS . 

Year and treatment 

1 969 
Frequent } N 
de foliation No 

1 

I nfrequent } N 
de foliation No 

1 

1 969 means• 

1 970 
Infrequent } N 
de foliation N� 
1 970 means • § 

1 969 treatment means : 

1 970 treatment means : 

Phalaris yie ld ( kg dry matter/hectare ) 

High N line C ontrol N line 

4 1 01 371 4 
6448 4 91 7 

7571 831 9  
1 2 1 62 1 2605 

7570a 7839a 

5242 544 1 
6923 61 77 

6083ab 5809 a 

N1 ( 9692 ) ) N
0 

( 6594 ) , ( P  ( 0 . 001 ) .  

I nfrequent ( 1 1 1 71 ) ) freque nt de foliation ( 51 1 6 ) , ( P  ( 0 . 001 ) .  
N1 ( 671 9 ) ) N

0 
( 584 1 ) ,  ( P ( 0 . 05 ) .  

Low N line 

4846 
6668 

1 1 01 5 
1 5353 

9471 b . . 

.. 

6839 
7056 

. 6947b · 
�----� ---

. .  

. . 

. 

.. . 

1: ' ' 

--

. .  

.• 

• I n  each y ear , means hav ing the  same subsc ript are not significan t ly different . The re were no significant 
interac t ions b e tween lines and/or any treatme nts for annual Phalaris yields .  

· 

� Up to  4 -9-1 970 .  
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Harvest date 

Yield differences 
significant a t  
p � 0 · 05 

N o  N 1  

13- 2 - 69 
L )  C,H 
NI :> NO 

N o N 1  

27- 4 - 69 
L > C , H  
N1 > NO 

No N1 

6- 9 - 69 
L , H  ) C  

Nl > NO 

No N 1 

2- 1 1 -69 
C > H , L  
NI > NO 

Fig. 6 - Differenc�s in sea sonal Phollari s yields betwe e n  li ne s prev i o u sly se lec t ed for h i g h  

No N 1  

6 - 1 - 7 0 

L > C,H 
NI > NO 

No N t  No N 1  

2 - 6  - 7 0  4 - 9 -70 

NI > NO 

I ) , t ow ( � ) or ran dom ( 0 ) %N in  whole 

t i tte r s  .< t  hea d i ng . Y i el d s  refer t o  i n f r eq u en t l y  d ef ol ia t e d  p l o t s  at tw o le v d s  of a p p l i e d  n i t r o g e n
, 

No and N1 ( sl' e t e x t  ) . The 

f i g u re s within t h e  c o l um n s  are N co n ce n t ra t i o n s ( ob N )  of Phala r i s  her b a g e .  I \0 -...J I 



TABLE 29 
DIFFERENCES BETWEEN SELEC TION LINES AND N FERTI LI SER TREATME NTS IN THE DENSITY AND WEIGHT OF PHALARIS  TI LLERS 

I N  INFREQUENTLY DEFOLIA TED SWARDS . 

Harvest  date Selection line mean values � N fertiliser t reatment means 
High N line 

I 

C ontrol N line Low N line Signi ficance t N N1 o f  line e ffects  0 

( a )  Tiller de nsity ( tillers/m2 ) -

. 4 43 388 602b . . 435 ( • ) 6 -1 -1 970 • • 520 a a ·-

2-6-1 970 1 981  1 546b 1 1 52 • •  1 621  ( N S )  1 499 a c . 

4 -9-1 970 2641 1 772b 1 808b 
• •  2359 ( "'* ) 1 789 a 

.. 

( b )  Tiller weight ( mg/tiller )  
6-1 -1 970 287 a 373b 374b • 31 3 

. .  • (4' )  376 
2-6-1 970 - 1 73 1 96 340b • • •  21 3  ( NS )  259 a a 
4 -9-1 970 1 1 1  1 66b 1 76b 

. • * .  . - 1 2 1 ( • • • )  1 81 a 
------.�---

( Analyses o f  variance were carrie d  out a fter  log.  t ran�forma tion)  
§ With in-harve s t line means having th e same subscript - are riot s igni ficantly different . 

t Asterisks ind icate signi ficance of line and treatm�nt - � ffects : ­
• P ( 0. 05 . • • P ( 0 . 01 , . . .  P ( 0 . 001 , Ns = not signi fi c� t . 

'· 

....... .... .  
� ·· · ·  
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TABLE 30 
EFFECTS OF S ELECTION LINES , DEFOLIATION TREATMENTS AND LEVELS OF 
APPLIED NITROGEN ON TOTAL A NNUAL* DRY MATTER YIELD .  

-99-

Year and treatment Pasture yie ld ( kg dry ma tter/h e c tare ) t  

High N line Cont rol N line Low N line 

Frequent de foliation 
I n frequent  d efoliation 

I n frequent de foliation 

§ Up t� 4 -9-1 970 

8863 a 

1 1 1 95 a 
1 4950b 

8807 a 

1 1 657 a 
1 7524 c 

t Within each year , mea ns having the same subscript are not s igni fic­
a n t l y  dif ferent.  In 1 969 , the interac tion between lines and 
defolia t i on frequency was significant ( P  (. 0 . 05 ) . 

E ffect  of applied N .  1 969 : N1 ( 1 4 877 ) ) N
0 

( 1 2208) , P ( 0. 001 • 

1 970 : no signi ficant differe nces ov erall or  
at any harvest . 

• Yie lds at individual harvests are not present e d .  The ranking o f  
the s e lection lines fo r total yie ld at individual harvests  was · 
essent ially the same as their  ranking f�r Phalaris yield at the 
same harvests . in· b oth years.  

: 
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TABLE 31  

DIFFERENCES BETWEEN SELEC TION LINES A N D  TREATMENTS I N  % N OF PHA LARIS  HERBAGE HARV ESTED FRO H  SMALL PLOTS I N  1 969 

Date 

1 3 . 2 . 1 969 

27 . 4 . 1 969 

6 . 9 . 1 969 

2. 1 1 . 1 969 

6 . 1 . 1 970 

S e l e c t i o n  line mean valu e s  § 
H i gh N C ontrol Low N Signi fic anc e 

line N line line 
of line 
e f fec t t 

2 . 61 2 . 40 2 . 40 NS 
a a a 

2 . 82 
a 

2
.
67

ab 
2 . 54

b 
• • 

2 . 94 2 . 94 2 • 6L�
b 

* * *  
a a 

2 . 47 2 . 4 1 2 . 3 1
b 

* *  
a a 

1 . 79 1 . 74 1 . 67 NS 
a a a 

------------� -�--�· 

De foliation:  

frequent infrequent 

3. 1 4  ( • • •  ) 1 • 79 

3 . 07 ( U * )  2 . 28 

3e 50 ( H ot< )  2 . 1 7  

2 . 95 ( * * * ) 1 . 85 

2 . 1 1  ( . . .  ) 1 . 36 

§ Analy sis  o f  vari anc e was c arri e d  out l o g. trans forma ti on. 

t A s t e ri sks i n d i c a t e  s i gni fic anc e o f  line o r  treatme n t  e f fe c t s. 

Tre a t m e nt m e an value s 

N f e r t i l i se r :  

N o  N1 

2 . 39 ( NS ) 2 . 55 

2 . 50 ( � * * ) 2 . 85 

2 . 85 ( NS ) 2 . 82 

2 .  34 ( . * * )  2 .  4 6 

1 . 74 ( NS ) 1 . 72 

-·-

- --- ---- -- ----- ----

� 

=IF 

--------

a , b :  within-harv e s t  line me ans hav ing th e same sub sc r i p t  are no t s i gni fic ant ly d i fferent . 
- . ' 

=1/= N ot e : the si gni f i c ant N f e r t i l i s e r  e ff e c t s  at 27 . 4 . 1 969 and 2 . 1 1 . 1 969 occ urred on 

fre que ntly de folia t e d  p l o ts only • 
. .  p ( 0 . 01 . . .  p ( 0 . 001 

�-

• -l> 
0 0 I 
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TABLE 32  

·· · DIFFERENCES BETWEEN SELECTION LINES I N  YIELD OF N FROM PHALARIS HERBAGE HARVESTED FROM SHALL S WARDS 

Harvest  
date  

1 3 . 2 ;. 1 969 
-f,. 

2 7 . 4 . 1 969 
. 6 . 9 . 1 969 
· 2 . 1 1 . 1 969 
·6 . 1 . 1 970 

-- ----

Selec tion line mean values ( kg N/he c tare ) 9 t #  
High N line C ontrol N line Low N line 

46 . 8ab ( 33 )  40. 3b ( 27 )  51 . 5  ( 1 1 )  a 
( 23 )  27 . 1  ( 1 4 )  35 . 3b ( 37 )  25 . 0  a a 

55 . 2  a ( 70 )  4 2 . 7  ( 35 )  a 55 . 6 ( 52 )  a 
38 . 0  ( 45 )  36 .4  ( 24 )  34 . 8  ( 29 ) a a a 
9 . 6 a ( 1 0 ) 8 . 7  a ( 7 )  1 3 . 3b ( 5 )  

- ----------

§ The re were n o  s ignifi cant interactions involving sele c t ion  line s .  

Significance  o f  line 
e ffec t  

• 
• 

NS 
NS 
• • 

------------ - ---

t Within-harvest  line means hav ing the same subscript are not signi fi cantly different . 
� Figures

.
in  parenthesis are the pe rcentage s o f  applie d N recovered by the Phalaris • 

• p ( 0. 05 • • p < o. 01 NS = not signi fi cant 

l � 
0 � 
I 



TABLE 33 

DIFFERENCES BETWEEN SELECTION LINES IN IVDOM OF PHALARIS HERBAGE HARVESTED FROM SMALL SWARDS 

Harvest  date  

1 3 . 2 . 1 969 
27. 4 . 1 969 

6 . 9 . 1 969 
2 . 1 1 . 1 969 
6 . 1 . 1 970 

- -------

Sele c t ion  line me an values (%IVDOM ) t § 
High N line C ontrol N line Low N line 

' 

69 . 5ab 68 . 5  a 71 . 4b 
70 . 9ab 69 . 9  a 

71 . 8b 
77. 1 78 . 6ab 79 . 7b 

. ' 
a 

77 . 8  a 76 . 6b ' 78 . 4  a 
55 . 7a 55 . 1  

a 
5 6 . 7  - . 

a 

---- - - - ------------

-

,. 

. 

> 

Si gni ficanc e o f  line 

' ' •  

. , 

------------ --------

e ffec t  

• •  
• 
• 

• •  

NS 

·--

§ Within-harvest  line means having th e same s ubscript are not signi fi cantly different . 
t There were no signi fi cant i nteract ions invo lv�rii' �elec ti on line s .  

• P ( 0 . 05 , u P  ( 0 . 01 

. .  , 

::·, 

•,_ 

I -> 
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TABLE 34 

EFFECTS OF DEFOLIATI ON FREQUENCY AND NITROGEN FER TI LISER ON IVDOM OF PHALARIS HERBAGE HARVESTED FROM SMALL S WARD2 

Harvest  dat e  

1 3 . 2 . 1 969 

: .27 .4 . 1 969 

6 . 9 . 1 969 
2 . 1 1 . 1 969 

6 . 1 . 1 970 

Treatment mean values (% IVDOM ) § · 
Frequent de folia t ion I n fre quent de fo lia tion 

N N1 N N 1 0 . 0 

74 . 9b 
. 

£4 . 3  . 66 . 5d 73 . 5a c 
72 . 8  a 72 . 4  

a 
· 68 . ob 70. 1  

c 
77 · 9  a 79 . 7

a 
78 . 3  

a 
78 . 0  a 

78 . 2  79 . 7b 
. 

"76 . 0  76 . 4  
a c c 

5 8 . 4  61 . 6b 
' 

a 51 " 4 • c 
51 . 9 c 

. .  · 

§ Within-harv est  treatme nt mean values ( i . e .  row m eans)  hav ing t h e  same subscript  

are not signi ficantly di fferent  

·. ,.;-. . · . .  

I _. 
0 \.)'1 I 



to  c ontain a greater  proportion o f  sown grass , but there were no 
di fferences betwe e n  lines in  susc eptib ility to weed infestation.  
Phalaris herbage from the low line swards was lo�est in %N and highest 
in  IVDOM . Although Phalaris from the high N line plots had the highest 
nitrogen concentration , the  yield of nitrogen from the Phalaris was 
greqter for the low N line . Phalaris in the high line plots recovere d  
more nitrogen from t h e  applied fertiliser an d herbage yield respons e 
to applied nitrogen  was greater ,  and in the se senses the high N selec tion 
line · was relative ly "e fficient " .  However at five of  the seven harvests 
Phalaris yields on the unfertilised low line plot s were at least as 
high as those from high line plots to whi ch nitroge n  fertiliser had 
been applie d ( figure 6 ) . In other words , in order to produce  a given 
yield of  Phalaris herbage , the high line plots req uired more nitrogen 
than the low line plots and in this s e nse the high N selection  line 
was relatively " ine fficient" . 

The c ontrol N line was ( on average ) int ermediate for nitrogen 
c onc entrations in  the Phalaris herbage and for tiller wei gh t .  I n  
most other charac t ers i t  resembled the high N line more than the low 
line , with the exc ept ions of tiller density ( similar to that of the low 
line), and Phalaris IV DOH and nitrogen yield ( inferior to bo th the high 
and low N lines ) .  

P .  tuberosa is  noted for its persistence  under  heavy sto cking 
rates  and in a vari e ty of grazing managem ent sys tems ( Moore � al 1 946 ; 
Willoughby 1 959�  Hutchings et al 1 963 ; Biddisc ombe 1 964 ; Morley � al 
1 969 ; Hutchins o n  1 970 ; and many others ) . The failure of the 
Phalaris to  persist under frequent cutting in this experiment might 
there fore seem surprising at first sight . However , as long ago as 
1 932 Richardson e t  al noted that • • •  " th e  vigour and future growth of  
Phalaris tuberosa may b e  c onsiderably impa±red by  too  frequent de foliat­
ion " ,  and suggested  that cutting plants regularly at 5-weekly intervals 
( which  corresponds to the average period between  cuttings in the present 
frequent de foliation treatment )  was " t o o  drastic" b ecause o f  its 
markedly deleterious e ffec t  on the root ; shoot rati o .  McKell  et al 
( 1 966 , 1 970) 1 Berry and Hove land ( 1 969 ) and Hoveland ( 1 970 ) have shown 
that frequent c ut ting ( especially during and shortly after the pe riod 
when  reproduc tive growth would n�rmally be occurring) reduces  c arbo­
hydrate reserves , plant survival and subsequent yield of  P . tuberosa 
pasture s .  Grimmett  ( 1 967 ) found that regularly cutting P .  tuberosa 
to  a height o f1 . 3:m resulted in greater  p lant mortality and yield 



reduction than cutting t o  a heigh t  o f  7. 5 cm �nd tha t  some plant 
mortality occurred under all fr�qU:ent cutting.- sys t�ms.. .  Observations 

. . 

by these workers are thus .in agree.ment with the . gener�lly accepted . 
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notion that frequent , severe de foliat ion ' o f  individual plants or 
monoculture swards will reduce plant or pasture herbage y i e lds ( see , · 
for example , reviews by Alcock 1 964 ; Mil�horpe and Davidson 1 96 6 ;  
Davidson , 1 968 ) . In  additi on , manj authors have not e d  that frequent , 
sev ere cutting or grazing of  mixed  ( grass/legume ) pas ture s  results in 
a decrease in  the p roportion o f  grass and an inc rease i n  the proportion 
of  legume ; Brougham ' s  ( 1 959 ) work in the present e nv ironme nt is  a good 
example of this trend . 

Howev e r ,  as has frequently been  pointed out ( e . g . Moir 1 959 ; Moore 
and Biddisc ombe 1 964 ; Davidson 1 96 8 )  botanical composition of grazed 
pastures may be qui te  di fferent to  that  of swards which are artificially 
cut or mown . I n  particular ,  pastures which are cut rather  tha n grazed  
are  reported t o  be  more susc eptible to  weed infestation ( e . g. Sears 1 951 , 
1 953 ; Lynch 1 960) . Although weed  infestation - mainly by annual grasses  -
has been occasionally obs erved  on v e ry heavily grazed  P .  tuberosa/ 
Trifolium subterraneum or P .  tuberosa/lrepens pasture s  ( Morley 1 966a ; 
Reed  1 970 ; Hutchinson 1 970 ) , the b otanical composition o f  these pastures 
after the estab lishment phase is usually relatively stable 1 under 
ec onomically optimal grazing pressures2 in the south-eastern Aus tralian 
environment ( Hoore et al 1 946 ; Willoughb� 1 959 ; Axelsen and Morley 1 968 ; 
Morley e t  al 1 969 ) . Phalaris pastures have been reported t o  be  resistant 
to  invasion by spec ific wee ds , inc luding various thistles ( Silybum 
marianum , Michael 1 968a ; Onopordum spp . Michael 1 968b ; 
George et  al 1 970 ) , barley grass ( Hordeum leporinum ; 

Cirsium vulgare , 
Oram and Hoen 1 967 ) ,  

and Pat e rson ' s  Curse ( Echium lycopsis ; Michael 1 970)  but their resistance 

1 .  "Stability" is used here in a sense roughly anala.gous t o  that 
of Morley ( 1 966 b )  and re fers t o  the ability of P .  tube rosa and the 
associate d . legume to persist  "pe rmanently1 1  ( i . e .  for many years ) as 
the maj or c omponent s of a produ c t ive pastur e .  No c onstancy of  b otanical  
composi t i on is implied but many authors ( e . g. Willoughby 1 959 ; Morley 
� al 1 969 ) have found tha t , at any given time , s t o c king rate has little  
effe c t  on the grass/clover b alanc e  in  the se pastur e s .  

2 .  Stocking rates within the range 8-1 5 merino ewes p e r  hectare 
( 3-6 per acre ) appear to be  most profitable for P . tuberosa pastures 
within the pastoral z ones suitable for Phalaris in south-eastern Australia 
( Chisholm 1 965 ; Morley and Ward 1 966 ; Byrne 1 968 ) . 
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to Yorkshire fog ( Holcus lanatus ) ,  the maj or weed in the present  experi­
ment , is not known . P . tub erosa pe rsists in  grazed _ pastures approximately 
1 km ( le ss than a · mile ) from the site of  this experiment , but i n  a soil 
with superior drainage characteristics . It  cannot there fore be c onc luded 
that the selection line s  would no t persist under normal grazing pre ssures 
in  this environment . 

The higher tiller weights from the low N line swards are in  agreement 
with the results of experiments 2 ,  3 and 4 ,  as are the lowe r tiller  
numbers ( c . f. table 1 5 ) , while di ffe renc es  in Phalaris yields be tween  
the low and high N lines  agree with se edling vigour di fferenc e s  described  
in experiments 3,  6 and  7 .  Mc VJilliam and Latter  ( 1 970)  found high 
pos itive ge ne tic correlations ( r  = 0 . 55 -- 0. 69 )  between seedling dry g 
weight  and herbage yield from swards in the ir second year of  growth , 
among families from th e base population from which these  sele c t ion lines 
were derived .  Tiller  numb ers and weights have not often  been  pub lished 
for Phalaris pastures ;  more emphasis has usually been plac ed  on plant 
numbers than tiller numbe rs per unit area.  Th e relative importan c e  of  
these t wo yield c omponents in  de termining yield  di fferenc es b e twee n  
genotype s  o r  varie ties  of Lolitim ne renne has b een c are fully studied by 
Lazenby and Rogers ( 1 962 , 1 964 a ,  1 965 ) , who f ound that large di fferences  
were  more  c losely related  to tiller numbe rs than tiller  weight . Yield 
differences between  Dac tylis gl omerata strains also appear to result 
from tiller number differences  during the first  ye ar o f  growth ( Biddiscombe 
e t  al 1 969 ) but in later years tiller weight  is  the mos t important 
determinant of yield differences ( Knight 1 961 ; Biddisc ombe !! al 1 969 ) . 
I n  the present experiment , the ( usually ) higher ti ller density was 
insuffi cient to compensate for the lower  ti lle r  weights in the high N 
line swards , which regularly yielded less Phalaris than the low line 
plots , but the relative  importance of  the yie ld components could w�ll 
be  different in another environment or under o ther defoliation treatment s .  

Differenc es i n  % N  o f  Phalaris herbage between selection lines in 
these swards were smaller than th ose previously observed  in spac ed  plants 
( experiments 1 ,  3 and 4 ) , but the ranking o f  line s for this cha rac ter 
was the  same . There was no indic a tion of line  x cutting fre quency or 
line x nitrogen fertiliser  level  interac tions for %N or IVDOM . All 
o f  the se  results are in go od agreement with those of Lazenby and Rogers 
( 1 964a , 1 965 ) for Lolium perenne genotypes and varietie& grown under 
a range of spacings and nitrogen levels . Genotype x cutting  frequ ency 
interac tions for %N and IVDOM have  also been  found to  be unimportant in 
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. cyno"don dac tylon ( Burton � al 1 967 )  and Phalaris arund ina c e a  ( Asay · 

et  al 1 968 ; C arlson � � 1 969) , wh i l e  genotype x nitrogen l evel 

int erac t ions for these charac t e rs a�pear to be  of  l it t le si gni ficance  in · 

Dac tylis glom e rata ( Dent and A ldrich 1 968 ) , Panicum v i rgatum , and 

Andropogon spp.  ( Newell 1 968 ) .  Howev e r ,  Rogers and Thomson ( 1 970 ) 
rec ently repor t e d  quite large and high ly sign i ficant progeny x N lev e l  

interac t ions for b o th %N and IVDOM in spa c e d  plant s  of  Lolium perenne . 

Further studi e s  o n  %N o f  see dlings o f  th ese selec t ion line s grown und e r  

a range of nit rogen levels a r e  describ e d  in experiment 6 .  
One o f  the most  interest ing and agr onomically s i gni ficant results o f  

th is experiment i s  the di fference b e twe e n  the high and low N lines i n  

their nitroge n e c onomy and e fficiency of  nitrogen up take and usage . 

Genetic varia tion for these charac t e ristics  has previously b e e n  observ e d  

in  Lolium pe renne ( V ose 1 962 ; Vose and Breese 1 964 ; Laz e nby and R ogers 

1 965 ; Holmes 1 966 ; Thoms on and Rogers 1 970 ) and o ther s p e c i e s .  As 

noted earli er , c lassifi cation o f  the  s e l ec tion lines as " e f fic ient"  or 

" ine fficient" d e p ends on the meaning o f  e ffici ency , whi c h  has b e en variously 

de fined in t e rms o f  the relative ab i li ty of  a genotype ( or s war d )  t o  

produc e dry matt e r  from absorb e d  nit roge n (Vose 1 962 ; V os e  a n d  Bre e s e  

1 964 ; Thomson and Rogers 1 970 ) and in terms o f  the amount o f  nitrogen 

required by dif ferent genotypes to ach ieve the same yield ( Laz e nby 

and Rogers 1 965 ) . Howev e r ,  another asp e c t  of e ffic iency i s  t h e  relativ e 

ab i l i ty of genotype s  to increase dry wei gh t  in  re spons e t o  fertiliser 

nit rogen , whi c h  d e pends b oth o n  e ffic iency of recov ery and uti lisation 

o f  applied ni troge n �  Furth e r , ab i l i ty to c once ntrate n i t r ogen in the 

tissues could be c onsidered an index o f  e fficiency in some c ircumstanc e s ,  

in a herbage nut ritive value sense . The s e  various aspe c t s  o f  nitrogen 

e ffic i e ncy hav e b e e n  apprec iat e d  by the authors c i t e d ,  who hav e in every 

case c learly s t a t e d  the sense o f  th e i r  de finition , but they a r e  described 

here in orde r to p rovide a basis for com paring the nitrogen e c onomy o f  

the high and low N line s .  

I n  the firs t sense , as pointed ou t by Vose and Bre e s e  ( 1 964 ) , 
genotypes with low %N values wi ll automatically t e nd t o  b e  e fficient  

ni trogen users . Thus , the low N line in the presen t experiment utilises 

absorb e d  ni trogen m ore e ffic i e ntly than the hi gh l ine . It  i s  al so more 

e fficient in  the s e nse of requiring less nitrogen for a given herbage 

yield , as already m e ntioned.  The low N line had the abi lity to extrac t 

more nitrogen ( i . e .  non-fertiliser nitrogen ) from the soi l ,  but r e c ov e re d  

less o f  the app l ie d nitrogen . Laze nby and Rogers ( 1 965 ) obs erve d  that 

genotypes o f  Lolium perenne which did no t d i f fer in  inc r e m e ntal herbage 

.. 



yie lds per uni t o f  applie d ni t rogen d i d  d i f fer in the ir abi li ty to 

extra c t  non- f e r t i l i s e r  ni trogen from t h e  s o i l  and i n  th e i r  re c ov e ry 
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of ferti liser nit rogen . I n  the  pres e n t  expe riment ,  the l o w  N line  was 

ine f fic ient in i t s  r esponse to appli e d  ni trogen , and it may b e  tha t 

at v e ry high r a t e s  o f  ni trogen appli c a tion the y i e ld different ial 

b e tween the l i ne s wou ld be reduced  or even revers e d .  

Becaus� relevant informa t i on i s  also present e d  i n  experimen ts 

6 ,  7 and 8 a more c omple te analysis of d i f ferenc e s  be twe e n  lines in 

nitrogen uptake and utilisation will b e  given in the discus sion of  those 

experiment s .  
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EXPER IMENTS 6 .  7 AND 8 

AN EXAMINATION OF THE SEEDLI NG V IGOU R ,  NI TROGEN ECONOMY AND  APPARENT 
PHOTOSYNTHETIC RATE OF PHALARIS TUBEROSA LINES PREVIOUSLY SELECTED 

FOR HIGH OR LOW HERBAGE NITROGEN CONCENTRATION 

INTRODUCTION 
I n  the c ourse of producing experimental selection lines o f  

Phalaris tub e rosa having di f ferent c onc entrations of  nitrogen ( %N) in 
the herbage , it  was observed  that seedling vigour of maternal half-sib 
families was negatively c orrelated  with %N at the heading s tage 
( experiment 3 ) . From a pre liminary examination of this phenomenon , 
it was suggested  that differences in seedling vigour were due  to 
di fferenc es in both seed we ight and relative growth rate  b e tween families.  
In  expe riments 4 and 5 it  was found t hat the low N line had  heav ier 
tillers under b oth spac e d  - plant anr l  award c onditions and . that thi s  
superiority resulte d  in higher  herba�e yields from awards . 

Low seedling vigour is a maj or limitation to the value o f  P . tuberosa 
as a pasture grass , resulting in poor e stablishment and low herbage 
yields during the first few months a fter sowing ( se e  review by Cameron 
1 963 ) • . High herbage yields , especia l ly during  seasons wh e n  low pasture 
growth limits animal produ c tion ( e . g . winter ; Willoughby 1 959 ) , are 
usually required of  any pasture grass . Improved seedling v igour and . 
autumn-winter yields are there fore spec ific and maj or ob j e c t iv es in 
current Australian breeding programs for this spec ie s  ( e . g . McWilliam 
and Latter 1 970 ) o Although c rude protein content (%N x 6 . 25 )  of  herbage 
limits animal produc tion under certain circumstanc e s  ( se e  literature 
review ) ,  negative  relationships betwe e n  %N and seedling vigour or yield 
might  well outweigh any advantages due to inc reased  protein  c ontent . 

The experiment s  describ e d  here were designed to examine several 
aspects  of thes e  re lationships . The spe c i fic aims were as  follows : ­

( i )  to  confirm the exis tence o f  a negative relationship b e tween 
%N and seedling �igour ; . · � 

( ii )  to  examine the ' exte nt . of seedling vig9ur diffe�e nces between 
' • • ¥ • 

. . . se lection lines irrigate.d ·with nutrient solutions cf ontaining di fferent 
' • 0 

· levels of nitrogen ; 
' ' 

( iii ) to  d e fine th e maj or causes of observed variation in seedl�ng 
vigour ; ·· 

( iv )  to examine the relations�ip b e tween %N and the rat e  o f  apparent 
photosynthesis ; 
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( v )  to  investigate the r e lat ionships be tween %"i-i and the rate s  o f  nitrogen 
uptake and utilisation . 

The main c riterion of  vigour was taken to  be seedling dry weight , 
but several other criteria were also examine d .  

MATERIALS AND METHODS 
Experiments 6 and 7 were conduc ted in a glasshouse during the late 

autumn and winter of  1 969 . Glasshouse temperatures are shown in fi gure 7.  

S ee ds were germinated on mois tened filter paper in petri dishe s , and 
see dlings were subsequently transplant ed  to indiv idual 6 x 6 cm plasti c  
pots containing perlite . Nutrient so lut ions . containing either 2 . 8 (weak ) ,  
28 (medium ) or 280 ( strong )  ppm nitrogen were applied daily and the pots 
were flushed regularly with water to prevent any accumulation of  nitrogen 
in the perlite .  The composition of  the nutrient solutions is given in 
appendix 3 ;  sodium nitrate  was the nitrogen source  in the weak and medium 
nutrient solutions , whi le the strong solution c ontaine d additional 
nitrogen in the form of ammonium nitra t e .  The conc e ntrat ions of  other 
essent ial e lements were identical in e ach solution , so  that "strength" 
re fers only to difference s  in nitrogen content . 

( a )  Experiment 6 
Seedlings from the s3 and s4 gen erations of the high and low N 

s e le ction lines were use d  in this expe riment. The s3 seedlings originated 
from the  bulk seed  samples described in experiment 5 ,  while seeds from 
each mate rnal parent of the s4 generations were germinated separately t o  
produce representative s4 seedling populations . Seedlings from each o f  
the 4 populations ( i . e . 2 selec tion lines x 2 gene rations ) were grown i n  
pots supplied  wi th nutrient solution c ontaining 2 . 8 ,  28 o r  280 ppm 
nitroge n .  A total of 4 8  randomly positioned seedlings ( 1 2 from each 
population )  was grown at each nutrient level in each of 2 replicates 
giving a total of 288 seedlings , half of which  were harvested at the 
3 -leaf  stage and half at the 5-leaf stage . Each plant was harvested  
individually as it reached one  or  other of  these s tages ( i . e .  on  the day 
on which the tip of either the fourth or sixth leaf respec tively first 
appeared within the enclosing sheath of  the previ ous. leaf) . Rate o f  
leaf appearanc e . ( days b e tween the appearance o f  the fourth and sixth 
leaves )  was measured on all seedlings harvested at th e s e cond stage . 
Plants harvested at each stage were washed fre e  of perli te ,  dried at  8o0c ,  
weighed  and temporarily stored over  silica gel in the dark . At  the 
c onclusion of harvesting, the individual seedlings wi thin populations 

,. 
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and treatments at the  5-leaf s tage were bulked and analysed  for K j eldahl 
nitrogen c ontent (%N , dry matter  bas is ) as outli�e d in  appendix 1 .  

V/hole-plant relative growth rates  ( RGR ) were c alculated from the 
formula 

RGR = lbge W2 - loge 
W1 

t2 - t, 
t 

where w1 and w2 are seedling dry weights ( mg )  at times t1 and t2 
respectiv e ly , and t2 - t 1 is the tim e  ( days ) between  the 3 -leaf and 
5 -leaf stages . 

Sinc e seedlings were harveste d  at fixed developmental stages rather 
than at a fixed  �oint in time , dry weights were adjus t e d  by means of  RGR 
values t o  a c ommon harve'st date. ( 6  weeks from transplant.ing)  prio:r to  analysis 
of  variance of s e e dling. weig�t ! 

( b )  Expe rime n t  7 
Seedling growth of  s4 polycross ( i . e .  maternal half-sib ) families 

in the high and low N line a was examined ·in this experiment . The seeds 
o f  e ach fami ly were obtaine d from the final cycle of s e le c t ion and cross� 
ing in the Canberra phytotron ( see  e xperiment 3 ) ; thus , s eeds were from 
the same s ourc e as those used for experiment 4 and the s4 generation in 
experiment 6 .  The re were e ight families in each o f  t he high and low 
N lines . Seed  samples were stored ov er silica ge l for some  weeks prior 
to weighing replicated 50-se ed  lots from each family .  Twe lve  see dlings 
from each o f  the 1 6  families were grown in each o f  2 replic ates  and 
were irrigated with the medium strength nutrient so lut ion . Within 
replicates , seedlings were grouped  in batches of 1 6  ( 1 from each family ) 
t o  minimise b ias due t o  position e ffects in the glasshouse .  Half of  
the 384 seedlings were harvested a t  the 3 -leaf stage a nd half  at the 5-leaf 
stage , stages being de fined as in experiment 6 .  Rate of  leaf appearance 
( days between the appearance of the fourth and sixth leav e s )  was measured 
on all seedlings harvested at the s econd stage . As in experiment 6 ,  
each plant was harvested  individually as it reached one or other o f  the 
deve lopmental stages .  Harvested s e edlings were washe d fre e  of perlite , 
and length and maximum breadth ( mm )  of each leaf were recorded to  allow 
subsequent calcula tion of  seedling leaf area ( see  appendix 7 ) . 

Seedlings were then drie d at 80°C and separated into root and shoo t  ( top ) 
fractions which were  weighed s eparately and temporarily s tored over 
silica gel in the dark. When harvesting was c ompl e te d ,  the dried 

• I 
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material from each family in  each rep) icate was analysed  for K j e ldahl 
nitrogen c ontent , both roots and tops b eing analysed  s eparate ly at each 
stage . 

From the data colle c t e d , relativ e growth rates  ( RGR ) o f  t op� , roots 
and whole plant s were c ompute d  as for expe riment 6 ,  and re lative rates 
of  leaf area expansion between the 3-lea f  and 5-lea f  s tages were calcul­
ated in a s imilar manner .  Average net assimilation rates ( NAR ) between  
the two s tages · were estimate d  from the formula 

' 

where w1 and A1 are seedling dry weights ( mg)  and. leaf  areas ( cm2 ) 
respec t iv e ly at the 3-leaf stage , w2 and A2 are c orresponding values at  
the 5-leaf  . s tage , and t2 - t1 is  the time ( days)  b e tween the  stage s .  
Average l e a f  area ratios ( LAR ) b e tween the stages  w ere calculated  simil­
arly as 

LAR = [ :� - A 1 l , 
w ' 

1 

[ · loge 
log e 

w2 . - loge 
A2 · - loge 

: 

In  addition , LAR at each stage was calculated ftire c � ly as the· ratio o f  
leaf area ( cm2 ) t o  total plant weight ( mg) . 

Follow ing Williams ( 1 93 9 )  and ' Keay � � ( 1 970 ) , the rate o f  
seedl ing dry weight increase per unit o f  absorbed nitrogen between the 
s tages per day ( NU ) was calculated  as 

Nu = [ log
•t:2

-
-

t�ogc N1 l [ :� = :; l ' 
where N1 and N2 are the total nitrogen c ontents ( mg )  per  seedling at the 
3-leaf and 5-leaf stages respectively .  NU ' the rate  o f  nitroge n utilis­
ation , is  a measure of the e fficiency with which abs orbed  ni trogen is . 
used in  the production o f  dry weight . 

The rate o f  nitrogen absorption ( NA ) per unit dry weight of  root 
per day b e tween the stages was . c alculated as suggested  by Williams ( 1 94 8 )  

from the formula, 

t 

where R1 and R2 are root dry weights pe r seedling ( mg) at the 3-leaf and 
5-leaf s tages respectively . 
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S e e dling dry weight dif ferences  between fami lies were examined 
after  adjusting weight data to  a c ommon harvest date , as in  expe ri ment 
6 .  I n  addition , weight data at the 5-leaf stage are pre s ented for 
c omparison. S ome oth e r  variab les ( s e e  table 39) measured at the 5-leaf 
stage are also included .  

( c )  Experime nt 8 
The aim of this expe riment was to examine the re lati onship b e twee n  

%N and net photosynthetic  rate  in a .c ontro lled environment . The numbe r · 
o f  plants that - could be  e xamine d was limited �y the small size  o f  t he 
availab le growth cabine ts and the time-c ons�ming nature of ' the measure­
ment s .  Large , variable seedling �opulat ions were ·the�e fore not suitable  
fo� this  study . Instead , plants known to  have e ither high or low %N · 
values under fie ld condit ions were used.  It  was assumed tha t these  
extreme genotypes were representative of the populations which would 
eventually result from many generations of selection for high and l ow 
%N at h eading. 

From the spaced-plant populations described in experiment 4 , five 
genotype s  having high %N wo r e  chosen from the high N line , and fiv e  
having low % N  were taken fr�� the low N line . The %N values of the s e  
ten genotypes under fiel� conditions are described  elsewhere ( table 43 , 
expe riment 9 ) . I n  t ·t o  �utumn of 1 969 (May 25 ) ,  when the plants were 
c omple tely vege tative 1 �h ey were dug up and trans ferred to a glasshouse .  
Individual t illers a �  a s imilar stage of devel opment were taken from the 
c e ntre o f  each plan t .  Th e c ulm to wh ich a tiller was at tache d was cut  
at  a h eight o f  6 cm ab ove the point of insert ion o f  the  tiller ,  the top  
portion was discarded and the remaining material was washed free  of  soil.  
From a large numb er o f  single tillers thus obtained ,  twelve from each 
plant were selected on  the basis o f  uni formity o f  devel opment and apparent 
integrity of the root sys tem  o f  the devel oping tiller . As much as 
possible of  the root system  of the attached c ulm was remov e d ,  and the 
selected  tillers were planted  individual ly in perlite in  6 x 6 cm plastic 
pots. and irrigated with the medium strength nitrogen nutrient so lution�  
In this  way , twelve tiller  units ( rame ts)  of  each of  the ten  genoty pes  
( c lone s )  were provided for  this  experiment . 

The ramets were grown for 5 days in the glasshouse , a fter  which 
they were de foliate d  to a uniform he ight ( 6cm ) and trans ferred to two 
growth cabine ts.  A constant temperature of 20°C was maintained ,  and 
in each cabinet a c ombination of tungsten and fluorescent lights provide d 
a measured  light intensity of  80 wat ts/sq .  m . • ( approximately 1 600 f c )  

, . . , 
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of visible radiation �t the level of the plants during a 1 2 -hour 
phot operiod each day . This light . intensity was �ow , but was the maximum 
possible in the cab inets . I n  each cabine t ,  6 ramets  of e ach  c l one were 
grown , grouped into 6 rep lic ates , and all plants were irrigated twice 
daily with the me dium strength nitrogen nutrient solution.  

Measurements commenc ed 26 days a fter  ramets had been  trans ferred 
to the growth cabinets .  From the 1 2 ram e ts of each cl one , 3 were selec ted  
acco rding to the  following c rit eria : 

( i )  morphologically uniform and representa tive of the c lone ; 
( ii )  conforming to the following description : possessing at least 

3 fully expanded , apparent ly healthy leaves on a single tiller ( i . e .  no 
new tillers visible at the time of measurement ) .  

These 30 ramets  were used  for me asurements of photosynthetic  rate 
and chlorophyll  conc entration . They were divided int o 3 groups , each 
containing 1 ramet  of each c lone , and th e groups were measured  on 3 
suc cessive days ( days 26 ,  27 and 28 respe c tively ) .  On each day , 9 
hours a fter the c omme ncement of the light period , the youngest fully­
expanded leaf from each ramet to be measure d was de tached at  the ligule 
and its area was determined ( see  appendix ? ) . From the middle o f  each 
leaf a small segment ( 25mm in length ) was taken, and its ra te  o f  apparent 
photosynthesis was determined by the manome tric me thod described by 
Wilson et  al ( 1 969 ) .  In  this method , the rate of gas evo lut ion pe r unit 
lea f area is measured under c ontrolled c onditions in  a Warb urg apparatu s .  
The leaf segment is placed in  the c e ntre well o f  a Warburg unit , with 
one cut edge immersed in 0 . 1 ml distilled water ,  and its upper ( adaxia l )  
surfac e facing a light source . A small quantity ( 2 . 0ml )  o f- a suitable 
buffer solution is pipetted  into the out er well to maintain a constant 
C02 c oncentration , t he unit is gent ly ( usually mechanic ally ) rocked back 
and forth to hasten  and maintain equilibrium between the gas and liquid 
phases , and the inc rease in the volume of gas in the sys tem is c alculated  
from gas pressure changes which are in turn measured on  an a ttached 
manome ter.  It is assume d that the gas produced is oxygen.  In the present 
experiment , the bu f fe r  consisted  of  0 . 1 molar  Na HC03 and 0 . 1  molar Na2 co3 
in the ratio 9/1 ( v/v ) .  A temperature o f  20 ! 0 . 5°C was maintained by 
immersing the Warburg flasks in a large waterbath and the flasks were 
mechanically roc ked  sideways 40 times per minute . A light intensi ty o f  
1 2 0 watts/sq m ( approximate ly 2500 fc ) o f  visible radiation was provided 
by mercury vapour lamps . After allowing 30 min for e quilibrati on ,  the 
change in gas pressure in the system was recorded during 3 co nsecutive  
20 min  intervals , and the  apparent rat e  of  oxygen evolution per minute 

.. 



was c alculated . from thes� r�adings by means o f · the ' flas� c onstants . 
The values so obtained were c orrec ted for . sli-ght changes i n  waterbath 
t emperature using values  cibtained · from two c6ntrol unit � ( i . e . units : 
not c ont�irting leaf  s e�ments ) . Tweiv e units were availab le , allowing � 
e ach group o f  1 0  lea f  segments and 2 controls ' to be · measure d simultan­
e ously . 

On  the same days on  which rat es of  apparent photosynthesis  were 
measured ,  chlorophyll  c onc entrations were determined .  For each ramet , 
the leaf immediate ly below that us ed for measuring photosynthetic  
rate was  taken ,  and  its  area was rec orded .  Preliminary analyses  had 
shown that , with slight modifications , the t echnique of Hunt and C ooper 
( 1 967 )  could be adapted  to measure the c hlorophyll c ontent o f  individual 
leaves with a high degree  o f  ac curacy . Chlorophyll was extra c te d  by  
grinding each  lea f  in  a mortar with pure acetone . The extra c t  w as 
c entri fuged for 1 0  min at 2500 rpm and made up to a suitab le volume with 
acetone , and its optical density was de termined at 645 mf and 663 m� 
using a Beckman spe c trophotometer.  Conc entrations of  chlorophyll a ,  
c hlorophyll b and t otal chlorophyll were the n det ermined by means o f  
the equations derive d  b y  Arnon ( 1 949 ) . 

The remaining 9 ramets of  each cl one , which were consid erab ly more 
variable than those used for measurements of  photosynthetic rates  
and chlorophyll concent ra tions , were  use d  to establish a lea f  weigh t :  
area relationship ( i . e . , sp ecific  le af  weigh t ) for each clone ( 7  ramets ) , 
and to measure %N of  t ops ( 6  ramets ) and roots ( 2  rame ts ) . Because 
o f  the variability b e tween  the individual rame ts of each c lone , th e %N 

values of tops fluc tuated  markedly ( e . g . from 1 . 72 to 3 . 50 %N among 
the ramets of one clone and from 1 . 88 to 3 . 32 %N for anothe r c lone ) and 
little confidence can be plac ed in these  estimates ; however , they are 
included in the results for comple tene s s .  V ariability between  ramets 
of a c lone for %N of  roots and spec i fic  lea f  weight was much low e r ,  and 
the c lone mean values had re lative ly low standard errors . Using the 
leaf weight : area relati onship it was possib le to express the photosynth­
e t ic rate s ,  chlorophyll concentrations and nitrogen c onc entrat ions on 
b oth a leaf  area and a leaf weight basis , though with little c onfidenc e  
i n  the case o f  nitrogen .  

RESULTS 
( a ) Experiment 6 

The analysis o f  varianc e o f  seedling ch aracters measured  in  experi­
ment 6 is given in table  35 . The e ffec t  of nutrient s oluti on  s trength 
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(nitrogen lev e l )  was signi ficant for all charac ters .  Seedlings from 
high and low N selection lines had signi fi cant ly dif ferent dry weights , 
%N and rates o f  leaf app earance .  There were no s igni ficant i nt era c t ions 
between l ines and treatments for any charac ter ,  and the main e f fects  
of  the  lines have there fore been  summarised in tab le 36.  Low N line 
seedlings were nearly twi c e  as heavy on average as  high N line seedlings 

.and , a lthough they had lower %N value s ,  they c ontained larger t otal i · 

quantities  of  K j e ldahl nitrogen than high line s e e dlings ; th� nit ro�en � 
contents o f  se�dlings 6 �eeks a fter transplant ing were approximately 
0 .  90 and o .  70 mg respe cti_v e ly in  the · low · and :high .N lines . . The high N 
line seedlings had the faster  rate of le af appearance .. The re was no  

. . 

evidenc e that lines d{ffere d in RGR . 
As the nitrogen conc e ntration o f  the nutrient so lution inq reased , 

seedling dry weight , %N and RGR also inc reased , w}1ile the time interval 
between t he appearance  o f  successive leaves decreased ( table  37 ) . 
Seedlings irrigated with the strong nitrogen solution were five t imes 
as heavy , and contained more than ten times as much K jeldahl total 
nitrogen , as those irrigated  with the weak solut ion.  

An  interesting result was the lack o f  any line  x solution strength 
inte ract i on for %N ( table  35 ) .  The %N values o f  the sele c ti o n  line s 
grown at  the different leve ls o f  nitrogen are presented in table 38 , 
from which  it can be seen that value s for the high N line were alway s  
marke dly greater than those  for the low N line . S e edling nitrogen 
c oncentrations ranged from the very low value of 1 . 8 %N to the extremely 
high valu e  of  6 . 5  %N. 

( b )  Experiment 7 

The r esults of  experiment 7 are present ed in tables 39 and 39A. 
Low N line seedlings had lower nitrogen concentra ti ons (%N ) in  bo th 
tops and roots than high N line seedlings , but c ontained  greater t ot al 
quanti t i e s  of nitrogen. Families within line s were not significantly 
dif ferent  in any of  thes e  charac teristic s .  The low N line s e edlings 
were also larger than the high N line see dlings ; they had heavier tops  
and roots  and , although they had the highest roo t : shoot ratios , they  
had larger  leaves and a greater  leaf weight per  unit leaf area . 
Although the h igh N line see dlings had the highest  LAR values they were 

not signi ficantly superior in RGR of whole seedlings because NAR was 

higher in the low N line . Thus , highly significant di fferenc e s  in LAR 

were balanced by smaller and statistically non-significant , but presum-
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ably rea l ,  changes in NAR and RGR .  The interpretation o f  the results is 
complicated by the fact tlla t LAR decreased  in. the ·low . N li.ne b e tween the 

2 . 2 . . 3-leaf and. 5-leaf  stages ( from 0 . 39 cm /mg to 0 . 30 cm.  /mg ) , · while LAR 
did not change in the high N line ; . however , the corisequent  overestimat io� 

. . . 

of NAR in the low N line i s  less than 5% ( C oombe , 1 960 ) . Thus , during 
this period , the high N line allocated p roportionately more assimilate 
to leaf growth and less to root growth than did the low N line , and 
this was re flec ted  in both the superior lea f  area expans ion rate  o f  the 
high N line and in its  greater RGR of t ops ( which j ust  faile d to reach 
the c onv entional 5% significance leve l ;  P = o.o64 ) .  

The data in tab le 39 allow an assessment of the relative contribut­
ions of  RGR and seed  weight t o  se edling dry weight  dif ferences  between  
families .  Seed  weight was markedly superior in  the low N line , and 
c orrelations between  this charac ter and seedling dry weight and lea f 
area were high ( 0 . 76-0 . 84 ) . Seedling dry weight at 6 weeks ( i . e . at 
a c ommon point in time ) was taken to  b e  the mos t appropriat e c riterion 
of  seedling vigour. The partial corre lation between this cri t erion and 
seed weigh t ,  holding RGR constan t ,  was 0 . 77* * � ,  while the partial 
c orrelation between RGR and dry wei gh t  at 6 weeks , with seed  weight  
held  constant , was  only o . o4 . Clearly seed  weight dif ferenc e s  were a 
maj or cause of the variation in seedling vigour among families in this  
experiment . I t  is  the re fore of  s ome interest to examine the  re lationship 
of seed  weight to the remaining variab les in table 39 .  Correlations with 
%N of seedlings were s ignificantly ne gative . Apart from negative  
correlations with LAR (r  = -0 . 59* * * )  and  rate of  leaf  area expans ion 
( r  = -0 . 34 * ) ,  seed  weight was unrelated to  RGR and its  components .  

Nitrogen concentrat ions o f  whole seedlings , roots and tops were 
close ly c orrelate d ,  and were negativ ely re lated t o  seedling dry weight , 
leaf area , root : shoot rat i o ,  spec ific leaf weight and rate of  lea f  
appearance .  The %N of  tops was negatively c orrelated with NAR and 
positively correlated with LAR , and consequently there was no significant 
relationship betwee n  %N and RGR . 

Line di fferences  in NA and NU ' the " e fficiencies"  of abs orption 
and u tilisation o f  nitrogen respe c tively , are summarised in table  39A . 
NA and NU are relativ e ly crude estimates  o f  efficiency , requiring assumpt­
ions that are  unlikely to be  met ;  for example , NA assumes that nitrogen 
is absorbed uniformly over the entire root system , and NU assumes 
that %N does not change during the t ime int erval during which NU is  
measured. However , provided one accepts  that the b iases  are similar 



for each se le c t ion line , the  estimates  of NA and NU can be  taken t o  
indicate the relative  e fficiencies o f  the line s .  rhus , t h e  r esults 
indicate  that the high N line absorbed  nitrogen at a much greater rat e  
p e r  unit ro ot  weight than t h e  low line , but use d  t h e  absorbed  nitrogen 
less e f ficiently in the production of dry we ight . Seedlings havin·g high 
%N values had high N� and low NU values , as indicated by the highly 
signi fi cant c orrelations be tween these  characters ( table  39A ) ,  while  
seedlings originating from heavy seeds tended t o  absorb nitrogen  rela tive ­
l y  slowly and uti lise it  more e fficie ntly .  

( c )  Exne rimc nt 8 

The form of  the analysis of  variRnc e of  the data ob tained in experi­
ment 8 is shown in table  4 o ,  and a sun1mary of the results is presented  in 
table  4 1 . C lones which had high %N vn lues under fiel d c onditions h�d : 
s ignificantly higher rates  o f  appare nt  photosynthesis and smaller leaves  
than the low  N group of  c lone s .  The h igh N group had signifi cantly 
higher  %N leve ls in the roots and ( nonoignifi cantly ) higher %N values 
for t ops ; as noted earl i e r ,  the la tter  estimates have high sampling 
varianc es . There were no di fferences between groups ( =lines in table 41 ) 

for nitrogen c onc entrati o n  per  unit area , spe c i fic leaf  weigh t ,  chloro­
phyll c onc entration or the proportions of chlorophylls a and b ,  although 
the re were highly signi ficant di ffere nces among the 1 0  c lones for e ach 
o f  these charac ters . Broad-sense  he ri tability values of  charac ters 
other than %N , specific leaf  weight and N/unit leaf area were high 
( 0 . 60-0 . 96 ) ; the low heritab ilities occurred for charac ters measured  
on  the more variable ramets  of  the clones.  

I n  table  4 2 , simple c orrela tions between the c haract e rs measure d  
in experiment 8 are presente d .  Each correlat i on c o e f ficient is . based 
on ten clone mean values .  Photosynthetic rates pe r unit leaf area and · 
per  unit lea f  weight were highly c orrelated  with %

.
N of roots bu t not 

with %N of  t ops ; · no other  c orr
.
e lations involv ing %N were signifi cant.  

Photosynthetic rates on a unit chlorophyll , leaf area or leaf weigh t  
b asis were all c losely relat e d  and were negatively correlated  
size . Nitrogen · and chlor�phyll c onc entra�ions per . u

.nit lea f  
· spe c i fic  leaf weight , ·were · positive ly re lated �o ea�h �ther�  

with leaf . 
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Source 

Replications 
N levels ( N )  
Error A 
Lines ( L) 
Generations (G ) 

L x G 
L x N 
G X N 

L x G X N 

Error B 

Total 

TABLE 35 - ' 

ANALYS IS OF VARIANCE OF SEEDLING CHARACTERS MEASURED IN  EXPERIMENT 6 

Degree s  Mean squares and signi ficance of  variation 
of 

Freedom Rate of Relative 
leaf growth 

appearance  rate 

1 1 . 3920 54 9 . 7008 

2 635 . 591 5 *  1 2439. 3941 * 

2 25 .. 51�L� 9 1 78 .. 351 3 

1 1 1 2 . 4068 • • 1 54 . 2294 

1 2 . 74 72 87 . 02 04 

1 0 .. 01 82 5 . 9800 

2 35 . 8880 24 9 . 4598 

2 0. 961 3 91 . 31 78 

2 1 .  7021• 34 . 751 4 

9 9 . 7261 1 44 . 1 456 

23 
-----�--

* P ( 0 . 05 • •  p < 0 . 01 . . .  p < 0 . 001 

due to  source 

Perc ent 
nitrogen 

0 . 0002 

27 . 7070 "' 

0 . 4275 
6 . 5836 u • 

0 . 1 585 

0 . 6369 

0 . 01 42 

0 . 0984 

0 . 0738 

0 . 1 605 

' Log seed-
lin� dry weight  . ,  
after  6 we e ks 

o. oooooo 

5 . 8841 66$ $ 

0 . 058696 

1 . 543308 * * *  

0 . 21 5462*. 

0 .. 1 5941 4 
0 . 077251 .· 

0 . 06599-5 

0 . 021 893 

0 . 034477 

... , .. 
.. .. ; 

. ' 
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TABLE 36 
DI FFERENC ES BETWEEN SELEC TI ON LINES I N  SEEDLI NG CHARAC TERS MEASURED I N  EXPER I MENT 6 .  THE MEA NS ARE AVERAGED 

OVER GENERATIONS , N I TROGEN LEVELS AND REPLI C A TIONS 

Charac ter  

Rate of leaf  appearance ( days 4-6  leaf)  
Relative growth rate ( 1 000 x mg/mg/day ) 
% N ,  whole see dlings , 5-leaf s tage 

Log seedling dry weight at 6 weeks (mg )  § e 

NS = not s ig n i fi c a n t 

H igh N line 

22 . 99 
55 . 1 0  

4 . 49 

2 . 753 ( 1 5 . 7 ) 

§ V Q J ue s in b rackets  are means  reconverted  t o  mg.  

·---

I 
Low N line 

27 . 32 
60 . 1 7  

3 . 45 

3 . 260 ( 2 6 . 1 )  

LSD ( P=0 . 05 )  

2 . 88 
1 1 . 09 ( NS ) 
0 . 37 

0 . 1 71 

I -> 
1'\.1 -· 



TABLE 37 

EFFEC TS OF THE CONC EN TRATI ON OF NITROG EN I N  THE NUTRIENT SOLUTIOl . SEEDLING CHARAC TERS MEASURED I N  EXPERIMENT 6 

- -

Charac ter Nitrog0n  level in s olution ( ppm ) 
- LSD ( P=0 .05 )  

l ow ( 2 . 8 ) medium ( 2 8 )  high ( 280 ) 
.. 

Rate o f  leaf appearance ( days 4 -6 lea f )  31 . 09 29 .47  1 4 . 91 1 0 . 87 
' 

Relative growth rate ( 1 000 x mg/mg/day ) 36 . 01 33 . 73 1 03 . 1 4  2 8 . 73 
%N , whole seedlings 2 . 3 1 3 . 62 5 . 98 1 . 4 1  
Log seedling dry weight a t  6 �ee ks ( mg)  e § 2 . 334 ( 1 0 . 3 )  2 . 71 4  ( 1 5 . 1  3 . 972 ( 53 . 1 ) 0 ., 521  

� -� 

S Values in  b rac k e t s  are tre a tme n t  means re c o nv e rt e d  to  mg.  

I � 
I\) I\) I 



TABLE 38 
DIFFERENCES IN % N ( WHOLE SEEDLI NGS ) OF SELECTI ON LINES GRO'NN UNDER THREE LEVELS OF N I TROGEN IN NUTR IEN T  

SOLUTION . 

Nitrogen level in s olution ( ppm ) % N ,  high N line 

Low ( 2 . 8 ) 
Medium ( 28 )  
High ( 280) 

2 . 79 
4 . 1 8  
6 . 52 

Mean 
-

-� 4�
-
9
--· 

5% LSD ( line means)  = 0 . 37 
5% LSD ( N  level means ) = 1 . 4 1  
5%  LSD ( lines within N leve ls ) = 0 . 64 

----
% N ,  low N l ine 

1 . 83 
3 . 06 
5 . 45 

--
3 . 45 

Mean 

2 . 31 
3 . 62 
5 . 98 

0 ; • 

·� . .  

'"'� .. · . .. 
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TABLE 39 
VAR IATION IN  SEEDLING V IGOUR CRITERIA BETWEEN AND W I THIN HIGH N AND LOW N SELECTI ON LINES , AND LINEAR CORRELATIONS OF 
VIGOUR CRITERIA WITH SEED WEIGHT AND SE���IN� ��� S�ED 

-
�EIGHT -��FERS TO SEEDS PRODUC ING THE SEEDLING POPULATIONS 

Character 

%N , tops , 5-leaf stage 
%N , roots , 5-leaf stage 
%N , t otal , 5-lea f  stage ) 
N yield/plant ( log ( 1 0xmgN )), 5-leaf e stage � 
Log seedling weight ( mg)  at 6 weeks ; 
Loge t op we ight ( mg) , 5-leaf stage � 
Loge root wei gh t  ( mg ) , 5-leaf stage � 
Loge total we igh t  ( mg ) , 5-leaf Btage � 
Roo€ : shoot rat i o ,  5-lea f2stage � 
Speci fic lea f � ( mg/cm ) , 5 -lea f 

wu3 2 stage � 
Log leaf area ( cm ) ,  5-leaf stage � e Rat e o f  leaf appearance ( days 3 -5 lean 
Rela tive growth rate , t ops , 1 000 x 

( mg/mg/day ) 
Relative grow th rate , roots , 1 000 x 

( mg/mg/day ) 
Relative growth rate , whole plants , 

1 000 x ( mg/mg/day ) 
Average net assimilatio� rate 

( mg/cm /da� ) 
Average leaf area ratio ( cm /mg) t 
Relative rate of  lea2 a r2a expansion 

( 1 000x cm  /cm /day ) 
Rela tive rate o f  N yield inc rease 

( 1 OOOxmg/mg/ day ) 
Seed weigh t  ( mg/50 seeds)  

• •  
• • •  
• • •  

• • •  
• • •  
• • •  
• • •  
• • •  
• • •  

• • •  
• • •  

• 

NS 

NS 

NS 

NS 
• • •  

• 

NS 
• •  

NS 
NS 
NS 

NS 
• • •  

• 
• 
• 

NS 

NS 
• •  

• • •  

NS 

NS 

NS 

NS 
• 

• •  

NS 

• 
• •  

• • •  

• •  
I • • •  I ·  . •  

• • •  
• • •  
• • •  

NS 
• • •  
• • •  

• 

NS 

NS 

NS 
• • •  

• •  

NS 

5 . 05 
2 . 1 6  
4 . 1 2  

2 . 39 
2 . 4 7  
2 . 88 
2. 06 
3 . 26 
0 . 4 7  

1 .  79 
2 . 33 
27 . 1  

39. 4 
I 
'43 . 6  

ro . 8  

o .  1 04 

f ·
403 

38 . 1  

31 . 6  
77. 0  

4 . 09 
1 . 50 
3 . 06 

2 . 74 
3 . 02 
3 . 4 1 
2 . 94 
3 . 91 
0 . 65 

2 . 1 1  
2 . 68 
30 . 2  

33 . 6  

4 3 . 2  

36 . 9  

0 . 1 1 6  
0 . 327 

28 . 1  

2 6 . 4  
198 . 4  

4 . 7-6 . 0  
1 . 8-2 . 6  
3 . 6-5 . 1  

1 3 · 5 -5 . 3  
1 1 . 4 -1 . 7  
2 . 6 -3. 7 

2 . 1 -2 . 6  2 . 6-3 . 1  
2 . 1 -2 . 8  2 . 8-3 . 2  
2 . 6-3 . 1  3 . 3 -3 . 5  
1 . 8-2 . 5  2 . 8-3 . 1  
3 . 0-3. 6 1 3 . 8-4 . 0  
o . 4o-o . 56 lo . 56-0. 73 

1 . 6-2 . 2  
2 . 0-2 . 6  

23-29 

33-51 

30-55 

33-53 

1 . 9-2 . 2  
2 . 6-2 . 8  

28-33 

28-36 

32-55 

30-42 

o . o8-o . 1 4  lo . o9-0. 1 3  
0 . 38-0 . 4 6  0 . 29-0 . 36 

28-56 

24-40 
61 -92 

24-31 

22-38 
93-1 o4 

0. 74 
0 . 94 

-0. 1 6  
-0. 44 
-0. 58 
-0. 63 
-0. 60 
-0. 50 

-0. 56 
-0. 4 1  
-0 . 42 

0. 1 5  

-0. 20 

o . oo 

-0. 32 
0 . 62 

0 . 33 

0 . 51 
-0. 50 

-0. 50 
-0. 60 
-0. 60 

1 o. 76 1 o. 76 
0 . 84 
0 . 78 
o . 83 
0 . 54 

0 . 49 
0 . 81 
0 . 44 

-0 . 24 

0 . 03 

-0 . 1 3  

0 . 24 
-0. 59 

-0 . 34 

-0 . 1 8  

� Similar results were ob tained at the 3-leaf stage . f similar resu lts were obtained at individual harvests . 
; seedling weights adjusted t o  common harvest dat e .  

S igni ficanc e of corre lations : i f  -0. 31 ) r )  0 . 3 1 , P ( 0. 05 ;  i f  -0. 40 ) r )  o . 4 o ,  P(0 . 01 ; i !-0. 50# r) 0 . 50 ,  P ( 0. 001 . 

• P ( 0 . 05 • •  P ( 0 . 01 • • •  P (0.001 NS = not sign i fi c ant . ' , ' 
I ...,) 
N .$:'" I 



TABLE 39A 

V ARIATION BETWEEN AND WITHIN HIGH N AND LOW N SELECTI ON LINES IN  THE RATE OF NITROGEN UPTAKE AND UTI LISATION .  

Significanc e of  e ffec t s  due to • • •  
( a )  lines 
( b )  families in  lines 
( c )  families ignoring lines 

High N line mean value 
Low N line mean value 

Range , high N family means 
Range , low N family means 

C orrelation with %N ,  t ops 
C orrelation with seed weight � 

Nitrogen absorption 
rate ( mg N/g dry root/day ) 

3 . 91 
1 . 83 

• •  
• •  

• • •  

5 . 33 
2 . 76 

8 . 43 
__.... 3 .  76 

0 . 721 
-0 . 562 

r ·  

• • •  

• • •  

Nitrogen utilisation rate 
(mg  dry wt/mg N/day ) 

• 

NS 
NS 

o . 86 
1 . 02 

0 . 66 - 1 . 1 5  
0 . 90 - 1 . 1 6  

-0. 546  * * .  
0 . 357 • 

• P ( 0 . 05 , * *  P ( 0 . 01 , * * *  P ( 0 . 001 , NS = · not si gni fi cant . 
§ seed  weigh t  re fers to s eeds produc ing the seedling populat ions . 

1'\.) \..., I 



TABLE 40 

S TRUC TURE OF THE A N ALYSI S  O F  VARIANC E  O F  DATA FROM EXPE RIMENTS 8 AND 9 

Source Degree s  of  freedom Expected  me an square 

Replications ( R )  
Clones ( C ) : -

( 1 ) N lines 
( 2 )  c lones i n  lines 

Error ( E )  
Total 

r-1 

c -1 
1-1 
c -1 

( r-1 )  ( c -1 ) 
cr-1 

------ I ---

<le + r ()2G 

f2e 

H (broad-sense heritability of an unreplicated  measureme n t )  is calcu lated  from the 
followi ng formula : 

G 2G H = __,.---......,.. 
�G+ �e 

( H sets an upper limit  to  h2 ( narrow sense heritability )  and mea sures  the  propor tion of  th e 
phenotypic varianc e due to genotype ) .  

N C' 
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TABLE 41  
VARIATION I N  % N A N D  I N  CHARACTERS R ELA TED TO PHOTOSYNTHE S I S  AMONG SELEC lED C LONES FROM H I G H  N AND LOW N 

SELECTI ON LI NES 

�----

Character  

% N ,  leaves  
% N ,  roots 

2 t Leaf size  ( cm ) . ,  
N/unit leaf  area ( mg/1 QOcm2 ) 
Spe c i fic leaf reight ( mg/cm2 ) 

. 2 Chlorophyll (A+B )/unit  leaf  area ( mg/dm ) 
Chlorophyll ( A+B )/uni t leaf weight  <; g/mg) 
Chlorophyll A as % chlorophyll ( A+B ) 

PS 

PS 
PS  

. - � . rate/unit leaf area CJ-L l o2/cm /min ) 
rate/unit  leaf weigh t  (JA- 1  o2/mg/m

_
in)  

rate/unit chloroph�ll (�1 o2/rng/min ) 

% o f  t otal sum of squares , 
and signi fi canc e of  e ffec ts 
due to • • • •  

N lines C lone s  in  lines 

9 . 1  22 . 0 *  
38 . 1 * *  1 2 . 8  
41• . 9 *  33 . 6 u 

1 .  8 45 . 4 • • • 
1 6 . 8  28 . 2 * * *  

6. 9 83 . 9 * * * 
o . 6  81 . o• • • 
3 . 4  52 . 7 * *  

51 . 7 * * *  1 6 . 5  
73 . 3 *  . .  7 - 7 
31 . 5 *  36 . 5 * 

t Line mean valueE 
high N low N H line line 

0 . 357 2 . 42 2 . 1 4  
0 . 465 1 .  21 0 . 92 
0 . 741  1 4 . 6 �2 . 8  
0 . 51 7  I 7. 79 I 7 . 30 
0 . 4 5 3  3 . 1 0 3 . 65 
0. 957 2 . 4 1 2 . 76 
0 . 765 7 . 73 7 . 52 
0 . 633 70. 4  7 1 . 1  
0 . 61 4  0 . 945 0 . 677 
0 . 765 0 . 31 0  0 . 1 87 
0 . 603 4o .6  26 . 8  

§ PS = photosynthesis  t H= broad-se nse heri tabi lity • P (0. 05 • •  P (o. o1 • • •  P <o. oo1 

� Leaf size here re fers t o  those lepv es  used to measure PS rates . 

' ·  

" 

Range o f  
c lone 
means 

1 . 70-2 . 60 
0 . 85-1 . 39 
1 2 . 5-28 . 1  
6 . 47-1 0 . 8  
2 . 6 8 -4 . 30 

1 1 . 81 -4 . 05 
4 . 84-9 .4 1  
69 . 0-73 . 1  
0 . 597-1 . 0  
0 � 1 50-0 . 3  
1 6 . 0-47 . 2  

-

3 

29 
36 

I _. 
1\) 'I I 
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TABLE 4 2  

LINEAR CORRELATIONS §t  BETWEEN % N AND CHARACTERS RELATED TO PHOTOSYNTHESI S  

6 N ,  leaf N/unit Speo�loro- Chloro- Ch . A ,% PS rate/PS rate/ PS rate/ 
!roots  size  leaf  

area 

% N ,  leaves  t> . 586 -0. 381  0. 388 

% N ,  roots -0. 6 1 6 0 . 02 9  

Leaf s i z e  f-0. 1 27 

N/unit leaf area 
Speci fic lea f  vre ignt 

Chlorophyll/unit leaf are a 
Chlorophyll/unit leaf wght 
Ch A as % total ch lorophyll 
PS rate/unit leaf area 
PS rate/unit leaf weight  

I 

i fic phy ll/ 
lea f unit 
tile ight leaf 

area 
1-· 

-0 . 38 9  0 . 1 98 

-0 . 45 9  0 . 062 

0 . 098 0 . 0 1 5 

0 . 685 o . 874 

o . 68o 

phy ll/ of  unit leaf unit 
lea f total le af weight  chloro-
we it;ht chloro- area phy ll 

phy ll 

o . 4 92 -0 . 52 1  0 . 223 0 . 4 3 9  0 . 069 

0 . 268 -0 . 578 0 . 829 0 . 856 0 . 5 1 1 

0 . 038 0 . 1 28 0 . 74 8  -0 . 655 -0 . 557 

0 . 64 3  -0 . 4 29 0. 1 50 -0 . 34 2 -0. 573 

0 . 1 84 0. 039 �0 . 324 -0 . 681 -0. 572 

0 . 84 2  -0. 508 0 . 264 -0 . 471  -0 . 792 

-0 . 71 7  0 . 087 -0. 1 22 -0 . 644 

0. 1 1 6  -0 . 1 25 0 . 299 

0 . 903 0 . 74 8  

0 . 824 
�-��---� ----- -

§ Corre lations were c alculated  using clone  mean value s .  De tails o f  the variab le s are given  in 
the previ ous tab le .  

t I f  - 0 . 63 "Q r )  o . 63 ,  P < o . 05 ; i f  -0 . 76 1 r � 0 . 76 ,  P <. o . o1 ; i f  - 0 . 87) r'4 0 . 87 ,  p < 0 . 001 . 

-

1' 

I -' 
f\) CO I 
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DISCUSSION 
The most important results of these expe riment s were as follows : ­
( 1 ) S eedlings from the high N selection line were smaller than 

those from the low N line , but had similar whole -plant ielative growth 
rates • .  Differenc e s  in seedling weight b etween the line s were maintaine d 
whe n  the level of nitrogen in nutrient solut ions applied t o  the plants 
ranged from 2 . 8  to 280 ppm. Seedling dry weights were c los e ly ,  and 
posi tively , correlated  with the weights of  the see ds from which  th ey 
originated and were not signi ficantly c orre lated with RGR . 

( 2 )  High N line seedlings were highe r in %N of both tops and 
roo ts than low N line see dlings , but contained smaller absolute 
amounts of Kjeldahl nitrogen . They absorbed  nitrogen mor e e f fic ie ntly 
per unit weight o f  roots but utilised nitrogen less e ffic iently in 
seedling growth . Low N line seedlings had the highe st  root : shoot 
rat ios ( and the lowest  leaf area rat ios ) ,  and alloc ated prop orti onately 
more assimilate to root growth than high N line seedlings . 

( 3 )  Clones known to  have high %N values under field conditions 
had higher rates  of apparent photosynthe sis  than c l ones having low 
%N in the field.  However ,  there did not  appear to  be  a strong c orrel­
ation between %N ( tops ) and photosynthetic rate . 

Differenc e s  in seedling dry weight b e tween the s e lec tion lines 
agree  with those describe d  in  experiment 3 ( see  table  1 7 ) .  I n  that 
experiment , %N of  families at heading was negative ly co rrelated with 
RGR (r = -0. 60* ) ,  but in experiment 7 there was no such relati onship 
(r = o . oo )  and no differenc e in RGR be tween  the lines . The env ironment 
in which experiment 3 was conduc ted was care fully c ontro lled , and although 
the temperatures use d  ( 1 5°C day , 1 0°C night ) were similar to  those which  
oc curred here ( 20 . 6°C average maximum , 7 . 8°C average minimum , p e r  day ) ,  
the light intensity was more favourable ; seedlings in experiment 3 
were grown during the spring ( August  - September) , while those i n  the 
present experiments grew in the winte r ( May - July ) . Thus , RGR 

be tween  the 3-lea f  and 5-leaf stages  was approximately 3 times as high 
in experiment 3 as in  the present experiments.  In experi ment  3 ,  the 
higher RGR values for the low N line seedlings were due to thei r  super­
ior NAR values ( 0 . 83 and 0 . 52 mg/cm2/day respectively for low and h igh 
line seedlings ) ,  and not to LAR value s ,  which were greater for the high 
line ( 0 . 1 7  and 0 . 23 cm2/mg ) . Thus , in  that experiment , NAR was ne gative-



ly c orrelated with %N at heading ( r  = -0 . 67 * * )  and LAR was positiv e ly 
c orrelat e d  with %N ( r  = 0 . 55* ) .  I n  the present experimen ts , the 
c orresponding correlations were -0 . 32 • and 0 . 62 • • •  respec ti v e ly , 
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although %N here re fers to see dlings . The apparent ly dif ferent relat-
ionships between %N and RGR in  the experiments merely reflect  the extent 
to which variation in NAR and LAR was responsible for variation  in RGR .  

One other apparent discrepancy i n  the present results des e rves  
c omment . Although in bo th experimen ts 3 and 7 NAR was negativ e ly 
correlated with %N 9 experiment 8 showed that genotypes with high %N 
values ( under field c onditions ) may ac tual ly have higher rates  of 
apparent photosynthesis than low N clone s .  This latter result must b e  
ac c e p ted  with some  reservations , sinc e the measurement o f  photosyn­
the s is of de tached le ave s  - particularly i manome tric me thods are used 
( e . g. comments by Heath 1 969) - can give mis leading results . Nevertheless 
the two observations are c ompatible ; it is  quite pos sible tha t  a 
plant hav ing a high nitrogen conc entration could have a high rat e  o f  
photosynthetic oxygen production y e t  use the energy so  obtained ineffic­
iently in terms of dry weight accumulation . The measurement of  oxygen 
evolution per unit leaf area ( or leaf weigh t ,  or le a f  chlorophyll ) is  
in fact a measurement o f  the  net  surplus o f  reduc ing power  after  allow­
ing for leaf respiration. I t  cannot be assumed  that the reducing power  
so  obtained is used  only to reduce C02 to  carbohydrate , for  a s ourc e  
o f  e nergy is also required t o  reduce  nitrate t o  ammonia a s  a first  
step  in the  process o f  amino acid and prote in synthesi s .  Ene rgy for 
this  purpose may b e  provided by both photosynthesis and respiration 
(Beev ers and Hageman 1 969 ) 9 and leaf  nitroge n concentration is  linearly 
related to the rates  o f  b oth proc esses  ( Murata  1 969 ) .  I n  fac t ,  C02 
and nitrate may compe te  for reduc ing substances , . so that leaves contain­
ing high levels of nitrate  may fix only 20 -30% as muc h  C02 as th ose with 
low nitrate  c oncentrati ons (McKee 1 962 , chapter 2 ) .  This c ompetit ion 

for reduc ing power may partly explain the well-known ne gative c orrel­

ation between the c onc entrations of nitrogen and soluble carbohydrate  

in p lants ( see  figure 4 and , for example , C ooper 1 961 ; V ose  and Breese 

1 964 ) .  Assuming that nit rate and co2 are reduced to  the oxidat ion 

levels of ammonia and carbohydrate respectively,  twice  as much ene rgy 

will be required to reduce a molecule of nitrate ( 8  electrons ) as to  

redu c e  a molecule of  co2 ( 4 elec trons ) .  If  it is  assume d that the 

molecular weights o f  NH3 and (CH2o )  indic a t e  the proportiona� dry 
weight  increme�ts resulting from reduction and assimilation of n itrate 



and co2 respectively ,  then by reducing nit rate ins tead of co2 
a plant 

would experid twice � s  much e nergy for roughly hal f as much dry weight 
gain.  On the other hand , as already noted , leaf �it rogen content is 
clos e ly c orrelated with photosy nthetic rate . The e ffec t  of an increase 
in %N on NAR will there fore re flect the balance between inc reased 
supply o f  reduc ing power and decreased e ff��i��cy with which it  is used 
to produce  plant weight . 

Observations concerning the nit rogen ec onomy o f  high and low N 
selection lines in these e xperiments are i n  agreement with the results  
o f  experiment 5 where it  was found that , under  field c ondit ions , swards 
of the high line recov ered greater  quantities of applie d nitrogen but 
used nitrogen less e fficiently than those of the low line . I n  additi pn , 
it  was observed in experiment 7 that low N line s ee dlings had higher  
root : shoot  ratios and allocated proportionately more assimilate to 
root growth than to shoot growth , and that the c o ns equent decrease in  
LAR was at  least partially c ompensated  for by a nonsignifi cant increase 
in NAR . Should these differe nc es be maintained under  field c onditi ons , 
they migh t  help explain one puzzling feature o f  experiment  5 ,  i . e. 
the ability of the low N line swards to  extrac t greater  amount s of 
non-fertilise r nitrogen from the soil . V ose ( 1 962 ) sug gest ed that 
di fferenc es in herbage yield be tween 3 s trains of Loliurn pe renne were 
mainly due to  variation in  root : shoot ratio .  Yie ld di ffere nces  were 
most pronounced when the s trains  were grown as widely-spaced  p lants 
in the field and were less apparent when the strains were grown in 
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swards or as indiv idual plants in solution culture . The strains differed 
lit tle in %N ( although there we re indications that the high yie lding 
strain had the lowe s t  nitrogen c oncentrati on ) � but total nitrogen 
yield  was closely c orrelated  with herbage yield . V os e  suggested tha t  
1 1a  s train with the capac ity for extensive root grow th can only show 
to advantage when it is given  unlimited spac e for dev elopmen t " , and 
that supe rior root growth and e fficient utilisation of nutrients could 
more than compensate for a reduc tion in LAR .  In the present experiments ,  
and during at least the early s tages o f  experiment  5 ,  the ability of  
the roots  to  e xploit the total  v olume of  nit rogen-containing medium 
would have been a fac t or affe c t ing nitroge n uptake . On the othe r  hand , 
the nitrogen fertiliser in  experiment 5 was applie d t o  the � sur face , 
and it  is  likely that the surface soil would be  the z one in which complete 
or nearly complete exploitation of the soil v olume by the roots would 
be most rapidly attained ( Troughton 1 957 ) . Thus , in this zone the 
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superior ability of  the high N line to absorb nitrogen per unit wei gh t  
of  root might  have b e en an advantage . This  argum�nt agrees  with the 
sugge stion in experiment 5 that , had the nitrogen fert iliser  leve ls 
been  highe r ,  the yie ld d i f fere ntial b e tween the high and low N line 
swards may have been reduced or even reverse d .  Signific antly , Hoener 

and DeTurk ( 1 938 ) , who grew I llinoio high and low prote in c orn ( Wood­
worth et  al  1 95 2 ) in  nutrie nt solution culture with nitrate varied  
from 25 t o  200 ppm , found tha t at 25 ppm plants of  the low  protein 
strain were heavier than those of  the high protein strain ( 2 . 32 and 
2 . 02 g/plant respec tively ) , but at  200 ppm the we ight ranking was 
reversed  ( 3 . 08 and 3 . 76 g/plant re spe c t iv e ly ) . The strains dif fered 
marke dly in %N of  herbage at all lev0 ls of available  nitrogen in the 
solutions . In  experiment 6 Q b oth s e e d ling dry weight and %N di f ferences  
between the  selection line s were  main tained over the  range o f  solutions 
supplied ,  but in the present work the seedlings were not grown in 
solution culture but in perli te irri r.ated with nutrient solution. 

B�cause of the di fficulty in c omparing the results of  these  
experiments with those of  expe riments 3 and 5 ,  much of  this discussion 
has been  s peculative . Howeve r ,  one fac t  that has emerged very c learly 
is the relati onship b e tween seedling vigour ( i . e . dry weight  or leaf 
area at a given  t im e  or growth stage ) and see d  weight . I f  seed 
weight c ould be  inc reased in the h igh p�otein line , seedling v igour 

should be improved.  The physiological nature of  the r e lationship 
between %N and seed weight is examined in experiment 9 .  
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EXPERI MENT 9 

THE RELATIONSHIP BETWEEN SEED WEIGHT AND HERBAGE NITROGEN CONCENTRATION 
IN PHALARI S TUBEROSA 

I NTRODUC TION 

In previous experiments ( 3 , 6 , 7 )  a negat ive relat ionship be twee n  
seedling vigour and herbage nitroge n c onc entration i n  a Phalaris 
tub erosa breeding population has been  describ e d .  A ft e r  four generat­
ions of dive rgent s e lection for high and low %N o f  whole  t illers at 
heading , seedlings from the low N selection line were nearly twice as 
heavy as those from the high line . A lthough in one experiment ( 3 )  
the superior seedling vigour o f  the  low N line partly resulted from 
its highe r  net assimilation rate ( uni t lea f rate ) ,  later  wo rk showed 
that most of the dif ference in s eedl ing vigour between families and 
lines was caus e d  by variation in seed  weight . The p resen t experiment 
was there fore undertaken to  exa�ine the relationship b etwee n  herbage 
nitrogen  c oncentration and subsequent seed we ight . 

In  c ereals , it is generally acce pted that grain c arbohydrate 
c omes mainly from photosynthesis a fter  anthesis and tha t ,  for those 
c ereals possessing a terminal inflore scence , most of  the photosynthate 
found in the grain is produced  by pho tosynthesising organs above  the 
flag lea f node ; the literature on this sub j e c t  has been  recently 
reviewed by Thorne ( 1 966 ) and Wardlaw ( 1 968 ) .  The rela t iv e  c ontribution 
of the organs c oncerned depends on the species , the genotype and the 
environment .  For example , Jennings and Shibles ( 1 968 ) found tha t in 
one varie ty of  oats photosynthesis by the panic le acc ount e d  for 38% 
o f  the total grain weight , while in a nother variety ( with large glume s )  
the c ontribution by the panicle  was 6 3% .  Similarly , Evans and Rawson 
( 1 970 ) observ e d  that photosynthate produce d  by the ear prov ided 20% 

of grain requirements of an almost awnless wheat variety and up to  
33% in varieties  with large awns . These and many othe r examples 
indicate c onsiderable  gene tic div ersi ty among the small-grain c ereals 
in the extent to which organs above  the flag leaf node contribute to 
grain carbohydrate . 

By c omparison , relatively little information on seed  developme nt 
in pasture grasses is available . In  Phleum pratense ( Williams 1 964 ) , 



Phalaris tuberosa ( McWilliam and Wardlaw 1 965 ) , the  wild progenitors 
of cultivated wheat ( Evans and Dunstone 1 970 ) , an� probably in Lolium 
spec ies ( Ryle 1 970) , the pattern of t ranslocation of photosynthetic  
products during the  r eproduc tive phase appears to qualitatively resemble 
that of the small-grain cereals . Thus , in all these  spe c i e s , the  
inflorescence itself  is an important source of  carbohydrate  for the 
deve loping see d ,  while at least  some photosynthate is  translocated t o  
the inflorescence  from low e r  organs such as the flag leaf.  Evans and 
Dunstone ( 1 970 ) have  shown that ear ph otosynthesis is probab ly suffic­
ient  for grain r equirements of  primitive ( diploid ) wheats , and  that 
during evolution there has been  an inc rease in the relative importance 
of  the flag lea f  and oth e r  organs as sourc es of  grain carb ohydrate . 

McWilliam ( 1 963 ) and McWilliam and Wardlaw ( 1 965 ) have describe d  
the pattern o f  seed  development in Phalaris tuberosa i n  c onsiderable  
detail.  The  inflorescenc e ( head ) is  a panic le having a c e ntral rachis 
with many side branches , on e ach of which are a large numbe r  of indiv­
idual spikelet s .  The tot al number o f  s pike le ts p e r  h ead may b e  quit e  
small ( e . g. less  than 1 00 o n  small heads ) o r  very large ( probably more 
than 2000 ) , but on the larges t  heads of spaced plants the number is 
about 500-1 000 . Each spike let consis ts of two laterally compressed 
glumes , subtending a single fertile flore t and two s terile florets ; 
the latter are each reduced  to  a single small lemma . 

I n  P . tub e rosa , the parts of  the c ulm ab ove ( and inc luding ) the 
expos ed  stem of the p enultimate inte rnode contribute soce photosynthate 
to the developing seed  ( McWilliam and Wardlaw 1 965 ) . · Although a 
quantitative  description o f  the relativ e  importance o f  each organ is 
not available , the experiments describe d  by these authors s uggest  
that the organ contributing most  photosynthate to the  s e e ds i s  the 
inflorescence itse l f ,  followed by the flag leaf internode , and that  
the loss of  the flag leaf has  no  apparent e ffect on seed  number or 
seed  weight . 

The experiment to b e  described c onstituted an attempt t o  measure 
the photosynthesising area "available " to each seed  in the v arious organs 
( particularly those above the flag leaf  node ) of P . tuberosa geno types 
known to differ in herbage nitrogen c oncentration , and to r e late these  
areas t o  %N and subsequent seed  weight .  
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' ATERIALS AND METHODS 
( a )  Design o f  the E:�perimcnt � nd Collecti�n of Data 

From the spa c e d  plant po pu lations described in expe riment 4 ,  

ten  genotypes  ( five with high arid fiv e  wi th low %N values at h eading) 
we re s ele cted.  These  plants were dug and broken into propagules ( c lumps ) ,  
and 4 propagules  of  each c lone we re es tab lish e d  in the field  a t  
7 5  x 7 5  cm  spacings i n  th e early winte r ( June 4 )  of 1 96 9 .  The site 
was immediately adjacent to those of expe riments 1 9  2 ,  4 and 5. Each c l one 
was represented by one propagule in each of 4 r eplicates  in a randomised 
b lock design .  Apart from trimming each c lu�p t o  a uni form height  
( 5  cm ) at planting , the plants were maintaine d without de foliation 
( othe r than sampling ) during the experim ent . 

Herbage samples were c ollected  at 3 growth stage s .  The first 
samples were taken in th e early spring ( September  1 8 ) 9  whe n  all clones 
were still in the vegetative  stage and t he herbage obtained was dried 
in a forced-draught oven at 80°C ,  ground in an Apex cutter  mill to 
pass a 1 mm screen and analysed for K j eldahl nitrogen c ontent (%N ,  
dry mat ter basis ) as described  in appe ndix 1 .  Subsequ ently , each 
propagule was sampled individually as it reached th e heading s tage 
( de fined as in expe riment 1 )  and the ripe seeds s tage .  At the latter  
s tage , all s e e ds on  the  earliest t illers had ripened ,  and the spikelet s  
and flag leaves  o n  thes e  ti llers were brown , but lower leave s  and all 
internodes were green . As in earlier experiments , care was taken to 
sample only tillers at the defined grow th stage , and on each occasion 
suffic ient mat e rial was harvested to provide 1 0-30 g dry mat ter.  

At  the  h eading stage , four r epresentative ti llers were selec ted 
from each propagule  and the following measurements were  made : length 
and maximum b readth o f  all green leaves ;  tiller he ight , inc luding 
h ead ( inflorescence ) ; ave rage tiller w idth , obtained  by lying the 
four tillers s ide by side and measuring the t otal width midway along 
thei r  length ; number  of elongated inte rnodes ( count ed if greater 
than 3 cm in  length ) ; length and average diameter of  the hea d ;  length 
and average diame ter  of the flag leaf sheath . From the  c e n tre of  
each o f  the f our heads a small sample  of  spikele ts ( 3 -5 )  was taken. 
The tillers were then s eparated into leaf lamina ( =leaf ) , leaf shea th ,. 
stem  and head portions , which were dried separately at  80°C and weighed.  
One average h ead was s e le cted from each  propagule and the numbe r  of  
spikelets was c ount e d .  (Because of  the  number o f  spikele ts per head 



i t  was sc arc ely prac t i c ab l e  t o  inc rease this sam p le s ize ; merely t o  

m e asure 40 heads required the disse c t i on and counting o f  35 , 000 

s pikel ets ) .  The herb age fro� each propagule was the n ground and 

analysed for K j e ldah l  nitrogen c on t e nt as b e fore . 
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Te n spike l e t s  from the sample c ol l e c t e d  from each propagu le (3  from 

each of 2 t i l l e rs 9 2 from each of the remaining 2 t i llers ) were d is s e c t ­

e d  into t h e i r  c omponent outer glumeG and p lac ed on a glass s lide . A 
�h o t o graph ic e nlarger was used t o  p ro j e c t  e nlarge d image s o f  the s e  

glumes ( 1 0  x magni fi c at i o n ,  i . e . areas magnified x nO )  o n t o  whi t e  

paper. Th e outline s were trac e d  a n d  the area of the tra c e d  images so 

ob taine d was measured on an air flow planim e t e r  ( J e nkins 1 959 ) .  

Previous experienc e with this t e chnique had sh own tha t suc h  a s ample 

s i z e  and magnificati on gav e  a repeatab le and ac cura te e s timate of 

s p ikelet area ; the c l one values giv e n  in the results are thus the 

m eans for 40 spike l e t s .  

At the ripe s e e ds stage , four representative t i llers were s e l e c t e d  

from e a c h  propagul e . Seeds were c ol l e c t e d  from th e c e ntral p ortion 

of each o f  the four heads , and 50- s e e d  sam p les from each head were 

bulke d ,  dried at 1 00°C ,  and we ighed . Th e h e rbage samples were drie d  

a t  80°C an d ground as before , and he rbage a nd s e e d  sample s were analysed 

s e parately for K j e ldahl nitrogen content . 

The dates o f  heading and f lowe ring ( f irst anthesis ) we re re c orded 

for each p ropagule , a n d  the date on which r ip e  s e e d s  were c o lle c t e d  

from a propagule was taken t o  b e  the da te o n  wh i c h  s e e d  ri p ening was 

c ompleted.  The ave rage dat e s  for these 3 s tages were N ov ember 1 4  
and November 30 , 1 969 , and January 1 , 1 970 respe c t ively. 

( b )  S t a t i s t ica l A nalys is 

From the data c olle c t e d  at the heading s tage , areas of pho t o ­

synthes ising organs were c alcula te d . Leaf areas were es t ima t e d  from 

l e ngth x breadth measurement s  as des c rib e d  in appendix 7 .  The flag 

leaf she ath and th e remaining tiller s talk we re assumed t� be cylind­

rical , and th eir areas were c alcula t e d  a c c ordingly from measureme nts 

o f  the ir length and ave rage d iam e t e r ;  the errors in e s tima t i on were 

cons idered t o  be small in c omparison with gross di ffere n c e s  in area 

from c lone t o  c l one . Average s pike l e t  area was c al culat e d  d ir e c tly 

from the measurements of enlarged ou t line s  as previ ously describ e d .  

I n flore s c e nc e  area was c alculated b y  multiplying th e average area o f  

t h e  spikelets by t he numb e r  of s pike lets p e r  head . Knowing th e numb er 
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o f  spikele ts pe r head , it  was possible  to  express the areas of  photo­
synthesising organs not  only on an absolute basis but also in terms  o f  
t h e  area available p e r  spikele t ,  and thus per seed .  Visual inspection 
sh�v e d that there were no gross diffe re nces  among the clones in percent­
age seed set ,  which was uniformly high . 

The form of the analysis of  varianc e for the characters measure d  
in this expe riment has b e e n  given previously ( table 4 0 ) . Linear and 
multiple correlation and regression analyses were used to re la t e  the 
areas o f  photosynthesising organs , alone , and in all possible c ombina tions , 
t o  s e e d  weight and to  %N a t  heading. Using a comput e r ,  the e ffec t  
on these  relationships of  differences  between c lones i n  the following 
charac ters was examine d :  t ime betwee n  heading and seed  c olle c ti on ;  
time b e tween flowering and seed  c ollection ; spec i fic leaf weigh t ; 
relative  rate o f  apparent photosynthesis ( from experiment 8 ) . Finally , 
the e ffec t of  simultaneous variation in either speci fic leaf weight 
o r  relative  photosynthetic  rate and the time from heading to  seed  
c oll ec tion was examined.  

Although the primary int eres t w as in the relationships describ e d  
abov e ,  the experiment o ffered an opportunity t o  re-examine many o f  
the relationships between % N  and charac ters measur ed i n  e xperiments 3 
and 4 .  Since  the resul t s  agreed with those already described  in 
de tail in the earlier experiments , only a brie f summary of some of the 
important relat ionships is given .  In addition , for simplicity , the 
folloiTing resu lts  have  b e e n  omit t e d :  d e t a i ls o f  analyses of  varianc e ;  
b road-sense he ritability estimate s ;  details o f  correlation and regress­
i on analyses  exc ept where re quired for discussion ; mos� c orrelations 
b etwee n  variab les o 

I n  the results and discussion o f  this experime nt j seed  weight 
always refers to the weigh t  of an individual seedo  

RESULTS 
( a )  Relationships betwee n  Seed  Weight and Areas of Photosynthesising 

Organs . 
The mos t  important rela tionships between seed  weight and the areas 

o f  photosynthesising organs are summarise d  in  figure 8 and tables 
4 3 -45 . The character most  c losel;y related to seed . weight was spike let 

. area ( r  = 0 . 82 • • • ) .  Both the absolute area of the flag leaf sheath 
( r  = 0 . 46 • • ;  table 43 ) a�d the photosynthetic area pe r seed  provided 

by this  organ (r  = o . 42 * * ; figure 8)  were c orrela ted' with seed weight ; 

. but  the _relah onshi_p was r � latively weak·. Neither the .. abs olute area nor 
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the area per s e e d  of  either the flag lea f or the penultimate leaf  was 
c orrelate d  signi ficantly with seed weight ; some details of the re lation­
shi p  b e tween seed  we ight and flag lea f area will .b e  d escribe d  in a 
sub s e quent paragraph . A simple addit ion o f  the area per seed  provided 
by e ither the flag leaf or the flag leaf sheath 9 or b oth , t o  that 
prov ided by the spikelet resulted in a very small ( but  statis tically 
signi ficant ) improvement in the corre lati on betw e e n  seed  weight and 
phot osynthetic area per s e e d  ( figure 8 ;  table  44 ) .  A c omparison of 
the linear correlations b e tween  seed weight and c umulative photosynthetic  
areas  in  different organs ( figure 8 )  and the multiple  correlations 
and part ial regression coe fficients given in table  44 indicated that 
a di f fe re ntial "weighting" o f  the areas in di ffe re nt organs gave a 
signi ficant improvement i n  the relati onship only whe n  areas o f  the 
penultimate  leaf and lower organs we re inc lude d ;  the partial 
regression c oe fficients r elating area per seed b e low the flag leaf 
node to seed  weight ( e . g . that for the penultimate leaf in table  44 ) 

were far lower than those for areas o f  organs above the flag lea f  node . 
The partial regression coe fficient for flag leaf  area was slightly 
low e r  than tha t for sp ike let  area and flag leaf shea th area.  

I n  summary , the c orrelation and regressi on c oe fficients presente d  
i n  figure 8 and tables 4 3  and 4 4  are consistent with t h e  hypothesis that 
seed  weight is closely related to the photosynthetic  area per seed  
above the flag leaf  node , and , in particula r ,  to  that c ontributed by 
the spikclets and flag leaf  sheathG Approximately 75% of the variat­
ion in seed  weight c ould be accounted for by this relati onship.  

The e ffec ts of  including t h e  various modi fications ( t ime from 
h e ading t o seed  c ollection , time from flow e ring to  seed c ollec tion , 
spe c i fic  leaf ueigh t ,  an d re lative photosynthe t ic rate ) are not 
presented  in the results since in no case did th ey improve the relation­
ship b e tween seed weight and area per seed  in  any organ or c ombination 
of organs . Howev e r ,  there was relativ ely little variation b e tween 
clones in the first 3 chrac ters ( e . g . high and low N c lone groups 
did not di ffer signi ficantly ) , and the clone di ffe renc es  in photosyn- · 
the t i c  rates must be  accepted  with reservations ( se e  e xperiment 8 ) . 

One result of · partic ular .interest was the large proportion of  
the total  area per seed above the  flag leaf  node which was provided 
by the  s pikelets.. On average , 82% of  the area  was in the s pikelets , . 
4 . 5% was i� the flag le�f and 1 3 . 5% �as in the � flag leai sheath 
( tab.le  44 ) o • Although' the r e lative contribution o f : th:e spike let  to 

. .. . ' : 



the area p e r  s e e d  would have d e c reas e d  as the peduncle e l ongated ,  it  

is  c lear that  b ecause of  the large number of spikelets in each head 

t his organ would continue to prov ide m o s t  o f  t h e  area . There were no 
gross differe n c es b etween the clone  groups in  the r e l a t i v e  c ontribution 
by e ach organ ( figure 8 ) , but the re were quite large di ffe re nc es 

b e twee n indiv i dual c lone s .  For example , c lone H1 55 had relatively 
small spikele t s , large flag leav e s  and a low number o f  spike lets per 

head ( tabl e  43 ) ;  th e proportions o f  the area per s e e d  c o ntribu t e d  

by t h e  spikelet ,  flag l e a f  and flag l e a f  s h e a th we re 73% 9  1 2% and 1 5% 

respec tiv e ly for this genotype .  C lone L 1 84 had a large numb er o f  

s p ike le t s  p e r  head , a nd th e proporti ons for this genotype were 88% ,  
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2% and 1 0%  respec tiv e ly o  A c ompariso n  o f  the c lone mean s e e d  wei gh ts and 

spikele t areas giv en in tabl e  43  shows that c lone H1 55 had heav ie r  

seeds than w o u l d  have b e e n  expe c t e d  from its spike le t s iz e .  These 

data suggest  that the he avy s e e ds o f  c l one H1 55 were t he result  of 

its  large flag leav e s  and redu c e d  number o f  spikelets p e r  head . 

( b )  N i t r oge n  C o n c e n t ra t i o n  i n  He rbage and Seeds 

Th e re w e re c onsiderable di fere nccs b e tween c lones i n  herbage 

n itrogen c onc e ntration a t  each o f  t h e  3 sampling s tage s . On each 

o c c asion the high N group of clones  hrtd  s igni ficantly h i gh e r  %N lev els 

than the low N group , and at the  heading stage the %N valu e s o f  the 

c lones o f  the t�o groups d i d  not ov e r lap ( table 43 ) .  Alth ough there 

was so�e overlapping at the other s tages ( data not presented ) ,  geno­

type X growth s tage interac tion was o f  minor imp o rt anc e ,  as indicated 

( for exampl e ) by the c lose c orrelat i on b e tween %N of propagules at the 

heading and ripe se eds stages ( tab le 46 ) . Howeve r ,  the re was not a 

c l o s e  c o rrela t i on between %N o f  se eds and %N of he rb age a t  any s tage 

s o  that , despite a highly significant range in %N of s e e ds b e twee n  the 

c lones ( table 46 ) ,  the high N an d  low N c lone grou ps did not d i f fer 

si gnifican t ly in this character ( 3 . 29 and 3 . 1 5  %N respe c t ively ) . 

The r e  �ere ·; i gnificant negativ e c orre lations b e tween %N and tiller 
l ength , average internode length , numb er o f  internodes per ti lle r ,  

tiller width , and the we ights o f  who l e  tillers and a l l  tiller c ompon ­

e nts . For all of the se charac te rs there was extens iv e  variation among 
c lones .  
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( c )  C orrelations between Seed  WeiGh t  and %N of  Herbage and S e e d s  
Two c lones , H1 55 and 11 09 ( which had the highe st  and l owest %N 

values respec tively at the he ading s tage ) deviated markedly from other­
wise  close negative relationships be tween  seed we ight and %N of herbage 
at the heading and ripe  seeds stages ;  c onsequent ly the two observed 
c orrelations were small and nonsigni fi cant ( -0 . 1 5  and -0 . 2 1 respec tively 
at the two stage s ) . There was no indic ation of any signi ficant assoc­
iation between  seed  wei ght and %N of seeds ( r  = 0 . 2 1 ) .  

( d )  Relationships between  %N of He�b��e and Areas of Photosynthesising 
Orgn � u . 

The c orrelations in table  43 indicate that %N of herbage was 
negatively ,  but not closely , relate d  t o  both spikelet area ( r  =- 0 . 4 9 • • )  
and to the total area o f  the flag lea f  sheath ( r  = -0 . 4 6 ��}. The latter  
c orrelation was due in turn t o  a negative correlation between  %N 
and the width of the flag lea f sheath ( r  = -O o 63 • • • ;  table 46 ) ,  that 
b e tween  %N and the length of this organ being nonsignificantly positive  
(r  = 0 . 22 ) . However ,  %N was not significantly related to  the  area o f  
the flag leaf ( r  = 0 . 26 ) o There was a weak negative assoc iation 
b etween %N and the number  of spikele ts per h ead ( r  = -0 . 34 • ) . 

Some important c o rrelations b etween the areas of  photosynthesising 
organs are presented in table 45 .  Attention is drawn to t he following 
relationsh i ps :  ( i )  spikelet area and flag leaf sheath are a  were 
positively c orrelated ; ( ii )  areas o f  the flag and p enultimate leaves 
were positiv e ly correlated , but were not correlate d  with those of oth e r  
organs ; ( iii ) high numbers o f  spikelets  pe r head were associated with 
large flag leaf  sheaths but not with the size of  the other organs 
listed  in the table .  
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0 · 8 5  1 7 · 6 8  n s 2 0 • 4 6  

F I G U R E  8. - Correlations between individual seed 
weight and photosynthetic area per seed in different 
organs (circled) and combinations of organs (bracketed) .  
Cumu lative mean photosynthetic areas per seed (mm2),  
corresponding to bracketed organ combinations, for 
high N and low N clone groups respectively are given 
in the boxes, and the significance of differences 
between means is indicated. 

* P<0.05 ns not significant 
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'l'ABLE 43  
C LONE VARI ATION I N  % N ,  SEED WEIGHT A ND AREAS OF PHOTOSYN'l'HES I S I NG ORGANS A BOVE THE FLAG LEAF NODE 

( Figureo a r e  c l o n e  m e a n  val ue s  ! s t a nd a r d  e rr o r s ) 
---------------'� _ _  ._ .. �----· ---:- -----------�-----
C l one 1% N ,  h ea d i n g Seed  weigh t ( mg 1 s p ikc l c �jh e a d  spike lctarea ( mm2 ) F l ag l e a f area ( cm2 Flag leaf  

· sh e a th 
2 

--------4---- -----+--"----- · �· _ 
a r e a ( c rn  ) 

H 1 55 2 . 1 0 ! o . o8 1 . 89 ! o . o4 51 0 ! 1 4  1 5 . 1  ! 0 . 2  I 1 2 . 3 ! 1 . 0 1 6 . 4 ! 1 .  
H 1 66 1 . 68 ! 0 . 1 0  1 . 80 :!: 0 . 05 725 :!: 96 1 4 . 7 :!: 0 . 5  I 4 . 8 :!: 1 . 4 2 1 . 4 :!: 3 .  
H 1 7 1 . 76 :!: o . 1 2  1 . 66 :!: o . o3 665 :!: 1 7  1 5 . 7 :!: 0 . 3  I 3 . 7 :!: o . 4 1 5 . 7 :!: 1 .  
H 1 2 9  1 . 89 :!: o . 1 2  1 . 4 1  ! o . o3 970 :!: 1 26 1 0 . 3 ! o . 4  7 . 3 :!: 1 . 0 1 9 . 0 :!: 1 .  
H 9 9  1 . 81 :!: 0 . 1 4  1 . 68 :!: 0 . 03 I 9 4 9  ! 93 1 4 . 8 ! 0 . 3  6 . 8 :!: 0 . 7  1 8 . 9 :!: 1 .  

H igh N group mean 1 , 85 ! 0
:

07 r 1 : �9 !  0 , 02 ___ • 764
··=�?

-
·- - 1 4 , 1 ! 0 , 1  . __ _

_
_ 7. 0 :!: 0 . 4  ___ · __ _ _  1 ?  _ 3_ !

_
o� 

11 09 1 . 29 :!: 0 . 07 1 . 72 ! 0 . 05 876 :!: 4 6  I 1 6 . 7 :!: 0 . 3  9 . 6  :!: 1 . 4 c . 6  :!: o .  
11 87 1 . 57 :!: 0 . 04 1 . 81  :!: 0 . 03 962 :!: 32  1 6 . 8 :!: 0 . 3  L� . 1  :!: 1 . 4 2 2 o 1  :!: 0 .  
L89 1 . 39 :!: o . 1 1  1 . 91  :!: o . o4 9oo :!: 1 35 1 6 . 8 ! o . 2  5 . 1  :!: 1 . 0  25 . 7 :!: 2 .  
11 65 1 . 4 3 :!: o . o8 1 . 98 :!: o . o6 852 :!: 62 1 8 . 1  :!: o . 4  6 . o :!: 0 . 5  26 . 4 ! 1 .  

L1 84 1 . 35 :!: 0 . 09 1 . 86 :!: 0 . 03 1 260 :!: 4 0  1 7 . 3 :!: 0 . 1  6 . 0 ! 0 . 5  25 . 2 ! 2 .  

Low N group mean 1 . 4 1  :!: 0 . 03 1 . 86 :!: 0 . 01 970 + 20 1 7 . 2 :!: 0 . 1  6 . 2 ! o . 6 24 . 8 :!: o .  

0 
2 

3 
2 

9 

5 

8 
8 
4 
5 
3 

8 
-- _, _ ____ _ 

Correlation with % N ---- -0. 1 5  -0 . 34 *  -0. 4 9 * * 0 . 26 -0 . 4 6 • • 
C orrelation with �eed weigh t  1 -0 . 1 5  - o . o1 o . 82 * * *  o . o2 o . 4 6 • •  
Signi ficanc e o f  clone 

d i f f ere ne e s I • • • • * • • • • • • * * * * • • 
_ __;,;���.;.:;;..;�--'------.J.....-------1---·---------,,--�----' _, -

. • p ( 0 . 05 , • •  p ( 0 . 01 J • • •  p ( 0. 001 . 
J _, 
..::-1\.l I 



TABLE 44 

MULTIPLE LINEAR REGRESSI ON OF SEED WEIGHT ON AREA S  ( PER SEED ) OF PHOTO SYNTIIESI SING ORGANS . 
( Co lumns A , B , C  and D sh ow the pa rtial c orre lati ons of the remaining variables  with seed  weight  as least 

significant variabl e s  are s u c c e ss ively el imina t e d )  
-

brgan ( b�ackets : ave rage photosynthe tic  �artial correlations be t we en area per seed and seed weight 
area ( mm ) available for each s eed )  

A B 

X1 = spikelet area/seed ( 1 5 . 64 )  o . 81 7 * * * o . 826* * *  
X2 = flag leaf area/seed  ( 0 . 85 )  o . o88 0 . 1 78 
X3 = flag leaf sheath area/seed ( 2 . 58 )  0 . 243 0 . 338"' 
X4 = penultimate leaf area/seed ( 3 . 85 )  0 . 05 1  -

I 
Equations : ( A )  Seed  w ei gh t  = 0 . 60 + 0 . 064 X1  + 0 . 021  X2 + 0 . 054 X3 + 0 . 006 X4 

( B )  Seed weight = 0 . 61 + 0 . 063 X1 + 0 . 030 X2 + 0 . 061 X3 
( C )  Seed geight  = 0 . 63 + 0 . 061 X1  + 0 ., 076 X3 
( D )  Seed weight = 0 . 76 + 0 . 065 X1 

Multiple linear c orrelation , R o. 862* . .  ' 0 . 862 * * *  
R:t o .  7lt 3 0 . 743  

• p ( 0. 05 7 H p < 0., 01 . * H p (0. 001 • 

c 

o . 824 "' * *  
-

o . 454 * *  
-

o . 857* H 
0 . 734 

D 

o . 81 6 * * *  
-
-
-

0 ., 81 6 * * *  
0 . 667 

I � 
+­\..>4 I 



TABLE 4 5  

CORRELATIONS AMONG VARI ABLES CONTRIBUTING TO PHOTOSYNTHE TIC AREA PER TI LLER AND PER SEED ABOVE THE FDAG LEAF NOD: 

1· -� I I I I 
Character  

No . of  spikele t/head 

Area of indiv idual spike let  

Flag leaf area 

Flag leaf sheath area 

Penultimate leaf aroa 

Area of F la� 
indiv idual leaf 
spikelet  are a 

0 . 1 7  -0 . 1 7  

-0 . 1 3 

Flag I P enu l t im-
leaf sheath ate  leaf  
area area 

Tot al area 
ab ov e flag 
lea f node 

A rla per 
se  d ab ove 
fl  g leaf  
noJe 

� l·- ·----1--- ·---f 
0 .. 59 * * * 

0 . 4 9 * * 

0 .. 05 

-0 . 05 

-0 . 03 

o . 65 "' ' H 

0 . 2 9 

0 .. 86 * * * 

0 . 57 * ,, • 

o . oo 

o . 8o • • * 

0 . 1 9  

-0 � 1 4  

o l 9o • * * 

o l 1 8 

o � 43 u 

0 . 1 7  

Total area above flag leaf  node 
-----------------lf-----___;•!...._ __ .. I I ·- - 1 +· 01:��·-----'-

• p < o .  05 1 * *  p < 0 . 01 ' . . . P < o . oo1 . 

I ..... 
..:=­..:=­
I 



TABLE 46  

DESCRIPTION O F  CLONE V ARIATION I N  SOME PLANT CHARACTERISTICS C ORRELATED W ITH % N O F  1/-lHOLE T I LLERS AT HEADI NG 

Charac teristic  

%N of  seeds 
%N, whole tillers , ripe seeds s tage 
Tiller length ( cm )  
Mid-length t iller width ( mm )  
Number  o f  e longated internodes/tiller  
Length o f  flag leaf int ernode ( cm )  
Width o f  flag leaf int ernode ( mm )  
We ight  o f  leaf per tille r ( gm )  
We ight o f  sheath per ti ller ( gm ) 
Weight  of  stem  pe r tiller ( gm )  
We ight  o f  head pe r tiller ( gm )  
Length of  s te m  ( cm )  
Mean internode length ( cm )  
Til ler we ight ( gm )  
% leaf  
% sheath 
% stem  
% h ead 

* * p < o. 01 ' * • • p < o. 001 . 

Correlation 
with % N 

( r ) 
-

o . 42 
0 . 81 

-0. 66 
-0 .. 50 
-0 . 5 9  

0 . 22 
-0 . 63 
-0. 55 
-0. 70 
-0. 64 
-0. 58 
-0 . 66 
-0. 34 
-0. 68 

o . 4 8  
-0 . 29 
-0. 4 6  

0 .. 3 1  

I 
Range o f  cl one me ans and signif-

icancc of d i f fe renc e s  

2 . 86 ..., . 3 . 61 
0 . 76 $ h  1 . 1 2  
74 . 9  $ >!< $ 1 1 8 . 2  
4 e 91� lj< * * 7 • 7 2 
4 . 1  * * *  5 . 8  
1 3 . 4  * *  20 o 0  
2 . 9  • • • 5. 8 
0 . 69 H $  2 . 1 0  
o . 81 · � ·  2 . 56 
1 . 1 4  * * *  3 . 86 
0 ., 4 1  * * *  0 . 94 
63 . 8  H *  1 07 e 3  
1 4 . 7  * * 1 9 . 9  
3 . 1 5  u •  8 . 66 
1 6 . 4  * * * 29 . 1  
23 . 8  ., .  2 9 . 5  
32 . 3  * * *  48 . 6 
8 . 4  • • • 1 6 . 1  

I f  -0 . 31 )· r�- 0.3 1 , P ( 0 . 05 ;  i f  -o . 4o� rJ o . 4o , P ( 0 . 01 ; i f  -0 . 50 )  r )- 0 . 50 ,  P (0 . 001 • 

-� 

V' I 
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DISCUSSI ON 
The results o f  this experiment c u gg e s t  that .th e  photosyntheti c  

area p e r  s e e d  c o u ld b e  maintained ( and c ons equently a sati s factory seed 
weigh t  might  be re tained ) during c ontinued selecti on  f or %N by c oncurrent­
ly selecting for large flag leav e s  and a reduced number of spikele ts 
per head.  Such a strategy should .maintain a satis factory photosynthet-
ic area per seed above the flag loa ... node despite expected  fur.ther 
reduc tions in  th� areas. of  the spikelets  and flag leaf  sheath. .  Howeve r ,  
seed y i e l d  per . tiller would decline . 

Although in this expe.rime 11t th ere was a close ·  c orrelation between · 
seed weight and photosynthesising 'area P.er  seed above · the flag leaf 
node , the interpre tation of this rela tionship is not simple . The 
apparently obvious c onc lusi on that seed  weight is limited by the photo­
synthe ti c  a rea per seed is open to  question.  In  c e reals , it is  gener­
ally recognised that limitations on t otal grain yield per ear may be  
imposed by  the ability of the organs c oncerned to  prov ide the  carbo- · 
hydrat e  requirements o f  the developing grain , the capacity o f  the grain 
to f ully utilise th e photosynthate capab le of  being produ c e d ,  the ability 
of the phloem to t ranslocate  photosynthate from the lower organs to 
the grain ,  or c ombinations of these processes G Several recent reviews 
of  these possible limitations are available ( Thorne 1 966 ; King , Wardlaw 
and Evans 1 967 ; Wardlaw 1 968 ; Nealeo and I ncoll 1 968 ) .  Provided 
photosynthetic area is expressed on a per seed basis , there seems no 
reason why lioitations to seed  weight c ould not b e  similarly described  • . 
Statistical relationships alone cannot provide c onc lusive  evidence o f  
the relative importance o f  the s e  pote ntial limitations . F o r  example , 
Simpson ( 1 968 ) observed a c orrelation of  0 . 76 between the total grain 
weigh t  p e r  tiller and an e s t imate of the total photosynthetic  area 
per tiller above the flag leaf node among 1 20 wheat varieties and 
suggested  that the size o f  the source of grain carbohydrate  was limiting 
grain yield.  Yet t e conc lusions of those authors wh o have s tudied 
this relationship at  a more basic  level  have been far from unanimous 
( e . g. Thorne ' s  1 966 summary of earlier work , and rec ent experime nts 
by Stoy 1 966 ; Evans and Rawson 1 970 ; Walpole and Morgan 1 970 ) .  

Should this  be a maj or limitation,  one would expec t  that by removing 
s ome grain from the ear , the individual weights of the remaining grain 
would increase ; although several authors have observed such inc reases 
for wheat ( Stoy , 1 965 ; Bingham 1 967 ; Rawson and Evans 1 970 ) , others 
have reported lit tle or no change ( Abolina 1 959 ; Buttrose 1 962 ) .  



Similarly 9 in P .  tuberosa McWi l l iam and Wardlaw ( 1 965 ) found no 
re lationship ( r  = -0 . 01 ) between seed  we igh t  and percentage seed  set 
when  the latter  character varied fro� 1 1 -96% e Labelled carbon did not 
appear to be  re distributed  from s p i lc o l e t s c ontaining abortive florets 
to seeds developing in adjacent sp ikclets.  In  addition 9  as percentage 
s e ed set decreased , so  als o did ph o t o synth e s i s  by the top internode , 
although photosynthesis by the infl orescence  did  not ; h oweve r ,  glumes 
subtending abortive florets had appa rently lower rates of  photosynthesis , 
and 5enesced  earlier , th an glumes subtending deve loping seeds.  Another 
observation was that , i f  culms were d etached from the plant at anthesis , 
there was n o  apparent re duc tion i n  photosynthesis by the inflorescence  
two we eks lat e r ,  but more of the  pho tosynthat e  was retained by the  
glumes . Despite some discrepanc ie s ,  these results seem t o  indicate 
that seeds in  adjacent spikelets do not c ompe t e  for translocated 
photosynthate , and that seed w eight is limited  not by the supply of 
photosynthe tic  produc ts but by the capacity of the seeds t o  utilise 
them. 

An alternati�e interpret�tion of t he present resul ts�  and one more 

in acc ord with the results of McWilliam and Wardlaw ( 1 965 ) , is that 

there is no causal relationship betwe en s p i k e l e t  area and s e e d  weight  

but  that inste�d , there i s  s o m e  c ommon deter�inant of  the  siza of b oth 
spikelet �nd se e d .  Cell  size may well be  �uch : a fac tor , .  as  r ecently 
sugges t e d  by Evans and Duristone ( 1 970 ) for wheat . Th�s explanation 
would agree with many ?bservation� i n  the p r evious experiments ; for 
exa�ple , the small leav e s  a�d high rates of apparent ph o t o synt h e s i s  

of the h i gh N c lones during vcse ta t ive  gro�th ( s e e  experi�ent 8 )  

c ou l d  both b e  due to a lower m e s ophy l l  cell  s i z e  ( i'/ilson an d  Cooper 
1 967)  in  these  c lo n e s  than in t h e  low N c lones.  Two othe r observat­
ions support this interpretation of  the pre sent resul t s .  One is the 
fact that the glumes of P .  tuberosa c ontain very lit tle  c hlorophyll ; 
that which is  present occurs in  c oncentrated bands roughly parallel 
w.ith the long axis o f  the glume s ,  and probably intercepts lit tle of  
the  light reaching the spikelets , s o  that much o f  the  light may be  
intercep ted  by  the seeds.  The other  is the fac t that P .  tuberosa 
seeds are green  be fore and long after anthesis , and obviously c ontain 
considerable amounts of chlorophyll . Thus , much  o f  the photosynthate 
required by the developing seeds se ems c e rtain to be supplied by the 
seeds themselves.  Significantly , Evans and Rawson ( 1 970 ) recently 
demonstrated that , in 3 wheat  varietie s ,  photosynthesis by the grain 
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ac c ounted for 33-42% o f  the gross e ar pho t osynthe sis 9 and that the 

ear c ontributed from 20-33% o f  the to tal photosynthate requireme nt of the 

grain. 

Further support for this interpre tation is  prov i de d  by  t he r e s ults 

of an unpublished experiment c onduc t e d  a t  C anberra in 1 965-66 . Plants 

used for this exp erime nt were originally e stablished by Dr.  R . N .  Oram 

t o  examine the inheritanc e o f  s e e d  yield and seed  re te nt ion i n  P .  tuberosa. 

The e xperime ntal populat ion , whi ch c ons i s t ed of 4 · c l os e ly-spac e d  ( 40 x 40 cm ) 

p lants o f  each o f  55 full-sib fami lies in each o f  2 replic a t e s , was 

used by the presen t auth or for a genetic  analysis o f  s ee d  weight and 

assoc iated c harac t e r s . By me thods s imilar t o  those in the present 

experime n t ,  th e le ngth and maxi�uo width o f  flore t s  a t  anth e s is were 

measured ,  and a c rude e s t ima te o f  fl o re t  area was ob tained by multi ply-

ing floret length x width . This  lat t e r  charac ter was found t o  have 

a high genetic c orre lat ion ( r  = g 0 . 82 )  with t he subs e que nt we igh t  o f  

s e eds in spike le t s  c l o s e  t o  those sampled for floret measureme n t s . 

N e ithe r floret le ngth ( r  = 0 . 4 6 )  nor flor e t  width ( r  = 0 . 5 5 )  was 
g g 

as c l os e ly c orre late d gene tically with s e e d  weigh t as was t he c ru d e  

area e s timate .  Howev e r ,  spike let area was not measure d in t ha t  experi­

ment . 

Although neithe r o f  these  inte rpre tations of the pre s e n t  results 

can b e  ac c e pted c onc lusiv e ly 9 it is apparent tha t the c orre c t  analysis 

must b e  able to a c c ount f or the pe culiar behaviour of c lone H 1 55 .  The 

fac t s  that this c l one had heavier se eds than would b e  exp e c t e d  from 

its spike let  size , and that it  als o had th e larges t  flag le av e s  and 

smallest  number of spike lets per head sugge s t  that the developing 

seeds  of this c lone b ene fit ed  from an unusually fav ourabl e  supply 

o f  assimilate from the flag leaf ,  and support the original interpret ­

ation.  However ,  whatever t h e  explanation , i t  i s  c lear tha t  t he negat­

ive re lationship b e tw e e n  %N and seed we ight c an b e  broken. 



GENERAL D ISCUSS ION AND C ONC LUSIONS 

As Tias pointed out on page 3 ,  the response �o sele c t ion for a 
c haracter is a function o f  the phenotypic variability , he ritability , 
s e l e c tion int ensity , generation interval and the amount of  genoty pe 
x e nvironment interac tion.  Both genotype x growth stage interac tions 
and repeatab ility may affect  th e generation interval , as explained on 
pages 8-1 1 .  I t  is also important to  examine the likely correla te d  
responses which would result ( in the a�sence of  preventive measures )  
from selec tion for any character.  

The results of the experiments wh ich hav e  been described  will 
be brie fly reviewed with reference to  these gene tic c onc epts .  The 
numbe rs in  parentheses re fer t o  the nine experimen ts in the  thesis.  

( a )  Phenotypic Variability 
Several expe riment s  ( 1 , 2 , 3 j  4 ,  7 9  9 )  have shown that there is  

extensive variabili ty in  IVDOM and %N  of  herbage in  the genus Phalaris 
and within the species  �· tuberosa . Some examples c ould be  noted .  
At  the heading stage there was a ran�e of  59-77% IVDOM ( 61 -75% after 
a d j us ting values to a c o�mon headin� dat e )  among Phalaris species and 
interspecific hybrids grown as unde foliated  spaced  plants ( 1 ) .  Among 
eight �· tuberosa strains , I VDOM at the heading stage ranged  from 61 -68% 
( 1 ) 9  and among families derived  from the most digest ible of  these 
strains IVDOM ranged from 59-68% a t  heading and 28-39% at maturity ( 2 ) .  
Individual plants at the h eading stage in another populat ion varie d  from 
56% to 76% IVDOM ( 4 ) .  

Herbage %N varie d  b e tween genotypes , families or strains o f  
P .  tuberosa at all growth stages and in a ll environments examined .  
I n  seedlings , %N o f  s ixteen families ranged from 3 . 5  - 6 . 0  ( 7 ) . 
At  the heading stage , the range in %N among eight strains was 1 . 1 5  -
1 . 55 ( 1 ) 9  while individual clones ranged from 1 . 29 - 2 . 1 0  %N ( 9 ) .  
Within the two expe rimental s elec tion lines there was extensiv e  
variation between plants at the heading stage ( 3 ,  4 ) .  Among families 
of  the Algerian ec otype CPI 1 9280,  %N of  standing dead herbage ranged 
from 0 . 38 - 0 . 66 ( 2 ) .  

From these results it is c le ar that phenotypic variability o f  
IVDOM and %N among spaced  plants i s  unlikely to b e  a limiting fact or 
in a breeding program which aims to  raise the levels o f  t hese characters.  
H owever ,  it  must be  remembered that such variation may not  occur 
under sward conditions . The limited experimental evidence  available  



( e . g . a c omparison o f  t h e  h e rbage q u a l i t y  o f  t h e  h i gh a n d  l ow N 

s e l e c t i o n  l i n e s  under spac e d-plant and sward c o nd i ti ons , exp erime nts 
4 and 5 ) . s u gg e s t s  that vafiab i l i ty o f  IVDOM may we l l  be maintain e d  i n  
swards,  b u t  tha t varia tion i n  %N m igh t b e  re duc e d .  Laz e nby an d Rog e rs 
( 1 965 ) a l s o  ob serv�d l e s s  varia tio . i n  %N among Loliu� per enne 
ge noty p e s  grown as � imul& t e d  swards t han among the same c lones grown 

a t wide s p a c ings . On the o th e r hand , as p re v i ously n o t e d  ( page 7 ) , 

exte n s i V e  varia tiQn for b oth IVDOM and %N h as previ o u s ly b e e n  ob s e rv e d  
among 5 5  f· t ube rosa full�sib fam i ly swards i n  the i r  s e c o nd ye�r o f  

- . growth 9 • a t  s tages approxima t e ly c c ::-::-c .::;ponding ··to the heading and mat ure 
. . - . . . . 
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s tages o f  e x p e rime nts 2 and 4 ( Oram , C leme nts a nd Mc W
,
i ;ll iam , . unpub l ishj d )

·
. 

( b ) H e ri t ab i l i ty 
Much o f  the ob s e rv e d  phe n otypic variab i l i ty was g e n e t i c  in origi n  

( 1 , 2 ,  3 ,  4 ,  9 ) . The parame t e r  o f  main importanc e  i s  t h e  narrow-s e ns e  

h eritab i li ty ( s e e  page 8 ) , whi c h  i s  t he proportion o f  t h e  t o t a l  

phenotyp i c  v arianc e a t t ributab l e  t o  th e av e rage e f f e c t s  of gene s ( or ,  

a s  it i s  m o r e  g e n e ra l ly but a mb igu ously d e fine d ,  the rat i o  o f  th e 

addi t iv e  g e n e t i c  varian c e  t o  th e t otal phen oty pic v a r ianc e ) .  The 

h e r itab i l i ty o f  %N at h eading for indivi dual p lants was low , wi t hin 

th e range 0 . 20 - O o 36 ( 3 ,  4 ) . In expe riment 2 ,  the r e fe r e n c e  unit 

was no t a s i ngle p lant but a fam i ly m e an v a lu e  bas e d  on th ree 8-plan t 

rows , and the he ritab i liti e s  rep o r t e d  in this expe r im e n t  we re c ons e quent­

ly h i gh e r  than wo uld be expe c t e d  f or s ingle p lant s . In this e c o typ e ,  

wh ich m ay reasonab ly b e  assum e d  t o  be i n  l inkage e qu i lib rium , the 

heritab i l i ty o f  %N a t  heading was agai n low ( 0 . 27 ) , b u t  that of %N 

of mature he rbage was higher ( 0 . 5 9 ) . H e ritab i lit i e s  of IVDOM a t  

th e t w o  s t ages w e re 0 . 55 a nd 0 . 78 re s pe c t iv e ly ;  th e s e  v alue s  sugg e s t  

that , in a b ree d ing p ro gram , i f  t h e  numb e r  o f  pos s i b l e  IVDOM analyses 

was l im i t e d , the optimum numb e r  of r e p l ic at e s  would be l e s s  than three 

( i . e . , that more progress per cyc le of s e l ec t i on w o u l d. be made for 

a g iv e n  number of analy s e s  i f  the repli cation was d e c r e a s e d  and t he 

numb e r  o f  fam i l i e s  i nc re as e d ) . A l te rna tiv e ly , the h i gh he r i t ab i l i t i e s  

o f  fam i ly m e ans sugge s t  that indiv idual s e l ec tion f o r  IVDOM m igh t b e  

more e ff i c i e nt t han fam i ly s e l e c t ion . S i n c e  the h e ri tab i l i ty o f  a 

s ingl e -plant value i s  not known , the theoret ical e f fi c i e nc i e s  o f  the 

two p ro c e dur es c annot b e  c ompare d .  How ev e r , unl e s s  t he numb e r  o f  

analys e s  was limite d ,  t h e  h i gh e r  s e l e c t i o n  intensi t y  that woul d alm o s t  

c e rt a i n ly b e  p os s ib l e  amongst i n d ividuals , a n d  the h ighe r  phe n o typic 



standard deviation o f  individual va l 1 1e s would probably outwe igh the  
higher  he ritability o f  a family mea n . In  prac tice , a dec ision on 
the me thod  of sele c tion for eithe r %N or IVDOM wduld be complicat ed  

- 1 S 1 -

by the type  o f  sele c t ion used for other characters in  the bre eding 
program ,  by th e size of the heritab i lity estima tes for a giv e n  popul­
a t io n/e nv iro nm ent c ombina tion 9 by th e am o unt of c�phasis to be placed  
on herbage quality as a breeding ob j ective , by  the extent  to  which 
di f fere nc e s  among s ingle plants are maintain� d in swards , and d oubtless 
by o ther considerations of a less in tellec tually stimulat ing nature 
( e . g . the availability and adequacy of e quipment ) . In any event , it  
is  c lear that in  one breeding popula t i on the  amount o f  genetic variation 
for %N was such that four cyc le s  of div e rgen t  s e le c t i on of indivi dual 
plants were suffic ient to produce two experimental populations which • 
whe n  grown as space d  plants in  the field ,  di f fered c onsiderably in 
%N of whole t i llers and al l tiller c omponents  ( 3 ,  4 ) , and which 
di f fered in %N under sward conditions ( 5 ) . 

( � )  I n t e n s i ty of  S elec tion 
This �arameter has nbt b e en examined · in .· detail · in these exp�riments 

but some general c omments may be �ade . As has
.
been  not e d , th� s e le c tion 

intensity would be  likely to be highe r for individual sele c tion than 
for family s election because of limi tations on the ' numbe r of families 
which c ould reasonably be  produ c e � .  On t h e  other - hand 9 the  c omple xity 
of the measurements ( particularly IVDOM) and the t ime  available for 
the measurements c ould impose a limi tat i on ;  if the possible number  
o f  analyses was low , then  family selection or  progeny tes ting would 
inc rease the  value o f  each individual determination ( assuming that 
herbage from the members of a family was bulked for analysis as in 
expe rime nt  2 ) . Another fact or which would have a b earing on selection 
intensity would be the general organisation of  the breedi ng program. 
For e xample , i f  the number of IVDOM or %N an�lyses was restric ted , 
an e fficient  proce dure in  a breeding program with several ob j e c tives 
would be  a system o f  independent cu lling leve ls ;  h e rbage from all 
individuals or families c ould be  c olle c t e d ,  but only that  from individ­
uals which  had acc eptabl e  levels o f  the remaining c haract e rs under 
selec tion nee d  be measured  for herbage quality . A similar technique 
c ould be employed if both %N and IVDOM were to be improved ; the 
material c ould be screened first for the character  most  e asily meas­
ured ( probably %N ) .  In prac t ice , the re lat iv e  emphasis on  IVDOM , 
%N and other charact ers would marke dly influence the int e nsity with 

· . 1 
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wh ich each was s e l e c t e d .  

( d ) Ge n e rat i o n  I n t e rval 

Th e heritab i l i ties  ob s e rve d for %N ( 2 ,  3 ,  4 )  and IVDOM ( 2 )  sugge s t  

that p rogeny t e s ting would be an ine ffic ie nt breeding p roc e dure for 

th ese charac t er s  b e c ause of th e inc r e a s ed gene ration interval which 

would be require d .  Howev e r , progeny t e s t i ng canriot be  c omp l e t ely 

dis re garde d .  Should it  b e  deemed n e c e ssary t o  sele c t  fo r h e rb age 

quali ty or some o ther charac t e r  ( e . g . h e rb age yield ) und e r  sward 

condi ti ons , poly c r o s s  progeny testin� may be  a su itable means o f  

prov iding the quan t i t i e s  of seeds r e qu i re d , ( La tter 1 964 ) par t icu larly 

if the he ritab i lity of yield is low or i f  testing in s ev e ra l  env iron­

ment s is r equire d .  Nev e rtheless , proGeny t e s t ing i s  unlikely t o  be  

· e f fi c i ent for  �· t ub e rosa b re e d ing , provided suit ab le  e quipment ( McWilliam 

1 964 b )  for c o ntrolled hyb ridisation is availab le , for t wo reasons . 

Firs t , by cross ing two genotype s ,  s u f fic ient se eds are produc e d  for 

sowing small swards ( McWi l liam 1 964 b ;  Latter 1 964 ; McWill iam and 

Lat t e r  1 970 ) . Sec ond , it is doub t ful if the heritability o f  any 

ma j or breeding ob j e c t ive in P .  t ub e ro G a is suf fici ently low t o  make 

pro geny t e s t ing worthwhile ( McWilliam 1 963 ; Latter 1 965 ; Oram 1 970 

and unpub lish e d ; McWilliam and Lat t e r  1 970 ; and e xpe rime n t s  2 ,  3 ,  4 ) .  

I f  progeny t e s t ing i s  thus r e j e c t e d  a s  a bree ding me th o d  for 

P .  tub e rosa ( b ut  not nec e s s arily for o th e r  spe c ies ) , the remai ning 

se le c tion o e th ods are likely to hav e  th e s ame t ime requirement for 

a c y c le of s e l e c t i o n .  H owever , one pos sib ility may be n o te d .  Should 

it  be ac c eptab l e  to measure herbage quali ty on s ingle plan t s , and should 

there be  no s e rious genotype x env i ronmen t intera c t ions for he rbage 

quali ty ,  then ge ne ration interval c o uld b e  sh or te r  for singl e -plant 

s ele c t ion than for s e le c t i o n  in s wa rd c . This is b e c au s e  the ge ne rat­

ion interval o f  a s i ngle -p lan t popula tion o f  reaso nab le s i z e  may be 

art i fic ially manipulat e d ,  as i t  was in expe rime nt 3 .  I n  fac t ,  the 

gene ration int e rv a l  for a specie s such as P. tuberosa may be shor t e ne d  

t o  f ive months using c o ntrolled  e nv ironments . Whe ther or n o t  s e l e c tion 

for a charac t e r  under such unnatural c onditions would b e  wo rthwhile 

can oniy b e  ac c ura t e ly predi c t e d i f  th e he ritability a n d  phenotypic 

s tandard dev ia t ion o f  the charac t e r  in each environmen t ,  the gene ration 

interval and s e le c t ion intensity in ea ch environment , and t h e  genet i c  

c orre lation b e twee n  the t w o  me asureme nts  are known . How e v e r , some 

c o n c lusions c an b e  drawn ab out the relative e f fic iency o f  s e le c t ion 



for %N o f  spac e d  plants in  the art i fi c ially c o ntrolle d e nvironment 

desc r ib e d  in expe rime n t  3 and in th e natu ral e nvironment ( experiment 4 ) , 

assum ing that improv e d  p e r forma�c e i n  th e natu ral ·environment is  the 

c r i t erion for c ompariso n .  The necessary the ory is d e s c rib e d  b y  

Falc oner ( 1 960 , chapt e r  1 9 ) .  The h e r i tab i l i ty o f  %N i s  ap proximat e ly 

the same in each e nviro nmen t ( 3 ,  4 ) . Assume t h at a c y c le o f  s e l e c t i on 

for %N a t  heading would  take twi c e  as long ( i . e .  genera t ion interval 

would be twi c e  as long) in the field as in th e contro l l e d  env i ronment , 

and that the intensity o f  se lec t i on in e ach s e lec tion c y c le would b e  

s imi lar i n  each e nvironment . I n  a giv en am ount of time , the c umula tive  

s e le c t io n i n te ns i ty would b e  twi c e  as high in  th e c ontrolled e nv iron­

ment as in th e fi e l d ..  I n  these c ircumstanc e s , sele c t ion und e r  

arti ficial c onditions would only be more e f fi c i e nt i f  2 r ) 1 . 0 ,  that 
. g 

i s , i f  r / 0 .. 5 ,  whe r e  r is the gene tic c orrelation b e twe en measurements 
g . s 

o f  %N �ade in the .  t w o  e nvironm�n t s .  

Two other fac t ors a ffecting the  ge nera t i o n  inte rval 9 wh ich were 

desc ribe d  earlie r ( pages B-1 1 ) 9  shou ld be mentione d .  The f i rs t  is 

the repeatab i lity ( in t ime ) of  the chara c t e r  b eing s'e le c te d .  The . . . . 
. p r e s erit e xpe riment s were . not de signed to provide infotmation on the 

repeatab i li ty of %N and IVDOH s ince repeated mea-surem ents ar� unl ike ly . 

t o  b e  wo rthwhile i f  s e le c t ion intensity i s  si gni ficant ly redu c e d  o r  

genera t i on interval increased a s  a c ons e qu e nc e : However , one c ould 

v a lidly ask whe th e r  measurements of %N an� IVDOM during the first 

year o f  growth are l ikely to indic�tc  th� value of a p lant in sub s e quent 

years ; for example , first -year he rbage yie lds may b e  a poor indicat ion 

of y ield in the sec ond and lat e r  year3 ( Biddi s c ombe et al 1 96 9 ) . 

The expe riments desc rib ed  here provide l i t t l e  informat i on on this 

point , but some results c ould b e  no ted . In expe ri ment 5 ,  dif fere n c e s  

i n  %N and IVD0!1 of h e rb age from swards o f  t h e  high and low N lines 

were reas onab ly c onsis t e nt a t  e ach ha rv e s t  during the first f i f t e e n  

months a ft e r  sowing .  I n  experiment 9 ,  h igh N and low N c lones whi ch 

had exhib it e d  marked d i f fe re nc e s  in %N duri ng the ir first year als o 

d i f fered i n  a sub s equent year ; however , in  the la t e r  y ear the c l ones 

were r e -es tablishe d  from propagule s , so  tha t  they could not s trictly be 

called two-year-old plan t s .  I n  anothe r experiment ( C l ements 1 9 70 ) 

measureme nts of %N o f  nine c lones a t  the heading s tage in two d i f ferent 

· y ears were found t o  be highly c orre lated  ( r  = O e 70 ) . Thus , although 
the evidence is inconc lus ive , it does not seem that first-year 

measurements of this charac t e r  are like ly to be misleading. 
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The remaining fac t or whi � 

i s  th e magnitude o f  ge notype x 

and IV  DOM ( 2 ,  4 ,  9 ) . I f  th e 

c ould b e  p re dic t e d  in advanc e 

c ould b e  c ompleted in one year 

i n  experime nt 2 indic ate d  that 

b e tw e e n  familie s ;:;.�;d "·:�· -:: . .  tn ;..: 
chara c t e r  b e for e flowe ring wo1 

gene ra t i on interval. In expe r 

h igh and low N lines di ffere d i . 
examine d ,  the relative d i f fe re nc 

he adi ng than at stage s immedia t e  

same experiment , di fferences  i n  

from 1 . 6 diges tibility units to 6 

igh t  affe c t  the gene ration interval 

��th s tage interac tions for %N 

.lity ci s enesc ent or d ead h e rbage 

�l ow �ing , each c y c l e  o f  s e lec tion 

d o f  two. The g e ne t i c  tt :. �-1;/c:>is 

th e e c oty p e  s tudi e d ,  th e intera c t i on 

s was such that selec t i on for ei ther 

)e ine fficient despite  the re duc e d  

t 4 i t  was found that a l though the 

at all the growth stage s wh ich were 

tween  the lin es was greater at 

a fore or a fter heading. I n  the 

i b e tween the t hre e lines var i e d  

1igestib i l i ty unit s ,  depending on 

the grow th st age . For b o th %N an� i V DOM , line x growth s tage inter­

a c t i ons were v e ry highly significant . On the o ther hand , among the 

high and l ow N cl one groups in e xpe riment 9 there was a c lose c o rrel­

at ion ( r  = O o 81 ) b e tw e e n  %N measureme nts  at  t he he ading and ripe s e e ds 

s tage s .  S in c e  the t e n  c lone s i n  expe riment 9 were the e x t reme p lants 

in p opulat ions wh ich had previously been s e l e c t e d  over four gen e ra t i ons 

for high or low %N at h eading , this result is perhap s not surprisi ng. 

Thus , although the gene t i c  rela t ionships b e tween measurements made 

at  d i f ferent growth stage s may be expe c ted to differ in o th e r  popul­

ati ons and e nvironment s , the present results sugges t  that  unless the 

measureme nt s  are known t o  b e  fav ourably correla te d  it will be safer 

t o  s e l e c t  for herbage quality at the s t age at  which improv ement i s  

required.  A more c ompl e t e  discus s i on o f  t h i s  t o p i c  i s  given in the 

r esul t s  s e c tion of exp e riment 2 .  

( e )  ·G enotype � Env iro nme nt I n t e rac t i ons 

The resul ts of the s e  experiments sugge s t  that genoty pe x e nv ir­

onm e n t  in te rac t i ons . for %N and IVDOM in P .  tuberosa ar e small in 
·

· magnitude and are unlikely to cause problems i� a breeding progra m .  

Th e h igh an� low N s e le c t i o n  lines whi ch were : deve +op� d under art.i fi c .­

ially c ontrolled c ond.i ti. o�s ( 3 ) '  di.f fe r e d  in %N wh�_n g�own as, spac e d
. 

plants · ( 4; ) -
-
or sward� ( 5 )  und er · field c ondi

.
ti ons . In swards , there were 

no �nterac t i ons betwe e n  lines and de foliat i on jrequ�nc ies or lev e ls " 

o f  app lied  nitrogen , for e i ther %N or IV DOM ( 5 ) . �fuen th e lines were 
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grown as s e e dlings in a glassh ous e , they d i f fere d  i n  %N whe n the lev e l  

o f  n i trogen i n  the nu tri e nt s olu t i on v ari e d  from 2 . 8  t o  280 p p m  ( 6 ) . 

The IVDOM rankings o f  the h i gh ,  low a n d  c o nt ro l N " l i nes  we re si mi lar 

u n d e r  s p ac e d-plant and sward c onditi ons ( 4 ,  5 ) �  Th e ranki ng o f  P .  
tub e rosa s t rains for %N and IVDOM o f  h e rbage at the heading stage at 

Palmer s t o n  North ( 1 ) agr e e d  we l l  with the ranking p r ev iously ob s e rv e d  

at C anb e rr a ( C l eme nts , Oram and S c ow c ro ft 1 970 and unpub lishe d data ) .  

( f ) G e n e t i c  R e l a t i o n s h ips b e �w e e n  H e rb age Quali ty C ri t e ria 

In th e s e  exp e rime n ts , a t t e n tion has been c onc e n tra te d on %N and 

IVDOM ( for reasons outlined on page s 2 and 3 ) , but s ome o ther nu tritive  

value c rit eria we re  measur e d  in expe rim e nt 3 .  Th ere s e ems  t o  b e  no 
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s tab l e  genetic  relati onsh ip b e tween %N and IVDOM in P .  tub e ro sa ( 1 , 2 9  3 ,  4 ) .  

The r e lati onship may depend on  the growth s tage ( 2 )  and the populat i on 

( 2 ,  3 ) . I n  expe riment 4 i t  was found that %N and IVDOM were n e gative ly 

c orre la t e d desp i te th e fac t tha t o the r variab le s ( l e af : st em rat i o ,  

t il l e r  l ength ) had sim ilar e ffe c ts o n  ea ch charac t e r .  I n  o th e r  

experiments ( 2 ,  4 ) there  was a negative relati onshi p  b e tween %N at  

heading and IVDOM at lat er s tage s . In exp eriment 3 ,  s e le c t ion for 

inc reas e d  %N re sulted in a c orre lat e d increase in IVDDM during the 
fi rst two sele c ti on cy c le s 9  but the c orrelated re spons e was s ubs equently 

revers e d  ( 3 9  4 ,  5 ) . Th e s e  re s u l t s sugge st that , should improvements 

in b o th %N  and IVDOM b e  required from a b re eding p rogram , s ele c t i on 

for b o th c harac ters would b e  ne c e s sary . 
From expe rime nt 3 ,  and from the work of C ooper ( 1 961 ) 9  i t  may 

be  c o nc lud e d  that there i s  a ne gat iv e gene t i c  correla t ion b e tween 

%N and s o lub le c arb ohydrate c on tent . 

( g) R e l a t i onships b e twe en H e rb age Quality and Othe r Chara c t ers  

Every exp e riment has provided some information on th e rela tion­

shi p s  b e tween e i ther %N or IVDOM and oth er important agronomic 

ch ara c te rs .  C ontrary to m o s t  pub lished rep ort s ( s e e  page 1 6 )  and 

cur re nt overseas opinion , th ere was no evide nc e  tha t  IVDOM was negatively 

c orre lat e d  with herbage y i e ld ( 2 ,  4 ,  5 ) . Among th e Phalaris spec i e s  

studied i n  exp e riment 1 �  the annual s  were h igher in IVDOM than the 

perennials and matured earlie r .  I n  experiment 2 ther e was a n ega tiv e 

ge net ic c orre lat ion ( r  = -0 . 5 7 )  b e twe e n heading date and IVDOM at g 
h eading i n  a P .  tub e rosa populat i on . The meaning and importanc e  o f  

t h e s e  two results are not  c le ar . Ev en after a d j us ting valu es  t o  a 



- 1 56-

c ommon heading da t e  the annual Phalaris spe c i e s  s t i l l  had higher IVDOM 

t han th e perennial spec ies  ( 1 ) .  This s ugge s t s  th�t IVDOM may b e  

negative ly c orrela t e d  w i th perennial i ty .  Although this may impose 

an uppe r  limit to the improve � . .  ; o f  IVDOM ( assuming perenniality must 

b e  retaine d ) , there i s  a la::::. . , .::. ount o f  gen e t ic variation i n  IVDOM 

wi thin the pe rennial s p e c i e s  P .  tuh (' •'u '· .:l ( 1 9 2 9  4 ) . Also , IV D OM at  

maturity was not genetic ally c orre la t e d  with heading date ( 2 ) . 

The experiments have shown that %N is negative ly c orre la t e d  with 

s eedling vigour ( 3 ,  6 v  7 ) , tiller  weight ( 2 9  3 ,  4 ,  5 ,  9 )  and herbag� 

y ield ( 5 ) . To the extent that s e e dling v igour dep ends on s e e d  weigh t , 

the first of  th ese adv e rse genetic r e l at i onships can b e  broken ( 9 ) . 

H owever ? there is a low t o  moderate nega t iv e  re lati onsh ip b e tween %N 
and n e t  assimilati on rate in seedlinGS ( 3 9  7 ) , whi c h  may in s ome 

c i rcums tanc es  c ontribu t e  to the c orre lation b e twee n %N and s e e d ling 

v igour ( 3 ) .  

The negativ e  gene t i c  rela t i onship b e twee n  %N and ti ller weigh t  

would b e  much more d i f fi cult t o  ove rc ome . As an example o f  the strength 

of this association , it  may be noted that mean ti ller weight  at  heading 

among the five high N c lones in experime nt 9 range d from 3 . 2  - 3 . 8  gm , 

while low N c lone mean values were in the range 7 . 3  - 8 . 7  gm .  The 

relat i onship holds at all grow th s tage s  dur ing the reproduc t ive  phase 

( 2 ,  4 ,  9 )  under spac ed-plant c ondit i ons . In swards , the reduc e d  

t iller weight o f  the high N s e l e c tion line was only partially c ompen­

sated for by inc reas e d  t ille r de nsi ty , so that the low N s e le c ti on l ine 

gave c onsi s t ently h i gh er he rbage yield s ( 5 ) .  These results s ug ge s t  

that there may b e  a fundamental n e gative phy si ological ass o c ia t i on 

b e twe e n  the abi li ty o f  a genotype to c onc entrate nitrogen i n  i ts 

t issues and its ab ility t o  produc e dry mat t e r .  Such a sugge s ti on i s  

supported b y  the results o f  e xperiment 7 ,  which showe d that s e e dlings 

having the ability t o  take up large amounts o f  ni trate nitrogen per 

unit weight o f  roo t  used their ab sorb e d  nitrogen relatively ine ffi c iently 

in the  produc t i on o f  i ncremental dry weigh t .  Furthe r  support c omes 

from b i ochemical evidence ( reviewed by McKee 1 962 , c hapter 2 ;  Sim s , 

Folke s and Bussey 1 968 ; Beevers and Hageman 1 969)  that nitra t e  

re duc t i on i s  intimate ly ass oc iated  with the photosynthe tic produ c tion 

of re duc ing power ,  and that n itrate and co2 may c ompete for r e duc ing 

sub stanc es • . The · implicat ions of thi s  c ompe t i tion are describ e d  i n  the 

discussion o f  e_xpe riments 6 · B.  
·'· 

' ' 
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( G) General C ornm e n � s  

Th e s e  c x p e r irn e n t c  nere d e s i gne d t o  e xam ine t h e  p o ten tial f or 

inc reas ing the nutritive v alue o f  P .  t u b e r o s �  h e rbage by b r e e ding. The 

sui tability o f  %N and IVDOM as se le c t i on crit eria can b e s t  b e  eval-

u a t e d  by c ons ide rin� the e stimated ga i n Q  from s e le c t i on and th e c onsequent 

i m p r ov e me n t ,  i f  any � in animal produ c t i on ;  the di ffi c u l t i es of a s s ess­

ing the b e ne fits t o  grazing animals h av e  already b e e n  outline d  ( pages 

1 2  - 1 7 )  and will n o t  be  re iterat e d  h e re . Most aspe c t s  of p lan t 

b r e e ding me thodology are outside the cc ope o f  this work. Neverthel e s s , 

me thodology is important and two asp e c ts � ll be brie fly men t io ne d .  

The first c onc e rns t h e  formation o f  a s uit able b a s e  p opulation 

for a subsequent bree ding program . U n fortunately the populat i ons 

mos t suitab le f o r  a breeding program are n o t  nec essarily those most 
s u i table fo r quantita tive gene t ic analy s is 9  since l inkage equilibrium 

w i l l  be t emporarily disturbed  in a p opulat ion synth e s i s e d  from div e rs e  

e c otype s .  The unstable genetic  relati onship b e twe en % N  and IVDOM in 

the bre e ding p opulation used t o  p rodu c e  the high and low N s e le c t ion 

lines ( 3 ,  4 ,  5 )  is probab ly an example of this e ffec t .  Th ere are 

t here fore good reasons for usi ng nat u rally occurring e c otypes for 

gene tic a h�lys e s ,  as was done in expe riment 2 .  Neve rt h e l ess the form-

ation of a base population is one o f  t h e  most criti cal ( y e t  least 

s tudied)  asp e c t s  o f  a plant b r e e d i n g  pro gram . 

Herbage quality is l ikely in p rac t i c e  t o  be  only one o f  several 

breeding ob j e c t iv e s  fo r a sp e c ie s such as P .  tube rosa . Breeding 

populat ions may have prev iously b e e n  es tab lished.  The present re sults 

( 3 , 4 , 5 ,  6 ,  7 ,  9)  show that o n e exis t ing breeding populat ion , derived  

from thirty Mediterranean ec o ty p e s  ( McWilliam and Lat t e r  1 970) , 

c ontains extensive  gene t i c  variab ility for %N and IVD OM .  Thus , despite 

the fact that other Phalaris s p e c ie s and o th e r  ec otyp e s  of  P. tub erosa 

h ave relative ly high herbage quality ( 1 ) it would · probab ly not be  
w orthwhile using th�se s6ur c e s  : t o  increac e the gene t ic variability 
for herbage quality in the base p opula t i o n �  b e cause o f  the ir agronomic 

d � ficiencies  in characters such as yield and perennialit1 • 

The s e c ond me thodological a s p e c t  which deserv e s  some c ommen t is 
' . . 

the sampl ing o f  h e rbage �or s ub sequent �uirit i�e v�lue meas�reme n t s .  

This  s e ems c e rtain t o  remain a c ontroversial topic , f?r reasons that  
hav e  b e e n · outlined  o n  pages 1 ,  8-9  and 1 3.-1 4 .  I t  has  b e e n  assum e d  in 

· the pre s e n t  work that %N and IVDOM o f  vege tative herbage a re unlikely 

to be  maj or l imita t i ons to the productiv i ty of rum�nan ts grazing 



P .  tub erosa pasture s , and a t t e n t i o n  has there fore been c ont e nt rated  

on he rbage quality during t h e  repro d u c tive phase . As has  al ready been  

noted ( page 1 3 ) � i t  may b e  pos sible t o  inc rease qua lity during thi s  
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phase by alte ring the relat ive pro p o r t i ons o f  vege tativ e  and r eproduc t iv e  

t i llers , o r  simply b y  selec t ing  for y i e l d  of green herbage during the 

summe r  and aut umn ( C l em e n t s , O ram and S c owc ro ft 1 970 ) . The re are 

b oth advant age s ( e a s e  of m e asure� e n t ) and disadvantages ( p robab le 

reduc tion in s e e d  yiel d ,  possib le loss of  d r ought resis tanc e ) in this 

app roach . Th ere s e ems li t t l e  point in p e r forming c omplic at e d  and 

exp ensiv e chemical or b i ological assays on mixtures o f  v e ge ta t ive and 

rep roduc t ive m at e rial , s i n c e  ( as has previou s ly b e e n  demon s tra te d ;  

C lements , Oram and Scow c ro ft 1 970 ) much o f  the apparent variat ion i n  

h e rbage quali ty wi l l  b e  due t o  the rela t ive p roporti ons o f  t i l lers at 

d i fferent g r o w th s t age s , and since Graz ing animals wi ll  i n  a ny c as e  

sele c t  t h e  gre en herbage ( see page 1 3 ) .  F o r  t hese reas ons , and b e c ause 

o f  the genotype x grow t� s tage intera c t i ons descri b e d  h e r e  ( 2 ,  4 ) ,  

it  is necessary t o  spec i fy the grow th  stage at which measureme nts are 

to be  take n ,  and t o  sample only t i l l e rs at that s tage . I n  o ther 

word s , the mos t se nsib le  approach wou l d  b e  to increase the p roporti on 

o f  hi gh-quality h e rbage in the pas ture and t o  increase the quality o f  

t h e  lo w-qual i ty fra c t ion.  

(h ) C o r: c l lsio::1s  

':'h ere i s  exte nsiv e g e n e t i c  vario. t i o n  f o �  %N a n d  IVDOH in P .  tub e rosa ,  

and furth e r  var i a t i on i n  re lat e d  s p e c ie s .  I t  sh ould not b e  di f fi c u l t  

t o  increa s e  t h e  levels o f  b o th chara c t e r s , 
' • 1 . • v:r.. � c a  are n o "C  c l o s e ly 

r e la t e d  Gene t i c ally . Th e plartt b re e d e r  �ishing to improv e e i t h er 

c harac t e r  should. c learly d e fine th e s t age o f  8rov:th at w:1 i c h  max imum 

improvement is .req�i re d ,  a nd sh ould m e asure herbage samp l e d  at that 

s tage , but h e  n e e d  n o t  sele c t  in m ore than one' env ironment . A 

negitiv e  relationship b e tween �VDOM and perenniality · may impose a 

limit t o  inc reases  in IVDOM , but c onsi d e rab l� improveme �t in this : 
c hara c t e r  c ould b e  achieved without 

'
sac ri fi c ing pe re nniali t y .  I n c reases 

in %N would b e  ac�ompani e d  by reduc ed  t iller weigh t· , and there fore 

probably by redu c e d  herbage yield , unless sele c t i on was c o n currently 

applied to maintain the levels o f  th e s e · charac ters , in whi c h  c as e  the 

like ly improvement in %N would be  smal l .  It seems likely that another 

negative ge ne t i c  associat i on ,  that b e tween %N and s e e dling vigour , 

c ould b e  ov e rc ome by maintaining s e e d  weigh t  at a satis fac t ory lev e l , 

although s e e d  yield would probab ly b e  redu c e d .  

, .  ., . 

.. 
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SUN!-1ARY 

( 1 ) Thi rty-nine strains o f  6 annual and 5 p erennial Phala ri s  
s p e c i e s  and 4 categories o f  i n t c rs p e c i fi c  hybrids were grown a s  spa c e d  

plants . Herbage sample s , c olle c ted G S  s trains reached the heading 

s tage , were examine d for K j e ldahl n i t r o G e n  c ontent (%N , dry ma t t e r  

b as i s )  and i n  v i t r o  diges tibility o f  organic m a t t e r  ( IVDOM ) . The 

s t ra i n s  ranged from 0 . 72 - 2 . 54 %N and from 5 8 . 5  - 76 . 7% IVDOM , and 

t h ere was c onsiderable varia t ion for each character among 8 P. t ub e rosa 

e ntrie s . Heading oc curr e d  on av e ra0e 26 days e a rli er in annual spe c ies 

than in perennials . A ft e r  ad j us t ing values to a c ommon heading da te  

i t  was found that IVDOM was highe r  in annual sp e c i e s  than in perennials 

( 70 . 5  v s .  66 . 1 ) ,  but %N was l ow e r  ( 1 . 1 5 v s a  1 . 70 ) .  

( 2 )  Spac ed plants o f  3 9  fu ll-sib families from an Algerian e c o ty pe 

o f  P .  t uberosa were analys e d  for %N and IVDOM at 2 growth s tages . A t  

heading , m e an IVDOM among th e families ranged from 5 9  - 6 8% ,  wh ile 

IVDOH of s tanding dead ( matur e ) h e rbage ranged from 28 - 3 91"6 ;  th e 

heritab ilities  o f . family mean IVDOH values were 0 . 55 and 0 . 78 resp e c t ­

iv e ly at th ese growth s tage s .  Families d i d  not  d i ffer s ignifi c antly 

i n  %N at heading , and the h e ri tability estimat e ( 0 . 27 )  was also non­

s igni ficant . At maturity , %N ranged from 0 . 3 8  - o. 66 and the herit­

ab ility was 0 . 5 9 .  There ' were highly s igni ficant fa'mily � s tage inter­

ac t ions for · b o th %N and . IVDOM 9 .but there was a posi tiv e  genet ic 

c orre lati on betw e e n  IVDOM measureme nts a t  heading· a nd · maturi ty ( r  = 0 . 40 ) . g 
At h eading , the e arlie � t  fam ilies were high e s t  in IVDOM . A t  each s tage , 

%N  was negativ e ly c orre la t e d  with t iller weigh t .  Genetic c orrelat i ons 

b e tween %N and IVDOM were usually sma l l  and ne gat ive .  

( 3 )  I n  a highly variab l e  breeding p�pulat ion o f  P .  tub e rosa , 

marked responses  were ob taine d t o  3 generations o f  s e le c t i on for high 

and low %N in whole tillers at  heading. Total response was simi lar in 

each direc t ion , and realised s ingle -plant he ritab i lity e s t ima t e s  were 

0 . 25 and 0 . 20 i n  the high and l ow dire c t i o�s respe c t iv ely . Increaaes  

in  %N were a c c ompanied by re duc t ions in t iller wei ght and s e edling 

v igour. Duri�g the first 2 genera tions , co rrela t e d  changes in IVDOM 

we re in the same dire c t i on as c hanges in  %N , but in t he third ge nera t i on 

there were no s igni ficant d i f ferences in IVDOM b e tween the high and 

low N lines and a c ontrol ( randomly selec t e d )  line . 

( 4 )  H igh , low and c ontrol · N s e l e c t i o n  lines were grown as spac e d  

p lants and e xamined for %N and IVDOM a t  5 s tages during their firs t  

y ear o f  growth o D iffere n c e s  in % N  b etween the high and low N l ine s 
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were maintaine d at each grow th s tage , and in a l l  t i l l e r  components 

( le a f ,  sheath , stem and he . .  � at the h eading stage . Ni tro gen 

c on c e ntra tion in wh ole t iL. �- s a t  heading was ab out one third greater 

in the high N than in the l o� line , and th ere was c ons i de rabl e  re sid-

ual genetic variatio::l for �61: - �: e a c h  l i n e .  Changes in bo th the prop­

ortions and %N of tiller � - : o nen :. � c ontributed  to the s e l e c t i on 

respons e  in e ach of the � 0 : c c t e d  line s , the la t t e r  cha�a c t e r  being 

m ore ir.1p ortant . The r.1ain di f fe re nc e  in  t i l l e r  c omposition b e tween 

the l ine s was a change in t he  lea f :  s t em 1·a t i o .  The wei ght o f  wh ole 

t i l l e rs and all t iller c omponents was negativ e ly rela t e d  t o  %N.  

Th e low N line was marginally h i gh e r  in IVDOM than the high N 

line a t  most grow th s tag e s , a nd mark e dly sup erior for IVDOM o f  mature 

herbo.ge . Among individual plan t s  at the he ading s tage the re was a 

smal l  but si gni ficant ne gative c orre lat ion b e tween %N and IVDOM . 

High IVDOM was associa t e d  with short , thin s terns , low ash c ont ent , 

early maturity and . high l e af : ste� ra tios . Variation in IVDOM b e tw e e n  

plants a t  he ading was e x t e n s ive G 

( 5 )  H igh ; low a�d c ontrol N s e le c tion lin�s were gtown in small 
. . 

swards under four manage m e n t  s�s t ems ( 2  de foliation fre quencies  and 
. - . 

2 l evels o f  applied nit rogen fe rtilis er , fac torially c omb ine d ) . 

The frequent d e fo liati o n  treatments were dis cont i nued a f t e r  the firs t 

y e ar b e cau s e  the Phalaris was rapidly e liminat ed  from th e s e  swards . 

C ompare d w i th the high N line , th� l ow N line plots gav e h i gher y ields 

of Phalaris due t o  a tiller we igh t  advantage . Low N line plots t ended 

to c o ntain a highe r proport i on o f  sown grass , but the re w e re no d i f fe r ­

e n c e s  bet� e e n  lines in  susc e ptib i lity t o  w e e d  inf e s tat ion . Phalaris 

h erbage from the low N p l o t s  wa3 lowest in %N and highe s t  in IVDOM , 

and gave the great e s t  nitrogen y i e l d .  Phalaris in the high N line 

plots rec overe d  more of th e applied ni trogen fert i lis e r  and gav e the 

greatest  y i e l d  respons e s  to applied ni troge n ,  but the l ow N line had 

a greater ab ility to extrac t non-fer tilis e r  nit rogen from the soil 

and thus require d less fertiliser t o  provide a give n herb age yie l d .  

The supe rior he rbage yie lds o f  the low N line were there fore mos t 

obv ious in  the absenc e o f  applied nitroge n ;  whe n  ni tro g e n  was not 

appli e d ,  Phalari s yields from the l ow N plots  were one third gre a t e r  

than thos e from the high N p l o t s  during the 1 969  and 1 970 winter 

p e riods • 

( 6 )  S e edling v igour o f  the high and l ow N line s was examine d i n  

2 glasshouse exp e riments . Seedlings from the high N line were sma l l e r  

, .  
'{. . 



than those o f  t h e  low N liL� but had s i milar wh o l e�plant r e lative 

growth ra t e s .  D i f f e r e nc e s  i. s e e d ling we igh t b e twe e n  th e l i n e s  we re 

maintaine d wh e n  the l ev e l  of n i t rogen in n u t r i e nt s o l ut i o ns applied 

to the p larits ran g e d  from 2 . 8  t o  280 pprn . S e e d ling d r y  w e i gh t s  w e re 

c l o s e ly ,  a n d  p o s i t iv e ly c or r e la t e d  ( r  = 0 . 76 ) with t h e  w e i gh t s  o f  s e e ds 

from whi c h  th e y  o rigina t e d , a nd we re l e s s  s t rongl� c o rr e l a t e d  with 

t h e i r  ne t a s s i m i l a � i o n  r a t e s .  

H i gh N l i n e  s e e d lings we re hi.;he_ i n  % N  o f  both t op s  and ro o t s  

than low N l i n e  s e e d lings , b u t c on t a i n e d  smal l e r  ab s o l u t e  amou n t s  o f  

K j e ldah l n i t r o g e n o  They absorb e d  n i t ra t e  ni t r o g e n  more e f f i c i e n t ly · 1 • ..· ... • 

p e r  unit we i gh t  o f  r o o t , b u t  u t i l i s e d  thi s n i t rogen ine f fi c i e n t ly t o .· 

pro duc e inc r e m e nt a l  d ry �at t e r o ' Lo·.v �l line s e e dl ing s had fhe h i gh e s t  . . . 

r o ot : sh o o t · r a t i o s  a n d  the lowe s t l e a f  a r e a  rat ios , and a l l o c a t e d  

- b"  -

. p r o p o r t i o na t e ly m ore a s s i � i l a t e  t o  r o o t  g �owt� than high N l i ne s e e d lings . 

( 7 )  I n  s e e d lings , ne t a s s im i lat i o n  r a t e  was n e ga t i v e ly c o rrela t e d  

wi th % N  ( r= -0 . 32 a n d  -0 . 67 ) , b ut c l o n e s  wh i c h  h ad
.

high % N  und e r  

f i e ld c o n di t i ons h a d  h i gh e r  a p p a r e n t  ra t e s  o f  pho t osyn th e t i c  oxy gen 

e v o lu t i o n  t h a n  l o w  N c lon e s .  The s e  appare nt ly c o n fl ic t in g  r e s u l t s  may 

hav e  b e e n  d u e  to c o m p e t i t i o n  b e t w e e n  nitrato a nd co2 f o r  ph o t o ­

synth e t i c al ly p ro du c e d  r e duc ing powe r .  

( 8 )  Th e re lati onship b e t \7e e n  %N a n d  s e e d  we ight was examine d i n  

t e n  c l o n e s  wh i c h  di f fe re d  ma rke dly i n  %N . S e e d  wei gh t  w a s  c lo s e ly 

· c o rr e la t e d  wi t h  t h e  ph o t osyn the s i s ing area p e r  s e e d  a b o v e  t h e  flag 

l e a f  node ( r  = 0 . 85 ) 9 p a r t i cularly wi th that co ntrib u t e d  by the s p i ke l e t s  

( r  = o . 82 ) . I n  turn , spike l e t  ar e a  was ne ga t ively c o r r e la t e d  with 

%N of wh o l e  t i l l ers ( r  = -0 . 4 9 ) . Two of the ten c l on e s  d e v i a t e d  f r om 

an o th e rw i s e  c l o s e  ne ga t iv e  r e la t i o ns h ip b e t w e e n  %N and s e e d  w e i gh t , 

s o  that the o b s e rv e d  c o r relati ons b e t w e e n  the s e  chara c t e r s  w e re non­

s i gn i f icant (r = -0. 1 5  to -0 . 21 ) .  From an e xamina t i o n  of one of t h e s e  

ab e r rant c l one s , wi t h  h i gh % N  and h e avy s e eds , i t  was c o nc luded tha t 

ph o t osynthe t i c  area p e r  s e e d  c ou l d  b e  m a i ntained ( a nd c o n s e qu e nt ly a 

s a t i s fa c t o ry s e ed w e i g h t  migh t  b e  r e ta i n e d ) du ring s e le c ti on for %N 
by c oncurre n t ly s e l e c t i n g  f o r  large f l a g  l e av e s  an d a re d u c e d  numb e r  

o f  s p ike l e t s  pe r h e ad .  

( 9 )  I t  was c on c lud e d  that IV DOM and % N  o f  P Q  tub e r o s a  h e rb age 

c ould be s i gni fican t ly i n c reas e d  b y  plant b r e ede rs . The b re e d e r  sh ould 

de fine th e growth s tage a t  wh i c h  improvem e nt is to be maximi s e d  a n d  

m easure the n u t r i t i v e  v alue o f  h e rb a ee s a mp l e d  a t  that s t age , b u t  

n e e d  n o t  s e l e c t  in m o r e  than one e nv i r onmen t .  Although a nega t i v e  

rela t i onship b e twe e n  IVDOM and p e re n nial i ty may impos e a n  upp e r  limit 

to the imp rov ement o f  IVDOM , c o ns i de rab le inc reas e s  co u l d  b e  o b t ai n e d  

. . 
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without sacri fic ing pe renniality or o ther important agronomic charac t ers . 
I ncreases i n  %N would b e  ac c ompanie d  by dec reas e s  in ti ll e r weight 

and h e rbage y i e ld , unless count e rs c le c ti on was applie d t o  mai n tain the 

levels  o f  th e s e  charac t e rs , in which case improvement s i n  %N would be 

re duc e d .  Another adv e rse genetic  c orrelation , that be t we e n  % N  and 

s e e dling v igour , c ou l d  probab ly be overcome . 
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A1 
APPENDIX I 

ME TH OD FOR DETERMINI NG KJELDAHL NI TROGEN COI'<'T E_NT OF HERBAGE 

The "K j e l dah l t e.chnique" is c omm only us e d  as a rout ine analysis for 

d e t e rmining crude p rot e in ,c ont e nt (%N X 6 . 25 )  o f _ herQage ..
. 

Sinc·e there 

are ma.ny m od i
_
fic a t ions ' o f  th e me thod from · l ab o �at ory

_ 
t<? lab oratory , _ 

the technique used for th� 3000 �na;yscs tha t  provided th e data , for 

this thes i s  will  be described .  

MATERIALS 

Dige s tion mixtur e : To 1 00 g �2so4 add 1 g selenium p owder and 

1 lit re conc entrated H2so4 • 
is c lear . 

H e a t  i n  a fume c upboard until the solut ion 

I ndicator m ixt ure : 5 v olumes o f  0. 1% e thanolic s olution o f  bromo-

c re s ol gre en to 1 v o lume o f  0 . 1 %  e thanolic solut ion of  me thyl red.  

Boric ac id indica tor mixtu r e : 2% w/v s o lu tion o f  boric acid with 

water , c o nt aining 2% v/v indic ator mixtur e . 

Hydr oc h l oric  ac i d :  An approxima t e ly normal s o lu t i o n  is prepared 

by diluting 89 ml c onc entrated hydro c h loric a c id to 1 l i tre with dis tilled 

water. Th e s o lu t i o n  is standardised against Na2co3 previ ous ly heated  

t o  270°C ,  a nd  diluted to exac t ly N/1 00. 
S o d ium hydroxid e : Add 500 g NaOH t o  2 litres dis t i l l e d  water. 

?1ETHOD 

Tn e s amples to b e  analy s e d  are drie d ov e rnigh t  a t  1 00°C , a nd ea ch 

samp l e , o r  p or t ion o f  it , is we i gh e d  int o a s e para t e , lab e l le d , 1 00 m l  
K j e ldahl flas k o  I f  the e n t i re sa� p l c  ( u? t o  1 g ) is n o t  t o  b e  analys e d ,  

then ei ther 280 m g  or 560 m g  i s  we i g h e d  o u t  fo r analysis . T o  each f la sk , 
5 ml diges tion mixtu r e  and a fe w grains o f  gla s s  sand are add e d .  The 

flasks ar e tra ns ferred to el ec tric heating mantles ( K j e l dah l digest ion 

racks ) in a fume cupb oard and the c on t en t s  care fully boile d ,  without 

a llowing any ac id to evaporate , f o r  2i hours . The f lasks are the n allowe d 

t o  c ool , s ti l l  in th e fume cupboa rd . A sm al l amount o f  wat e r  is added 

to the dige states and t he flasks are aga in allowed to c oo l , a fter which 

they are remov e d  from the fume cupboard . Th e diges t a t e s  are washed into 

s e parate , labe lled , 1 00 ml v olume t ric flasks and mad� up to 1 00 ml 

w i th dist i l l e d  wat e r .  Each dige state  iv now re ady for d i s t illation. 

Provided the flasks are s e aled , they can b e  s tored ov ernight or for 

several days if ne c essary . 
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Dis tilla tion is c arried out using a Markham s til l , with the 

outle t subm er ge a und e r  5 ml o f b oric ac id  ind icator mix ture in a 

1 00 ml c onical flask � From a volum e t r i c  fla s k ,  5 ml o f  dig e s tate 

is  p ipe t t e d into t h e  inne � chamb e r  of the s ti ll � and a qu ant ity 

A2 

( about 1 0  ml ) of s odium hy droxide s o l u t i on " s  adde d .  The inle t i s  

s ealed and 25 ml of  dis t i llat e i s  c ol l e c t e d  in the bo ri c a c id indicat­

or rnixture 9  whi c h  is the n t it ra t e d  agai ns t the N/1 00 hydro c hl oric 

a c i d .  B e fo r e  d isti lling the next digcstat e , th e inne r c hamb e r  of the 

still is em p t i e d and flush e d  with d i s t i l l e d  water. 

CALCULA TION 
For 280 mg sample 9 % N = titre ( sacple ) - t itre ( b la nk ) , where 

t i t r e s  are exp re ss e d in rnl  N/1 00 hydrochloric acid�  For s amples 

of o the r we igh t ,  app ropria te c orre c t ions are made.  

NOTES ON T"tiE METH OD 
Yn e m e tho d c an b e  mod i fi e d to measure % N of samp l e s  o f  various 

weigh t s  b y  altering the dilut ion a ft e r  acid d ige s ti on , the  amount o f 

d i ge s tate p i pe t t e d  i n t o  the sti l l , a nd the no rmal ity o f  th e hydro­

ch loric ac i d .  Howev�r , as a rout ine p r o c e dure the method out lined 

has b e e n  found t o  b e  sat i s fac t ory a nd suitab le fo r s tr e am lined ope rat ­

i o n .  The e f fe c ts of v ariations in m a n y  aspe c t s  of the m e thod hav e  

b e e n  examine d ,  and whe re nec e s sary p roc e dur e s  have b e e n  s t andardi s e d .  

Th e % N e s t imations are high ly re p ea t ab le and the re c ov e ry o f  nitrogen 

from ( NH4 ) 2 so4 and prot e in s tandards is not less than 9 7% ,  a value 

whi c h  compares favourab ly w i th th ose ob taine d elsewhe re  ( s e e  Kirk 

1 950 for app ropriate r e fe renc e s ) . 
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APPEND I X  2 

ME THOD FOR DETERMI NI 'G I N  V I TRO DIGES TIBILITY OF HERBAGE 

Th i s  t e c hnique , wh i c h  is a mod i f j c a t i o n  o f  t ha t  devise d by Tilley 

a nd Ter'-"Y ( 1 963 ) 9 was deve lo p e d  b y  K .  1 1 . Ch ri s t ian , Division of Plant 

I ndustry 9 CSIRO , Canb e rra 9 for Pho. l.;::· i : ; tub cros a  herb age . At Canb erra , 

r u m e n  l iquor is ob tai n e d  from she ep rn t h e r  than c at tle . 

MATER I ALS ( S uf fi c i e n t for 90 tub e s ) 

Rum e n  c o nt en t s  a r e  rem ov e d from a fis tulat e d j ersey 

c ow grazing on ry e grass - wh i t e  c l ov e r  pas tur e s .  The rumen c ont ents 

are fi l t e r e d  th ro u gh 8 lay e rs o f  ch e e G e c loth into a large t h e rmos flask 

( prev i ou s ly warme d ) and th e f il t e r e d  l i qu o r  is transpor t e d  to the lab or­

atory .  About 1 200 ml o f  f i lt e red fl u id i s  ob taine d .  

B u f fe r  s o lu t i on :  A s t o ck s o lut i o n  i s  prepared b y  dissolving the 

following c h emic al s i n  wat e r  and making the v olume to 5 l itres : -

232 . 5  g Na2HP04 • 1 2  H2o 

245 . 0  g Na HC03 
1 1 . 5 g NaCl 

1 Lr .  2 g K C l  

1 . 5  g H g  Cl2 
1 o 0 g Ca Cl2 ( added last ) 

S ome c a l c iu� pnocpha t e  is pre c ip i t a t e d .  8CO ml o f  th i s  c olut i on is 
d i lu te d· ( with �et c r )  to 4 li tres for 

P c n s i n  s o lut io� : 40 G o f  1 : 2500 p e p � i  is di s so lv e d  i n  5 l i tres 
o f  wat e r  c ontai n i ng L, 5  ml c o n c e n� ra t e d  ·:c l  o n  th e day i t  i s  t o  b e  us e d .  

The fi�al s o lu t i on i o  0 � 1  no=��l . 

H e rb age sampl e s : drie d and 0round to pas s  a 1 mo sieve . 

METHOD 

Day 1 :  Up t o  85 herbage samples , includi ng three s ta ndards of 

known i n  � digestibility ,  are trans ferre d t o  weighing b o t tles and 

dried at 1 00°C ove rnigh t �  

Day 2 :  0. 499 - 0 . 501 g of each dried sample is weighed into 

lab elled 1 1 0  x 40 mm p olypropylene c c � t r i fuge tubes  calibrated at 50 m l .  

Standards a r e  we i ghed in· duplicat e .  

" ' , · 

' ' : ,· 
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Dey 3 :  4 litres of  dilut e d  bu ffer s o lution are wa�med t o  30°C in a 5-

l i t re flask. 1 li tr� o f  strained ru�cn fluid is added ( as s o on as 

p o s s ib le a f t e r  c ol l�c t i on ) �nd is filt e r e d  thro ugh fi n e  t e ry lene or si lk 

c loth during addition. 5y m e ans o f  a s t 6pp e r  fitted  with 2 . le ngths o f  

· gl a s s  t ub i ng 0 the mixtur e is  ·c ontinuou s ly b ub b le d  with c arb on 'di oxide 

from a c y l inder , and 50 ml .... . por �. � ons 

fuge t ubes . Another outlet fi t t e d  

are s iphoned 

wi th a le ngth 

. . 
i nto each o f  the 

o f  rubber tubing 

c entri--
' 

allows 

t he c e nt ri fuge tubes to b e  f lushe d out wi th carbon dioxide . The tube s  

a r e  seale d with rubb e r  stopp ers fit t e d  w i th ias releai e valves  and 

incubated at 39°C in the dark. Two 1 1b lank" tubes 9 containing b u f fe r  plus 

rumen fluid only ( no herbage ) are includ e d .  · The t ubes are swirle d s everal 

h ou rs late r .  

Da:z: 4 : Tubes are S\7irle d onc e .  

Da;z: 5 :  Tub es are swirle d onc e .  

Day 6 :  A fte r th e samples h av e b e en incubated for 72 hours , the 

tub e s  are unstoppere d and c e ntri fuge d ( M . S . E .  "Hedium" c entri fuge , 

8 -place  angle head , 3000 rpm ) for 1 0  minute s .  The supernatants are discard­

e d ,  and 50 ml pepsin s o lut i on , previ ously uarmed to 39°C ,  is added to each 

t ub e .  The sam p l  s are again incubated a t  39°C fo r 24 hour s .  

Day 7 :  Tub es are removed from the incubator and s tor.ed in the re frig-

e rator unt il ready for filtering. About 0 . 5g pre -ashed f ilter aid is 

a dded to the samples ,  which are then filtered thro ugh gla s s  fi lt e r  pap er 

( Whatman GF /A , 2.  5 cm ) in p erforated  porc e lain Go och c ruc.ibles ( capacity 

35 ml , height 42 mm , diame ter 4 0  mm) , washe d ,  and drie d a t  1 00°C .  

Day 8 :  Sample s drying. 

Day 9 :  Crucibl e s  are we ighed to the ne ares t  0 . 001 g ,  ashe d for 

5 h ours at 500°C and rewe i gh e d .  Loss on ignit i on represents residue 

o rgani c  matter.  

C k LCULATION 

% in v itro dige s t ib i lity o f  organic ma tter ( IVDOM ) = 

(mg OM res idue ( snmple ) - mg OM residue ( b la nk ) ) 1 00 - % OM i n  cample x 0 . 05 

I f  th e calculated  in v itro digestibilities  of  the s tandards deviate 

from the ir true (� �) diges t ibilit ie s , all values are c or re c t e d  

proportionately. 

, . . \ . 



RUMEN INOCULUM FORTI FIC ATION EXPERIMENTS 

· Host o f  t h e  s am p le s m e a .s u r e d  w e r e  o f  l o\'J l:E, v itro  d i ge s t ib i l i t y  

and c rude protein contc �t . Wi lkins ( 1 966 ) and o th e rs hav e shown that 

addit ion of  v a r i ou s  1 1 f or t i fy i n�" s u p p l e m e n t s to the art i fi c ia l  rumen 

system may rai s e  the s ub s e que n t  in v i t ro dige s t ib i l ity o f  s i m i la r  poor 

q ua l i ty h e rbage . On two s e pa rat e o c c a s i o n s  t he e ffe c t  of rume n fluid 

forti fication on � v itro d i ge s t ib i l i ty measure d by the pro c e dure out­

lined was examined in rep lic a ted  experiment s .  

Experiment A1 : 4 h e rbage samp l e s , ra nging from 42-72% l:E, v i t r o  

di ge st ib i l ity 9 w e r e  t e s ted using un forti fied rumen flu i d  and fl
-
uid 

f or ti fied b y  th e additi on of 1 30 mg ( NH4 ) � - S�� �er sampli. 

no e f fe c t  d u e  t o  forti ficat i o n .  

There was 
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Exueriment A2 : 6 samp l e s  ( inc luding 2 s t and ards ) , ranging from 

20-59% in v i t r o  dige s t ib i lity were t e s t e d  us ing fort i f i e d  and unfortified  

sys t em s . The two fort i fic at ion treatme nts were  ( a )'  1 0  mg urea per sample ; 

( b )  1 0  rng urea + 1 0  mg gluc ose  + 25 mg yeast extrac t .  Th ere was 

no e ffe c t  due to urea fort i fi c ation , but th e more complex fort i fication 

· ra i s e d  t h e  unc orrec t e d  diges tibility of all sam p l e s  b y  3% ( P  < 0 . 05 ) .  

Since there was no sample x t reatment interac t ion 1 s uch  an i nc rease 

had no e f fe c t  on d i g e s t �b i l i ty val ue s exp r e s s e d  re l a t iv e  t o  t h e  s t andard s .  

I t  r.as c o nc lud e d  tha t f o r t i fi c a t i o n  o :  t h e  �uuen inoculum was 

unne c e ssary , and the sys t e �  uas t h e _ e fore not fo rt i fi e d o  

' I 



APPEN D I X 3 

NUTR I E N T  S O LUTIONS US ED IN G LAS G HOUSE A N D  CA BI NET EXPERIMENTS 

S e iuti ons 1 ,  2 and 3 �  wh ich were prepared as describ e d  in t ab l e  

A1 c onta ine d 2 . 802 ( low N s olu tion ) , 28 . 02 ( me dium ) and 2 80 . 2  ( h igh ) 

ppm N respec tiv ely . 

TABLE A1  
C OHPOS I T ION OF NU TR IENT S O LUTIONS 

I !1olar s t o c k jv o lume of s t ock so lut ion ( m l )  pe r 
Salt solut ion ( g  salt l i tre of ::1utrient s o lut i on 

per l i tre wat e r )  Solution 1 Solution 2 S o lut ion 

C a  C l2 1 1  o.  99 1 . 5 1 . 5 1 . 5 
KH2Po4 I 1 36 . o8 ,  . 1 . 5  1 . 5 1 . 5 
Mgso4 • ?H20 246'. 50 2 . 2  ? . 2. 2 . 2 . 
NaN03 85 . 00 ·' 0 . 2  . .  2 . 0  .2 . 0  I '· ' I . . 
NaC l 58 . 4 6  1 . 8 - .. -

3 

80 . 05 9 . 0  ., 'NH4No3 
"Hinors"  • 
n ·� chelat c i j 11< 0:: _ e  

i l 
.. ' .  . 1.nor elements 

• •  I ron chelate : 

2 . 86 
1 .  81 
0 . 22 
o . o8 
0 . 02 

C"' 0 
g 
g 
g 

. ' I  

l 

l L BO� ;) :; 

-

1 . 0 
1 • .  o 

1 ·  C l  h H  0 .•1n 2 • r .  2 
Zn so4 .. ?H20 
Cu so4 • 4H20 

g H2 M o  o4 . 4H2o 

5 . 0  g NaOH in 800 m l  H20 
33 . 2  g E . D . T . A .  

24 . 9  g Fe so4 • ?H2o 

-

1 ., 0 1 . 0 
1 . 0 1 . 0 

Dissolv e d  in  1 

litre wate r 
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The 3 chemicals are a dded in the abov e order and d isso lv e d  t h o roughly . 

The s olu tion is aerated overnight and made up to 1 litre . 

\ . 



APPEN D I X  4 

ORIGIN OF THE PEALARIS S TRAINS USED I N  EXPERI MENT  I 

I n  tab le A2 9 th� CPI ( � = C ommonwealth P la�t . I ntroduc ti on ) 

numbe r  ( or name ) and country o f  ori i n  of t h e  39 P�ala ris strai ns 

use d  in. expe ri�ent 1 are giv e n .  Fu� �h e r  d tails of  the s p e c i e s  

a n d  hybrids a r e  i n c luded in the t e x t  ( tab le 2 ) .  

S train nam e or 

CPI *  numb er 

1 9280 

1 9305 

1 931 5 

1 9351 

S e e dmaster 

TABLE A 2  

ORIG I N  O F  PHALARIS STRAI NS 

S p e c i e s  

P.  tuberosu. 

1 1  
1 1  
1 1  
1 1  

I 

Oricin or c olle c t io n  site  

Algeria 

Moroc c o  
" 

Greec e 

Mc William and Schroeder 

( 1 965 ) 
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Gene ral s e lect  I 1 1  McWilliam and Lat t e r  ( 1 970 ) I 
H i Gh % N 
Lc;v % N 

1 91 95 
1 91 97 
� 921 5 

1 9224 
32269 

32270 

1 4422 

1 4692 

24457 

1 5709 

Wagga polycros s 

I 
I 

1 1  
1 1  

i P .  minor 
- 1  1 1  

: t  
1 1  
1 1  
" 

P .  c oe rulescen 
" 
" 
1 1  
1 1  

I I I 
I I 
i 
I ·  

\ s e e  expe riment 3 ) 
Libya 

,oroc c o  

Gree c e 

I ndia 
1 1  

P or tugal 

Moroc c o  
11 

I taly 

experimental popula t i on 

( Oram ) 



TAB LE A 2  ( c on t inued )  

Strain name or 

CPI * number 

1 4690 

1 8679 

1 9625 

1 924 1 

1 9247 

1 9251 

1 4073 

1 9238 

1 4830 

1 5589 

34 708 

25776 

7594 ( "Sunerio!'1 1 ) 
1 0446 

1 9i 4 5 X 1 921 7 

"P . davie s i i " 

Australian x 1 9203 

P . t . x  a. allo 

: Spc cic c; 

j P .  c anaric;1 �_; ::_ 3 
" 

I 

1 1  

I I 
I P .  
! 

1 1  
" I 

P .  naradoxn 
" 

P . b ra ch y s t a c hys 

l 

" 

I P . cali fornic a 

P . c arolininna 

1 P ,. :>.methy s t i na 
I 
i ' P e arundinc:J. c c a  ; 
I " 
I 

I P . b :r-achys t a c hys 
minor 

P . tube r osa x 
m inor 

" 

P . tub e rosa x 

arundinac ea 

P . t . x c .  allo , bulk 1 P . tub erosa x 
canarie nsis 

P . t . x  c .  all o , bulk 2 

( P . t . x  c ) x t .  badkcros� 

" 
· 1 1 

' 
i origin or c ol l e c t ion s i t e  

, :-: o :coc c o  
I " 

! Sweden 
I ! A lge ria 

i I 
I I 

" 
1 1  

! I taly 

Gre ec e  

I I srael 

I .. 
!Cal i fornia , U . S .A . 
I 

l u . s o A .  
I I 
! u . s . A .  
� l! o:-cgon , U . S . A o  

Portugal I 
I X I  
Algeria x 1oro c c o  ( Ora m )  

Hutt on ( 1 955 ) 

. I taly x A lg e ria 

· I  

t1cWilliam ( 1 9 6 2 )  

Hoen an d Oram ( unpub­
li she d )  

" · " 
" 

A8 
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APPEND I X  5 

S TA TIS TICAL ANALYSIS OF DATA IN EXPERIMENT 2 
The mating s y s t e m  us e d  was e s s e n t ia l ly t h e  No rth Caro lina 

" des i gn 1 " plan originally d e s c r i b e d  by  C om s t oc k and Robinson ( 1 94 8 ) . 

Th e r e  w e r e  s e v e ra l  m o d i fi c a ti ons . On av e r a g e 9 3 dams were ma t e d  to  

each s i = e  but t h e  numb e �  was n o t  c o ns t an t . The pro g e ny of ea ch c ross 

were net m e asur e d  indivi d�nlly 9 but � e r e  b u lked within each rep lic ate .  

C on s e que ntly 0 the raw dat a for analy s i s  were th e replicated measure ­

ments o f  f am i ly me ans .  The ge ne t ic analysis , whic h takes the se 

modi fi cat ions i n t o  ac c oun t , is as fol 1 ows : 

TABLE f\ 3  
ANALY S I S  O F  VARI ANCE A ND C OVARI ANCE 

S ou r c e 

R e p l i c a t e s  
Fami lie s 
S i r e s  

DamG in sires 
E rror 

Total 

D e gr e e s  of free dom Exp e c tat ion o f  me an squares § 

r - 1 

f - 1 
s - 1 
./:' - s .1. 

( -r -1 ) ( f-1 )  

Tf - 1 

§ for cxp e c t at i o::'!S of rr. e a n  · :produc t s , re? la c e  � by c ov .  in 
all t e r� s  in this c o lumn . 

= ::-e p l i c a t c s 
f = full-s ib familie s 

6 = sires 
d = dams 

e = error 

1 k = 6 - 1 

wh e re n = total numb e r  o f  observ ­

ati ons ( i e 9 families x replic ates ) ,  

and n .  = n o .  of  dam s  x replicati ons l. 
for th e i th sire . 

Heritab i l i ty. The formulae us e d  w e re develop e d  by Lat t e r  

( pers onal c ommunic at ion ) and u s e d  by McWilliam and Lat t e r  ( 1 970 ) 

They are h2 = u 2s + o2d = X • • • • • • • • • • • ( 1 ) 
a2s + a2 d + (2e y 

r 



and 2 var.  h = 

F = 

V ( X )  y2 

't" 
k 

2 X c ov . ( X,Y ) • • • • • • • • •  ( 2 ) 

( sires ) as 
( erro r )  as 

r J k 

This approxima t e  F rat i o  is c ompare d  with F ratios r e quired 
for significan c e  as usual . The d egrees  of  freedom are for denomin-
ator ,  d. f .  = d . f .  ( error ) and f or n u m e ra t o r ,  

d . f.  = 
'r 2 r . £ . . . ?."" ( k m1 ) ? l (1 - k )  m2) 

d . f(sires )  d . f . (dams in sir e s )  

Both t e s t s  of  si gni fi c anc e gav e t h e  same re su l t s . 
Gc · tic  c o rre lat i o ns e Following analyses o f  variance and 

c ovari�nc e ,  the additive genetic  corre lation between two characters 
a and b is e stima ted by 

An exac t t e s t  of the sicni ficance of  this e s t ima t e  has not yet 

b e e n  publishe d  ( see  Tal lis 1 959 ) .  H ow e v e r ,  followi ng Robertson 
( 1 95 9 )  and Fal c oner ( 1 960 ) the s t andard error is approximatel y  
calculated as  

SE ( r ) = g 
1 - ·r 2 

g l _sE_(_h�2�a-) _s�E:o-(_h_2 b_>_ 
h2 h2 a b 

A1 0 
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An approxima t e  t e s t  o �  signi ficanc e can t h e n  b e  app lie d by 

c omparing r with its SE . Following Mc � illiam ari d Latter ( 1 970 ) , 
g 

a c o rrelation has been take n as s igni � icant i f  th e ra t io of rg t o  its  

SE exceeds 2 . 0 � For many c orre lat ions the ra tio  was much highe r .  

A1 1 



APPENDI X  6 

GENETIC ANALYS�S OF D A T A  FRO� EXPER IMEN T 4 

The gene t ic  analysis o f  this e x p e riment was c omplicated by 

une <1_ual observations within s c:.b c la s s e c .  There were une qual numbers 

A1 2 

o f  p rogeny per dcm w i thin each rep l i c a t e  and ( for the high N line ) 

une qual numb e r s  of dams p e r  r e p l ic a t e ; and t h e re we re unequal numb ers 

of p lants .  d i s re garding dams , within each rep li cat e .  

Two alte rnativ e stat i s t ical gene tic  analyses o f  the % N data 

were examine d ,  bas e d  on two di ffere n t  mode ls . I n  the first analysis , 

repl i c a t e s  w e re ignored and the data were assumed t o  be from a 

c omple t e ly randomised exp e riment . Th e underly ing mod e l  ( de s ignat e d  

m o d e l  A )  was 

Y
j k = ;u + d

j + E jk 9 so that th e obse rv ed  %N 
of the kth o ffspring of t he j th dam c o nsis teG of t h e  populat i on mean ;u , 

plus an e f fe c t  due t o  the j th dam , p l u s  an individual e rr o r  E . k .  . J 
The more de tail d analysis ( mode l B )  includ e d  two add i ti onal 

par�me t e rs .  The ob serv e d  value o f  a n  individual c onsis t e d  o f  the ab ove 

c omp onen ts � p lus an e ffe c t  due t o  t h e  ith rep lic a t e  and an e f fec t  

due t o  intera c t ion b e tw e e n  t h e  i t h  r e p l i c a t e and t h e  j th dam , thus : 

+ d .  -r ( r d )  . .  v E .  'k j :L J  l. J � 

The calculations o f  degr e e s  o f  freedom , sums of s qua r e s  and me an 

square s in each model ar e  s traigh t for ward ( s e e ,  e g �  Snedec or and C o chran 

( 1 9 6 7 )  fo r mode l  A and Bancroft ( 1 968 ) fo r model B ) . The e xpe c t e d  

m e a n  squares i n  m o d e l  A are al so  s trai�ht forward 9 b u t  t h o s e  in model 

B are c omplic at e d .  Weir ( pe r s onal c ommunicat i o n )  has provi ded the 

f o llow ing me thod o f  e s ti mati ng t he expe c ted c omponents  o f  th e ob serv e d  

mean squares in mode l B �  
2 

Le t x, L: l:. n . .  :; �J 
i j n .  :L .  

2: z: 2 
ni . x4 = j J 

i n .  � .  

where i and j are the  

x2 z t :; 
i 

s 2: ' and x5 = 
j 

i 

sub s c ri p t  a in model 

n .  2 J. .  
n • •  

2 
n . .  � .1 
n .. .; J 

B ( i  

9 

= 1 t 

2 
X3: � _l 

J n • •  

2 • • • •  r 

and j = 1 ,  2 e  • • •  d )  and n is the numbe r  of  p la�t s i n  th e s ub group 

s p e c i fi ed  b y  i and j ( th e  notation is th at o f  Banc ro ft 1 96 8 ) . 

' 



A1 3 .  

Yne n  the mean  square s due t o  the sources referre d t o  i n  table 
A4 as r e p l i c a t e s  ( R ) 9 dams ( D ) , r e p l i c a t e s  by dams ( RX D )  and error 
( E )  have the following e xp e c t a t i ons : 

EMS ( R )  = a2e + 'i�'i [ ( x4 - X1 ) v 2 rd + ( N-X
2

) ([2r + ( X4-x3 ) <1d ] 

EMS ( D )  = <J2 e+ d�1 [ ( X5 -x1 ) o2 rd + ( X5 -x
2

)12r +  ( N-X3 ) o2d ] 

. 

1 (r -1) (d-1 )-z 

EMS ( E )  = (f2e 

where N is  the t otal number of p lants measure d 9  Z is the number  
o f  missing dam x replicate combinat ions and o2d ,  �r , �rd and � e  
re fer to  the varianc e due to  dams , re p l ic a t e s ,  re p l ic a t e s  x dams and 
error resp e c t ively.  

Using these  equations the  nine cons tants ( K
2

, K3 • • • • • K1 0 ) 
in  table A4 are es tima te d ,  and these  in turn allow th e four  varianc es 
to be  estimate d .  

The expect e d  mean squares for e a c h  model are presen ted  in  tab l e  

A4 , together w i th the degrees of fre A d om and observed mean squares of 
. %N f o r  each of t he high N and low N s e le c t i on line s .  Constant K1 

( model A )  is  estimated  as in appendix 5 .  

Heritib ility cstinates  were ca� cula ted as f ollows , for model A 

h2 = [ �) c-2d 9 and for model B 
({2d +�e 

, 2 n = 
2 2 2 cJ' d + (f r + o rd 

�here F is the  average 
c oe ffic ient of  inbre ed­
ing of individuals within 
a selection line . 

The approximate s ta ndard errors of  the estimates in  b o th cases  
we re calculated  as  

11 i 2 [ ( ) ] 2  ( 1 -t) 2 1 + K1 -1 ( adapted  from 
Falcone r 1 960) • 
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� h e re d i s  th e nu�b e r  o f  dam s and t i s tt · intra c la s s  c or r � la t i o n .  
The c ompari son o f  h2 with it s SE � urn iGhe s an approximate t e s t  o f  
the si gni fi c a n c e o f  the he ritab i l i ty e s timate . 

Ge n e t i c  c o rrelations w e re c a l c u l a t e d  using m o d e l  A ( for reason� 
exp lained in the t ext ) a ft e r  analys e s  of vari anc e and c ov arianc e , from 
th e formula 

= 

w h e re sub s c rip ts d e n o t e  t w o  varia b l e s  a and b .  S t anda rd erro rs 
o f  ge n e t ic c o rrela t i ons were c al c u l a t e d  as in a pp e ndix 5 .  



TABLE A4 

ANALYS IS OF V ARIA NC E OF % N ( V/HOLE 'l'I LLERS ) OF INDIVIDUAL SPACED PLANTS \'/I TH IN TH E H I GH N A ND LOW N 

S ELEC TION LirH.;S I N  THE S� GENERATION 

--------------------� -- ----·-·----·-- ----·-----

S ourc e Degreeu o f  frc e dcQ N e · n squares §, 
H igh N ·liric- .����·�N 'l:i:�t�J���gh N line 

I 

L;;NTinc ·--· Expe c t e d  mea:_sq�:��s

-
H o d e l  A ( Y j k =;; + d j  + € jk ) 

B e twe e n  dams 
Wi t h i n  dams 
To tal 

Mod e l  B ( Yi j k = f1 + 

Betwe e n  r e p l i c a t e s  
Be t we e n  dams 
R e pli c a t e s  x dams 
Error 
Total 

7 8 O c 1 2598 6 *  0 . 1 04650 * * 

1 53 1 8!� O c 056 5 9 8  0 . 03 1 776 
1 60 1 92 

. .... . . ..- .- .. �-- ·---� ...... - .... _______ ·- ---- --· 

r i v- d .  + ( i' d )  i .  + E 1 . 1  ) J J -· J ( 
I 9 
I 

9 

7 8 
4 9 72 

95 1 04 

1 60 1 93 

O o  1 6304L� 0 . 069522 
O o 1 25986 0 . 1 04 650 
o . o4 Lt 1 63 0 . 023631 

0 . 052927 0 . 03L� 1 72 

· --· ----·-� ---- -+----- .. -----;------
• P < o � o5 1 H r ( o . o1 

2 2 Q' e + k1 1 d 
( 2e 

·�---� .. ·-----------------··-·--·- ____ ... --

<?- 2 (2 2 c v- 1c2 Q r + k3 d + 1c4 (" rd 
c? 2 2 ( 2 e + k5 o r + k6 (f d + k7 r d 

2 0 2 2 . ( 2 G e + k8 r + 1c9 ( d + k1 0 r d 
([2 e 

§ There i s  no valid F t e s t  f o r  any o f  th e ab ov e  m od e l  B m e a n . squa res .  

:> .... 
\J1 



TABLE A5 

VALUES OF CONSTA�· � EXPE C TED M �A N  SQUARES IN  TA BLE A4 

--- . --------------r- ------=�-���------� C c h:: tant High N L i n e  Low N Line 

K 
1 

K2 
K

3 
K4 
K

5 
K

6 
. K

7 
Kg 
K9 
K

1 0  

1 9 . 2902 21 .. 431 3  

2 . 81 26 -2 . 2683 

1 6 . 0828 1 9 . 294 2  

0 . 2426 0 . 1 26 7  

2 . 2990 2 . 2602 

0 . 3824 0 . 1 25 5  

1 9 . 2902 2 1 . 431 4 

2 . 3827 2 . 1 1 43 

-0. 0546 -0 . 01 39 

-0 . 044 5 -0. 01 5 8  

A1 6 



APPE ND I X  7 
CALCULA TION OF LEAF AREA V IA LI<NGTH x BREADTH REGRESS ION 

The c los e c orrelati on b e t we e n  le a f  �rea and le ngth x maximum 

b readth ( LxB ) of grass leav e s  was �s e d  to e s t imat e  le a f  area i n  

sev e ril experiment s .  A total O i  1 92 l e av e �  w e r e  measure d for LxB and 

for 1 1 tru e "  lea f area t o  p rovi de  data for pre dictive e quati ons . " True " 

l e a f  area was obtained by cut ting ou t a nd wei ghing le a f  outlines 

trac e d  on uni form pap e r . The we igh t s ob tained we re conv ert e d  to l e a f  

a r e a  using s ta ndards o !  know n are a .  

S i n c e  it  was th ought th at the predi c t ive e quations coul d  vary 

for dif ferent c a t e gorie s of  leav e s , l eav e s  were c lass i f ie d in v arious 

ways and the regr e s s i ons were calcu l a t e d  and compare d .  The s e  c ompar­

isons are s ummaris e d  in tab le A6o  

TABLE 11. 6  
COKPARISON O F  REGRESS IONS OF LEA F  AREA O N  L x B FOR D IFFERENT 

CATEGORIES OF LEAV ES 

C omparison F rati o  and significanc e 
. 

o f  variat i on 

A1 7 

due t o  ave rage b e tween indiv ­�ctua.l re gress­re gre ss i on 
ions . 

I I 
Leav e s  from s e e dl ings �. mature pl�n t s  I 8066 . 2 • • *  0 .. 0472 ( NS ) 

Seedling leaf numb e r  1 , 2 , 3 , 4 , 5  
1 

784 5 . 7 "' . .  0 . 0092 ( NS )  

C ompletely � inc omplet ely expanded  l e �.  v e s 5) 6 0 9 .  0 * * • 0 . 0228 ( NS )  

High , low and c on trol %N selec tion l ines ! 53792 . 5 * * "  0 . 1 1 71 ( NS )  

Leaf types within exp erime nts t L 7598 . 3  . . .  0 . 0056 ( NS ) 

Overall regr e s s i o n :  lea f c:. r e a  = ( 0 . 802 + 0 . 003 ) L x S - 0 . 002 1 ( r =0 . 998 )  

t the 1 92 leav e s w e re sampled frm;; ./ l4 J. 1 • ..: r ent expe rime nts . 

• • • P(0. 001 , NS = not si gni fi cant . 

I n  the expe riment s ,  th e sh or t er re gre ss i on A = o . 8  ( L  X B )  was 

u s e d  to c alc ula t e  le af  area s ince the " error" result ing from this 

s implification was negligib le . 

The data from wh i ch t h e  equat ion was deriv e d  are p l o t t e d  in fig A1 . 
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·r = O·ttl 

. . . 

0 1 2 3 4 5 6 7 • 9 
lENGT H x BREADTH ( cm1 ) � 

FIG . A I . - RegressiOn of L•af arN on le!ngth x br•adth mHSur.m•nts , l•aves (10cm' •n •rta . lns•t : lHVK 1 0 - 30 cm2 •  
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APPENI' J  '.' 8 
TABLl!: j�7 

XO�TnLY RAINFALL ( INCHES) DU�� ING f" ' f f T'"'I  j l l .tJ FIELD EXPERD:: .. · .. : .::; , 1 968-70 * 

M onth I 1 968 i 1 96 9 1 970 1 
I 

I 
I I 

I 
3 . � 8  O a 08 J anuary I 2 . 30 I I 

F e bruary i 2 . 02 I 2 . 76 0 . 35 : 
Xarch 0 . 91 l 1 . 09 3 . 27 

April 4 • 5Lr I 2 . 6 8 0 ,. 97 1 
I 

!�ay 5 . 05 3 . 92 3 . 8 6 

June 6 . 02 2 . 64 4 .  71 

J uly 2 . 93 l 
1 . 54 4 . 5 1 

August 2 .  51 I 2 . 51 2 o 77 
' 

S e p t emb er l 2 . 64 l 1 . 29 6 . 50 I O c t ob e r  5 . 33 1 . 4 9  

November 1 q 92  I 1 .  31 

D e c e mb e r  5 . 92 I 
3 . 65 I 

7 o t al 4 2 . 09 I 2 8 ,. 06 

• Re c ords from Gras slands Div isi o n ,  D . S . I . R . , ap proximately 

1 mile from the s i t e  o f  e x p e riment s .  

A 1 9  
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a c onaiatent aa ooiatioA w i lh • rly aaturitr , inc rea ed IV 0 was ot adYerael7 

correlated with 7ield or &Jl7 o ther iaportallt a gronomic cha c ter. The re w a 

no stable genetic correlation betw en IVDOM and �N. 

The her1tab ilit7 of �N w lower than that of IVDOM , but the aaouBt 

of pnetic Yarla tion tor this charac ter •aa conaiderable , u indicated b7 

signi ficant reaponaes to diYer t selec tion tor %N o f  i diYidual plant• in 

a broadl7-based breedin popul tion. Di ffe re nces i %N e tween these divergent 

election linea we re 1ntained at all growth at gea , i •paced plants and 

awar4a , and under veral experi en l treat ents ( e  • •  levela of nitroge n ) . 

Such di fferences were due in part to changes 1 the � lative proportions o f  

tiller e o  ponenta ( eapeci lly leaf : ate• r tio ) , a n d  1 art to changee 

in %N of th ae components. 

The euit ility of N as a selectiou criterion ia reduced by ne tive 

genetic c orrelations with t lller weigh t  ( and he nce yi eld ) and seedling vigour . 

Lit tle i ncre ase in �N would be p sible wi thout eac r1f1c1D3 yield. The adveree 

re lationship with aeedli g Y igo r ie pri rily due to an underlyiag negative 

corre lat io b e tween %N a d aeed weigh t ,  and i t  appe re tha t this could be 

oYerc • durins elec ti on for % 7 cone rrentl1 el ecting for 1 r e flag 

leayee and a reduced ber of • ikele ta r head. 


	10001
	10002
	10003
	10004
	10005
	10006
	10007
	10008
	10009
	10010
	10011
	10012
	10013
	10014
	10015
	10016
	10017
	10018
	10019
	10020
	10021
	10022
	10023
	10024
	10025
	10026
	10027
	10028
	10029
	10030
	10031
	10032
	10033
	10034
	10035
	10036
	10037
	10038
	10039
	10040
	10041
	10042
	10043
	10044
	10045
	10046
	10047
	10048
	10049
	10050
	10051
	10052
	10053
	10054
	10055
	10056
	10057
	10058
	10059
	10060
	10061
	10062
	10063
	10064
	10065
	10066
	10067
	10068
	10069
	10070
	10071
	10072
	10073
	10074
	10075
	10076
	10077
	10078
	10079
	10080
	10081
	10082
	10083
	10084
	10085
	10086
	10087
	10088
	10089
	10090
	10091
	10092
	10093
	10094
	10095
	10096
	10097
	10098
	10099
	10100
	10101
	10102
	10103
	10104
	10105
	10106
	10107
	10108
	10109
	10110
	10111
	10112
	10113
	10114
	10115
	10116
	10117
	10118
	10119
	10120
	10121
	10122
	10123
	10124
	10125
	10126
	10127
	10128
	10129
	10130
	10131
	10132
	10133
	10134
	10135
	10136
	10137
	10138
	10139
	10140
	10141
	10142
	10143
	10144
	10145
	10146
	10147
	10148
	10149
	10150
	10151
	10152
	10153
	10154
	10155
	10156
	10157
	10158
	10159
	10160
	10161
	10162
	10163
	10164
	10165
	10166
	10167
	10168
	10169
	10170
	10171
	10172
	10173
	10174
	10175
	10176
	10177
	10178
	10179
	10180
	10181
	10182
	10183
	10184
	10185
	10186
	10187
	10188
	10189
	10190
	10191
	10192
	10193
	10194
	10195

