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ABSTRACT 

Objectives of this study were (i) to provide data on seasonal variation in root 

mass and root replacement in perenn ial ryeg rass dominant swards, (i i) to 

s i mu ltaneously col l ect paral le l  data for  above-g round paramete rs t i l ler 

population  density, t i l ler natality, ti l le r  mortal ity, herbage mass and herbage 

production ,  and (i i i ) to determine if such information on the behaviour of root 

and shoot systems and the inter- relat ion between the two could identify 

ways i n  w hich g raz ing management manipulation favouring  root system 

development might subsequently result in pasture production increases. 

Perennial ryegrass was chosen for study because it is the species most 

com m o n l y  used i n  new pastu re sowi ngs i n  New Zealand .  Four  f ie ld 

experiments and two glasshouse experiments are reported. 

I n  the fi rst f ield experiment, techn iques for making measurements of root 

mass and root production in field swards were evaluated. Over 80 days from 

November 1 985 to February 1 986, total root mass measured by washing 

roots from " intact" soi l  cores did not change, but root mass in core-holes 

bored out and "refi l led" with sand was 53% of that in  intact cores. The refilled 

core tec hn ique  was therefore adopted as a measure of "apparent" root 

productio n ,  and a later calibration study showed that measurements using 

the refi l l ed core technique underesti mate actual root growth .  Using the 

refi l led core technique, differences in  root production were detected between 

six mowin g  treatments designed to allow varyi ng degrees of reproductive 

deve lop m e nt .  Root g rowth was g reater  where mowing  of swards was 

delayed sufficiently to allow reproductive growth until head emergence or 

a n t h e s i s  t h a n  w h e re seed h e ads w e re e it h e r  re moved befo re head 

emerge nce o r  left u n- mown unti l seed-set. There was also evidence of 

i ncreased ti l lering on  treatments with the highest root growth. 

I n  t h e  second  experi ment (Dece m b e r  1 986 to May 1 988) plots were 

subjected to lax (LL) or severe (HH) grazing management or to cross-over 

LH or H L  g razing managements. The cross-over date, December 7 1 987, 

was t imed to coincide with peak reproductive development. Swards in this 

study h ad approximately 1 00 m m-2 u nderg round stolon, with a seasonal 

i ncrease i n  late winter and higher stolon formation on LL plots than on HH 

plots. Apparent root growth rates exhibited marked seasonal variation, and 

were typical l y  about 1 5% of above-ground net production.  For 1 2  months 

from January 1 987 to January 1 988 apparent root growth averaged 8.4 and 
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7.3 kg DM ha-1 day-1 for LL and HH plots, respectively for 0 - 600 mm soi l 

d e pth .  Because of these relat ively small differences in  root growth, it was 

conc luded that manipu lat i o n  of  root g rowth  wou ld  not e nab le  he rbage 

p roduction advantages to be achieved. However, after introduct ion of cross­

ove r g razi ng managements, h igh herbage product ion was observed on LH 

p lots and t issue turnover and herbage dissect ion measu rements showed 

that th is  h igh  herbage p roductio n  was associated with h igh daughter t i l ler 

formation, probably from stubs of decapitated fl9wering t i l lers. 

E xperiment 3 (November 1 988 to January 1 989) comprised 3 plots under 

c om mon g razi n g  manage m e nt ,  and was des ig n ed to p rovide deta i led 

i nformation on the location on  the ti l ler axis of actively elongating roots, and 

to confi rm seasonal patterns of root and t i l ler g rowth observed in Experiment 

2. Root in itiat ion normally occu rred at the same node as leaf senescence, 

n o rmal ly two roots formed at each node, and few active roots were found 

more than 1 0 nodes below the last leaf. Seasonal t im ing of peak root growth 

and t i l ler appearance was different from that i n  Experiment 2, however. This 

is bel ieved to reflect genetic d ifferences between the cultivars 'EIIett' used in  

Experiment 2 and 'Grasslands Ruanui' used i n  Experiment 3, but specifical ly 

designed control led comparisons would be needed to confi rm this. 

Experiments 4 ,  5,  and 6 were designed to provide more i nformation on  the 

reasons for high t i l lering on LH plots in  Expe riment 2,  and investigated the 

n umber of daughter ti l le rs formed by floweri ng t i l lers subjected to differing 

cutt i n g  t re atments. In a l l  t h ree  experiments the number  and wei g ht of 

d aughter t i l lers formed was greatest where a degree of reproductive g rowth 

occurred, and was reduced where seedheads were cut closer to the g round 

or earl ier, and where seedheads remained uncut to act as a competi ng sink. 

These observations i ndicate that ass imi late from parent flowering ti l lers is 

i mp o rtant for daug hte r t i l l e r  format ion  and ,  i n  Experi ment  6 ,  a cutt i ng  

t re atment which i ncreased t ranslocation  o f  carbon-1 4 tracer from label led 

flowering t i l lers to daughte r t i l l e rs also increased the number and weight of 

daughter ti l lers formed. 

lt is concluded that grazi ng management which exploits the potential for high 

t i l l e ri ng rates from stu bs of f lowe ri n g  t i l l e rs c o u ld i ncrease h e rbage 

p roduction on  many New Zealand farms by more than 0 .5 t DM ha-1 over 

t h e  summer/autumn period,  and imp l icati ons fo r farm p ract ice are briefly 

d iscussed. 
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CHAPTER 1 :  INTRODUCTION AN D OBJECTIVES 

1 .1 Introduction 

1 

One major thrust of Agronomic research in New Zealand in the post second 

world war period has been to understand the responses of g rass swards to 

man ipu lat ion by g razi ng  management ,  with a view to optimis ing herbage 

production , with in the constrai nts imposed by the animal component of the 

g raz i n g  system.  Such research has not bee n  u nique to New Zealand ,  

however. Sward behaviou r was being researched i n  Britai n and e lsewhere 

m uch earl ier , and research  dating to the tu rn of the century is sometimes 

cited , sti l l .  What has happened in the last 40 years is that New Zealand 

res e a rch h as focu ssed m o re sharp ly on q ue st i ons  re lat i ng  to sward 

man ipu lation ,  as othe r  avenues of more substantial advance , for example 

correction of soi l  trace e lement deficiencies in Central North Island volcanic 

soi ls ,  have become exhausted. 

M u ch of t h is prev ious  research has concen t rated  on aspects of t i l l e r  

dynamics and there i s  as yet l itt le i nformation on  the responses to g razing 

management of root systems of herbage g rasses. In  fact it has been a 

feature of ag ronomic research world-wide that behaviour of root systems of 

herbage g rasses in the field is studied much less frequently than behaviour 

of shoot systems, and the re is a disparity of  knowledge about the above­

g round and be low-g round structure of g rasslands. Davidson ( 1 978) referred 

to root systems as the forgotten component of pastu res and Bohm ( 1 979) 

has said that root research under natural field conditions is "sti l l  a stepchi ld 

of science." Hunt & Easton ( 1 989) , in  a major review of ryegrass research in 

New Zealand, dealt with the topic of roots i n  two short parag raphs, not ing 

that t he re is an annua l  cycle of root replacement i n  late winter (Jacques, 

1 956) and that root g rowth is sensitive to defol iat ion (Evans 1 971 ab, 1 973) . 

Furthermore ,  almost a l l  previous studies of root behaviour of g rass swards 

h ave l acked an i nteg rat ion  of data o n  root dynamics with data o n  ti l le r  

dynamics. Root-shoot relationships are often modelled mathematica l ly i n  the 

functional sense and Wilson ( 1 988) has reviewed th is subject , but theoretical 

studies on partitioning of mass between root and shoot at one point in  t ime 

d o  n ot n ecessari l y a n sw e r  qu est i o ns re le van t  to o n - f a rm g raz i n g  

management. The on ly previous study known to the author which has made 
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any attempt to l ink above-ground and below-ground data from field swards in 

the way outlined above was that of Garwood ( 1 965). However, in  Garwood's 

res e arc h ,  the  e m phas is  was o n  d escri b i ng i rr igati o n  e ffects o n  root 

development, and grazing management effects on root and ti l ler production 

were not studied. 

Another consideration is the need to demonstrate that detai led information 

on sward b e h av i o u r  can  b e  u se d  to g e n erate past u re prod uct i o n  

advantages. For example ,  the New Zealand farmer wou ld l ike ly b e  more 

i nterested i n  the effects of a lternative graz ing management strategies on  

root development and on subsequent herbage production than in  questions 

of root :shoot partition ing per se. 

The current study therefore sought to draw together three rather disparate 

threads; namely the need for information on root growth responses fol lowing  

sward manipu lation by grazing management; the need to consider the  plant 

as a functional whole rather than to make measurements on the root system 

in  isolation; and a pragmatic i nterest in identifyi ng strategies for i ncreased 

pasture production. 

1 .2 Objectives 

According ly, the in itial experimental objectives were: 

i) To provide d at a  on seaso na l  variat i o n  i n  root mass and root 

replacement for field swards of perennial ryegrass (Lolium perenne 
L . )  subjected to co ntrast i ng  lax and h ard g raz ing  manage ment 

reg imes at Palmerston North, New Zealand. 

i i) To paral lel root measurements with simultaneous measurements of 

above-ground  parameters , especia l ly  seasonal  variation  i n  ti l l er 

popu lation densit ies and i n  t i l ler appearance and death rates; and 

examine the l ink, if any, between root and shoot parameters. 

i i i )  To explore the possibi l ity of obtai n ing systematic pasture growth 

rate advantages if the dynamics of the root system and any seasonal 

i nteractions between root and shoot systems of fie ld swards were 

u nderstood a n d  take n i n to acco u n t  w h e n  form u l at i ng  g razi n g  

management strategies. 
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Ryeg rass was chosen  because th is species is used i n  the majority of new 

past u re sowi n g s  t h ro u g h o ut N ew Zea land (Sang akkara et al. , 1 982; 

Belg rave et al. , 1 990) .  Potent ial  i ncreases in pastu re productivity aris ing 

from varying g razi ng management strategy are general ly he ld to be small .  

F o r  e x a m p l e  L ' H u i l l i e r  & Brya nt  ( 1 987)  repo rted  t h at net h e rbage 

accumu lat ion and per cow production was so me 1 0% h ig her on swards 

g razed at 30 day i ntervals than o n  swards set stocked in spri ng ,  but this 

advantage was offset by corresponding decreases i n  production later in  the 

season .  Such f indings need not be a deterrent to future research , however. 

N ew Zealand farmers curre nt ly trade i n  an environment of fal l i ng export 

prices and risi ng  costs, so that any strategy leading to a reduced cost of 

p roduct i o n  i s  l i ke ly to be o f  s ubstant ia l  i nte rest to p asto ra l  farmers.  

Furthermore,  even a small percentage increase in pasture productivity on a 

farm scale  h as a large potent ia l  val ue  on a nat iona l  scale when  it is  

con s idered t h at there are some 1 4  m i l l i on  ha of pasto ral land i n  New 

Zealand , (Department of Statist ics , 1 989) ,  of wh ich some 9 mi l l ion  ha is 

sown pasture. 

1 .3 Overview of experimental programme 

Fo l lowing a review of the l iterature ,  six experiments are reported. The fi rst 

(Experiment 1 ,  November 1 985 to February 1 986) i nvestigated techniques 

fo r root  measu re m e nt a n d  e x a m i n e d  t h e  e ffect o n  root  g rowth  o f  

manipu lation o f  sward reproductive growth .  These results are presented in 

Chapter 3.  

Experiment 2 (December 1 986 to May 1 988) mon ito red root g rowth and 

sward t i l ler dynamics for contrasti ng lax and hard g razing managements. For 

Experiment 2 ,  resu lts of root measurements are reported i n  Chapter 4 ,  and 

resu lts of above-g round measurements in Chapter 5. A follow-up experiment 

(Experiment 3, November 1 988 to January 1 990) was conducted to clarify 

certain aspects of the results from Experiment 2, and is reported i n  Chapter 

6. Resu lts from Experiments 2 and 3 were further analysed by mu ltivariate 

ana lys is  i n  ord e r  to provide a m athe matica l descripti o n  o f  root-shoot 

relations (Chapter 7). 
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From results of Experiments 1 ,  2 & 3,  a hypothesis was developed regarding 

a possi b l e  strategy for us ing  g raz i n g  management to e n hance sward 

productivity. A smal l fi e ld experi ment  (Experiment 4, November 1 988 to 

January 1 989) and two g lasshou se e xperi ments (Experi m ents 5 & 6 ,  

September to December, 1 989) were conducted to test this hypothesis, and 

resu lts fro m these three experi ments are reported in Chapter 8. A f inal  

summary and conclusions are presented i n  Chapter 9. 
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CHAPTER 2: LITERATURE REVIEW. 

2.1 Introduction and overview 

I n  t h is rev iew, a brief o utl i ne is g iven of important mi lestones i n  sward 

dynamics research affect ing farm practice in New Zealand, with particular 

refe re nce to research a imed at ident i fyi n g  ways to i ncrease he rbage 

production.  

A convenient h istorical starting poi nt for th is review is the 1 950's research 

carried on at DSIR,  Grasslands Division , Palmerston  North, which centred 

on g razing management for optimisation of herbage mass (Section 2.2. 1 ) or 

sward photosynthetic capacity (Section 2.2.2). In the 1 960's and 1 970's a 

new focus emerged, namely research into factors governing the behaviour of 

t i l ler populations, and th is topic is reviewed in  more detail (Section 2.2.3). 

More recently, there has been i nterest in the effects of variation in  grazing 

management during sward reproductive g rowth in spri ng (Section 2 .2.4). 

Agai nst this background of extensive research into above-ground behaviour 

of g rass swards, research on pasture root systems has been l imited, and 

there are gaps in the knowledge (Section 2.3). Existing information on root­

shoot relatio nships in grazed pastures is almost al l theoret ical or based on 

g lasshouse studies, and it is concluded that further field research i n  this area 

wou ld be desirable (Section 2.4) .  Finally, techniques appropriate to such a 

study are examined (Section 2.5) ,  and the objectives for a first experiment 

identified (Section 2.6). 

2.2 Increasi ng herbage produ ction thro u g h  man ipulation of above­

g round organs of grass swards 

2.2.1 Manipulation of herbage mass 

I n  New Zealand there has been a longstanding aware ness of the  l i nk  

between g razi ng  manage ment and pastu re product ion ,  and rotati onal 

g razing was t rial led on dai ry pastures at Massey University as early as 1 938 

(Riddet, 1 951 ) with the expectation that the practice would improve pasture 

productivity and utilisation.  However the first serious attempt to systematise 

a n d  q uant i fy the  re lat i o n s h i ps between he rbage m ass and h e rbage 

accumulation was the work of Brougham in the 1 950's. 
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Brougham ( 1 955) , for rotationally grazed pastures, found that accumulation 

of herbage mass over time, when corrected for effects of weather, followed a 

s igmoid t rajectory. Subsequent studies examined the effect of season 

( B ro u g h a m ,  1 956a)  and of d iffe re nt i n i t ia l  va lues of h e rbage mass 

(Brougham, 1 956b), and both these studies confirmed the sigmoid pattern of 

herbage accumulat ion over t ime during  the regrowth phase of rotationally 

grazed swards. Brougham therefore concluded that grazing managements 

which avoid either extremely short or extremely long grazing intervals should 

optimise herbage production by avoiding what he called Phase 1 and Phase 

3 (Brougham, 1 957) , the exponential and asymptotic phases of a pasture 

regrowth curve. 

However, subsequent experiments (Brougham, 1 957, 1 959, 1 960a) showed 

that opt im isat ion of herbage production in practice was complex, and was 

not always achieved by adhering to the theoretical guidel ines which took 

account o nly of herbage mass. In particular, hard grazi ng in autumn was 

found to enhance, rather than suppress herbage accumulation (Brougham, 

1 960a) . Even so, Brougham's research led to recog nition that potential 

production was lost when swards remained ungrazed in winter (Brougham, 

1 970) .  Su rprisi ngly ,  it was more than 20 years after Brougham's in itial 

research that these changes in herbage accumulation at differing herbage 

masses we re e xpl ai ned defin it ive ly ,  us ing  t issue turnover techniques 

( Davies ,  1 98 1  ) ,  i n  te rms of an asymptot ic  re l at ionsh ip  between leaf 

e longati on  and herbage mass and a l i near o r  curv i l i near  re lat ionsh ip 

between leaf senescence and herbage mass (Bircham & Hodgson ,  1 983 ; 

Parsons et al. , 1 983a,b). Although Brougham's (loc. cit. ) studies related to 

rotationally grazed swards and those of Bircham & Hodgson (1 983) and of 

Parsons et al. ( 1 983a,b) were for co nti nuously g razed swards ,  it has 

subsequently been demonstrated that average tissue flows for a rotational ly 

g razed sward are approxi mately equal to  those for swards continuously 

g razed at the same herbage mass as the average herbage mass for the 

rotationally grazed sward (Parsons et al., 1 988a). 

During the i nterval between Brougham's research and the emergence of the 

understanding that the relationship between senescence and herbage mass 

is different from that between leaf elongation and herbage mass, a system of 

winter rotat ional g razing had evolved in  N ew Zealand. In itia l ly  rotational 

g razi ng was advocated to farmers by extension officers on the basis that it 

i mproved herbage production, and white clover content of pastures (Smith et 
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al. , 1 976) .  Data of Parmente r & Boswell ( 1 983) show that less frequent 

g razi ng of winter pastures, as occurs in "autumn-saved pasture" systems, 

results in i ncreased senescence losses as described above, and also losses 

of spring potential productivity, possibly attri butable to reduction in grass 

t i l ler  density and clover stolon density following prolonged periods at high 

herbage mass (Section 2.2.3 below) . In this sense the claims of Smith et al. 
( 1 976) that rotational g razing improves clover content of pastures would be 

val id, however, it is now generally accepted that the real benefit of rotational 

g razing in winter in the New Zealand context is control of herbage intake by 

animals (Sheath et al. , 1 987) .  Thus, adoption of Brougham's ideas has been 

accompanied by a shift i n  th inking,  towards a view that rotational grazing 

effectively allows transfer of surplus autumn feed forward in  time without an 

accumulation  of herbage mass on any one paddock. 

Recently Parsons et al. ( 1 988a) have poi nted o ut that the relationship 

between g rowth and senescence in a rotationally grazed sward i ncreasing in 

h e rbage m ass is differe nt fro m  that in cont i nuously g razed swards at 

constant herbage mass ( Parsons et al. , 1 983a) because when herbage 

mass is i ncreasing , senescence rates are i n itial ly  very low and there is a 

delay between growth and senescence. Parsons et al. ( 1 988a) therefore 

clai med that the idea of a sigmoid pattern of reg rowth is "fu ndamental ly 

i ncorrect" . Whi le  t he arg u ment of Parsons et al. ( 1 988a) is technical ly 

co r rect, i t  s hou ld  be noted t h at t h e  real reaso n for t he adopt i on  of 

Brougham's ideas by New Zealand farmers is to achieve feed rationing, not 

to increase herbage production .  

Th is  q uest io n  of whet h e r or n ot t here is  a syst e m at ic  d i ffe rence i n  

productivity between rotatio nal ly grazed and cont inuously grazed swards 

has been researched extensively in a number of d ifferent countries and in  

various contexts. In  New Zealand,  McMeekan ( 1 960) and McMeekan & 

Walshe ( 1 963)  recorded l ittle d i fference i n  pastu re product ion between 

rotationally g razed and continuously grazed systems, but found that higher 

stocki n g  rates, and hence h ig her rates of animal productio n ,  could be 

sustained on rotationally g razed dairy pastures. On the other hand Clark et 
al. ( 1 982) found that rotat ional g razing i n  summer reduced live weight i n  

ewes. In  many cases such seemingly contradictory results can be  reconciled 

by considering  d ifferences i n  herbage mass which appear over  t ime as a 

resu l t  of d i ffe re nt h e rbage  i n take by a n i mals  o n  d i ffe re n t  g raz i n g  

management treatments. Hence, restriction o f  herbage intake b y  rotational 

g razing duri ng a period when pasture growth is in excess of animal demand, 
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as in the case of C lark et al. ( 1 982) ,  can result i n  h igher average herbage 

mass on a whole farm basis with a consequent increase in the proportion of 

d ead material  and loss of sward qual ity. Conversely ,  i n  winte r, use of 

rotational g razing to restrict herbage intake at a time of low pasture g rowth, 
can prevent average herbage mass fal l ing to levels so low that net pasture 

production is also reduced. 

More fundamental comparisons of rotational and continuous g razing have 

also been  co nducted .  Lant i nga  ( 1 985) made detai led physio log ical 

m easu rements, and concluded that there was no i ntri ns ic product ivity 

difference between conti nuous and rotational g razing,  but that continuous 

g razing  is the best way to mai ntai n h igh sward qual ity i n  the long te rm. 

Parsons et al. ( 1 988 a,b) used a mechanistic model to examine the same 

question .  These authors showed that rotat ional ly  g razed swards have a 

theoretical advantage during  the reg rowth phase because of the time lag 
between leaf elongation and senescence, arising from very low senescence 

rates among new leaves of recently g razed swards. However, they also 

sh owed that average valu es fo r leaf e lo n g at i o n  and senescence i n  
rotationally g razed swards are very similar to those of continuously g razed 

swards mainta ined at the same herbage mass , so that any theoretical 

advantage is smal l .  

2.2.2 Sward l ight Interception  

Another approach to sward productivity has been to consider the capacity for 

l ight i nte rception .  This is logical , si nce al l  herbage accumu lat ion derives 

u lti mate ly from photosynthesis, and non- interception  of some incident l ight 

i mp l ies that herbage accumu lati on may be below t he opti m u m  for the 

particu lar environmental conditions. 

In this context, critical leaf area index has been defined (Brougham, 1 958) 

as the leaf area at which 95% of i ncoming l ight is i ntercepted. Brougham 

( 1 958, 1 960b) exami ned the leaf area index , chlorophyll content and l ight 

i nterception of swards of different herbage masses, but did not extend this 

work to establishing criteria for optimisation of herbage accumu lation .  The 

possibility that 95% l ight interception by the sward might be a useful criterion 

i n  defin ing optimum g razing strategy has been investigated by a number of 

workers, i ncluding Sheard & Winch (1 966) , Tainton ( 1 974) , and Korte et al. 
( 1 982). lt was found that defoliation before 95% light interception reduced 

herbage accumulation (Sheard & Winch , 1 966) ,  and delaying defoliation for 
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two weeks after  95% l ight i nterception increased herbage accumulation in  

vegetative but not reproductive swards (Korte et al. , 1 982). However, while 

these studies increase understanding of sward properties at differing levels 

of herbage mass, they do not offer the farmer a means to systematically 

i ncrease pastu re g rowth ,  beyond that al ready obtai ned th rough use of 

herbage mass criteria. 

Factors affecting the photosynthetic capacity of individual leaves have also 

been studied and it is known that the developmental history of leaves may 

affect the i r  photosynthetic capacity. Leaves developi ng in a h i gh  l i g ht 

environment attain higher photosynthetic capacity per unit area than leaves 

deve loping i n  a low l ight e nviron ment (Woledge, 1 977;  Parsons et al. , 
1 988b; Robson et al. , 1 988) and photosynthetic capacity of leaves decl ines 

with age (Brown et al. , 1 966 ; Woledge, 1 972; Parsons et al. , 1 983a; Robson 

et al. , 1 988) . However, computer model l ing of these responses has not led 

to identification of strategies for i ncreased herbage production (Parsons et 
al. , 1 988a,b). 

2.2.3 Manipulation of tiller population density 

One l i ne of i nvestigat ion of t i l ler  dynamics has been to consider plant 

morphology and the number of sites available for ti l ler production (Mitchel l ,  

1 953 ; Booysen et al. , 1 963;  Davies, 1 974) ,  and this is d iscussed further 

below (Section 2.4. 1 ) ,  in conjunction with root production. 

Another l ine of i nvestigat ion has been to identify environmental and plant 

physiolog
.
ical factors which control t i l ler appearance. Such studies include 

those of Langer ( 1 963), Jewiss ( 1 972) ,  Ong ( 1 978a,b), Ong & Marshal !  

( 1 979), and have shown that levels of l ight near the base of the ti l ler, nutrient 

supply, and h igh  carbohydrate status are al l  major facto rs in  promoting  

t i l lering .  This u nderstanding is  important, but i n  general serves to  predict 

effects of c h a n g es i n  t h e  e nv i ro n m e nt ,  as d ist i n ct f ro m  effects of  

manipulation by grazing management in a particular environment. 

The effects on t i l ler population density of variation in grazing management 

have been reviewed by Arosteguy ( 1 982) ,  who notes that, compared to 

intermediate levels of defol iation,  more severe or laxer levels of defoliation 

have been obse rved to resu lt in lowe r t i l l e r  popu lat ion density. Also,  

cont inuously g razed swards had h igher  t i l l e r  popu lations than s im i lar 

rotationally grazed swards (Hodgson & Wade, 1 978). 
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These responses represent the net effect of a number of different factors 

operating to either increase or  decrease ti l ler natality or mortality. The more 

important of these factors appear to be : 

( i )  Stim ul ation of t i l ler  appearance when l ight reaches the base of 

more closely grazed swards (Langer, 1 963 ; Langer 1 979) .  Recent 

evidence suggests this effect is phytochrome-mediated (Casal et al. , 
1 985). 

(ii) Reduced ti l ler appearance (Mitchell & Coles, 1 955; Davies et al. , 
1 983) and an increase in ti l ler mortality (especially young ti l lers, Ong ,  

1 978b) if excessive shading occurs at high herbage masses. 

( i i i )  Inh ibit ion of ti l lering after more severe or repeated defol iation ,  

partly resu lting from low carbohydrate status (Auda, et al. , 1 966 ; 

Davies, 1 974) .  

( iv) Variat ion i n  numbers of t i l lers physical ly rem oved by animals 

during grazing or dying shortly after g razing. Removal is higher under 

rotational than continuous g razing (Hunt, 1 989) h igher under cattle 

grazing than sheep grazing (Arosteguy, 1 982) and higher under more 

severe grazing (Bircham & Hodgson, 1 983). 

lt is also clear that ti l ler populations are subject to size/density compensation 

(Lo nsdale & Watki nson ,  1 982 ,  1 983 ; Davies,  1 988), and it is  generally 

bel ieved that size/density compensation largely negates any potential 

advantages from manipulat ing t i l l e r  density, although  few studies have 

addressed this specific point .  lt is t rue that where a closely grazed sward 

with a h ig h  ti l l e r  populat ion density is al lowed an extended pe riod of 

regrowth ,  g ross leaf accumulation is higher than on a simi lar sward with a 

different g razing history and a lower t i l ler population density (Bircham, 1 981 ; 

Parsons et al. , 1 984 ; G rant et al. , 1 988) . H owever, such increases i n  

herbage accumulation are temporary and tend to be offset b y  production 

decreases during the period of i ntensive grazing required to i nduce the high 

t i l ler density in  the fi rst place (Parsons et al. , 1 984; Grant et al. , 1 988). lt 

remains to be demonstrated convi nci ngly, therefore , that manipulation of 

til ler density per se. can i ncrease herbage production. 
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A third avenue of study has been the determination of ti l ler longevity and of 

seasonal patterns of ti l ler  natal ity and mortal ity, with a view to identifying 

ways in  which the natural cycle of ti l ler  replacement might be enhanced. If 

such studies are analysed, three levels of complexity can be identified. 

Fi rst , many authors present g raphs of changes in t i l ler population over a 

period of t ime, and frequently an i ncrease in  ti l ler population density in late 

winter or  early spring is the visual ly striking feature of the data (see e.g. 

Garwood, 1 969;  Hunt ,  1 989) .  H owever, t h is leaves ambiguity as to the 

relative contributions of t i l ler natality and mortal ity to any observed change in 

popu lati on density. Therefore most authors, including Garwood (1 969) ,  

L'Hui l l ier ( 1 987) , and Hunt (1 989) also present ti l ler appearance and death 

rates obtained by short term monitoring of tagged ti l lers. This represents a 

second level of complexity. 

Thirdly, a very few studies have i nvolved the observation of individual ti l lers 

for 1 to 2 years i n  order to establ ish the longevity of ti l lers appeari ng at 

particu lar t imes of the year. Such data can be presented as a t i l ler age­

cohort survivorship diagram (Jewiss, 1 966) and relatively few studies have 

defined t i l l e r  dynamics at this th i rd level of complexity. Those that have, 

however ( including Langer, 1 956 ; Jewiss, 1 966 ; Colvi l l  & Marshal ! ,  1 984 ; 

Korte, 1 986) ,  all i ndicate a substantial turnover of the t i l ler  population  i n  

early-summer, coinciding with flowering .  The percentage of t i l lers dying and 

being replaced in early-summer can be as h igh as 80-90%, and appears to 

show both inter- and intra-specific variation (Jewiss 1 966). 

Garwood's ( 1 969) and Korte's ( 1 986) data i l lustrate well the way in  which 

this type of i nformation can be used to identify differences in the behaviour 

of different swards. In Korte's ( 1 986) study, a late-winter rise in ti l ler density 

from some 8,000 ti l lers m-2 to more than 1 5,000 ti l lers m-2 is accounted for 

by a rather  subtle decrease i n  t i l ler  death during J une, J uly and August 

(Figures 2 . 1  a ,  b). Ti l ler appearance was 2 to 4 t imes h igher i n  December 

than  i n  l ate wi nte r ( Fi g u re 2 . 1  b ) ,  but  t he re was l ittl e  change in t i l le r  

population density during December because t i l ler death rates were also 

high at this time (Figures 2 . 1  a, b). A similar seasonal ity of t i l ler natality and 

mortal ity was also recorded by L'Hui l l ier (1 987). 
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F igure 2 . 1 . (a) Ti l ler ·age-cohort survival diagram showing ti l ler population 

density by age categories fo r a 'Grasslands Nui '  ryegrass sward over 2 

years at Palmerston North. (Korte, 1 986). Arrows i ndicate defol iation of the 

main crop of reproductive t i l lers. 
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Garwood's ( 1 969) data is not reproduced here ,  but for swards of 823 and 

824 perenn ial ryeg rasses at H u rley (Britai n)  he also observed a spri ng 

i ncrease in  t i l ler  density. However, seasonal patterns of t i l ler natality and 

mortality which he recorded do not match those observed by Korte ( 1 986).  In 

particular, ti l ler  appearance rates in Garwoo�'s (1 969) study showed peaks 
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i n  April and October (Northern hemisphere spring and autumn) ,  and th is 

pattern is  quite different from that observed by Korte ( 1 986). 

Korte's (1 986) use of the fixed quadrat method for determin ing ti l ler natality 

and mortal ity means that age structures of the ti l ler population are known 

(F igure 2 . 1  a) , whereas th is information is not avai lable from Garwood's 

( 1 969) study. On the other hand, a disadvantage of the fixed quadrat method 

is that the disturbance of marking ti l lers can stimulate til ler production ,  and 

so could bias results (Arosteguy, 1 982). 

The possibi l ity of manipulating the age structu re of a ti l ler population has 

been discussed briefly by Tal lowin ( 1 981  ), who concluded that there is a 

need to quantify the relative contributions of ti l lers of different age classes to 

sward production and persistence. lt would appear, however that non_e of the 

studies published to date has provided information on the contribution of 

different age classes of ti l lers to herbage production, or on age-classes of 

ti l lers active in producing new ti l lers, although i nformation on ti l lering activity 

of particular age classes of ti l lers has recently been collected for 'Grasslands 

Matua' prai rie grass ( Bromus willdenowii Kunth . ;  C. K. Black, unpubl ished 

data). 

Althoug h  investigat ion of t i l ler dynamics is not in itself an objective of the 

present study (Sect ion 1 . 2 )  it is evident from the above d iscussion that 

knowledge of  ce rt a i n  aspects of  t i l l e r  d y n a m ics in  g rass swards is 

i ncomplete , and that there could be possib i l it ies for meeting Objective i i i  

(obtai n i ng systematic pasture growth rate advantages, see Section 1 .2 )  

through improved knowledge of ti l ler dynamics of the grass sward. 

2.2.4 Control of reproductive growth 

The period of i ntense til lering activity observed by Korte (1 986) and L'Huil l ier 

( 1 987) is associated with sward reproductive growth and occurs at a time 

when pasture supply typically exceeds animal demand, giving farmers some 

f lex ibi l ity to vary g razi ng management .  ( I n  winter, grazing regi mes are 

largely determined by feed-rationing constraints . )  There has therefore been 

cons iderable research  i n  New Zealand ai m e d  at ident i fy i ng g raz i n g  

management strategies to "control" o r  remove reproductive growth, in  order 

to enhance ti l lering,  which is popularly held to be inh ibited by the presence 

of seedheads, due to apical dominance effects (Matthew, 1 991 ) .  
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Because reproductive g rowth i s  associated with a decrease i n  herbage 

digestibil ity (Browse et al., 1 981 ), control of reproductive growth is held to 

optimise both sward performance and animal performance during the early­

summer period (Hughes, 1 983). Korte et al. ( 1 982) concluded that control of 

reproductive development was more important than management to control 

leaf area and l ight interception, and that leafy vegetative swards in summer 

were obtained by hard grazings which removed reproductive ti l lers (Korte et 
al. , 1 984) .  The value of control of reproductive growth in this way has also 

been  established for dai ry pastures (Hoogendoorn,  1 987) ,  however, in h i l l  

country the primary reason advanced for control of reproductive growth is 

usu a l l y  t h e  n e ed t o  reduce t h e  l eve l  o f  s u rp l us pastu re h e rbag e 

accu mu lat ion i n  spri ng (Sheath et al. , 1 984) .  The reduction i n  herbage 

accumulation rate following control of reproductive growth is important in hi l l  

country management because pasture growth rates in hi l l  swards typically 

show a proportionately greater contrast between winter and late-spring than 

do pasture growth rates for lowland pastures, with low winter pasture g rowth 

being a factor l imiti ng stocking rates of h il l swards. The data of Clark et al. 
( 1 982)  demonstrates h ow the  resu lt i ng  i mbalance betwee n  herbage 

accumulation and herbage consumption on a hi l l  country farm in late-spring 

can result in excessive accumulation of uneaten herbage and consequent 

reduction in animal performance. Management of late-spri ng reproductive 

growt h  is  therefore an i mportant aspect of farm management for both 

lowland and hi l l  country propert ies,  and is o ften  discussed at farmer 

conferences (see e.g. Hughes, 1 983 ; Sheath & Bircham, 1 983 ; Roadley, 

1 985). In Britain, management of reproductive growth is also an issue, but 

for a different reason, namely that animals are kept i ndoors over winter. As a 

result, turnout date has an important bearing on the control of reproductive 

growth  (Carton et al. , 1 989) , as does the need to conserve feed during  

summer to meet animal requirements in winter (Hodgson, 1 990) . 

One aspect of control of reproductive growth which does need further study, 

h owever, i s  t h e  i mp l e me ntat i o n  o n  a w h o l e  farm scal e ,  s i nce t h e  

recommended harder grazing regime impl ies reduced herbage consumption 

by an imals and therefore, paradoxically, decreased removal of seedheads 

over the farm as a who le .  Hoogendoorn's ( 1 987)  work was confined to 

paddock scale trials. Korte et al. ( 1 984) noted the difficulty in achieving their 

recom mended close grazing of whole farms at a time of surplus pastu re 

g rowth and suggested forage conservat ion and mechanical topping as 
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poss ib le  so l ut ions .  B u t l e r  ( 1 986)  made a s i g n i ficant cont ri buti on  i n  

demonstrating that faster rotations leaving a higher residual herbage mass 

could achieve control of reproductive growth without the reduction in animal 

i ntake associated with g razi ng to lower herbage masses and L'Hui l l ier  

( 1 987) has pointed out that high stocking rate is a useful means of achieving 

pasture control. However there is as yet no consensus among researchers 

o r  farmers as to how best to contro l  reproductive g rowth on a whole farm 

scale. 

2.3 Root systems of field swards 

2.3.1 Root distribution and seasonal patterns of replacement 

The paucity of l iterature on the behaviour of root systems of field swards has 

already been mentioned (Section 1 . 1 ). This is not to say that root systems of 

g rasses have seldom been studied. A review by Troughton ( 1 957) cites 

some 800 references, and althoug h there is no recent comprehensive 

review, research on roots has continued. The great majority of this research, 

however, h as been carried out under very close ly control led condit ions, 

usually in  the laboratory. Even where field measurements have been made, 

early studies often present only qual itative analysis or diagrammatic data on 

root distribution. Where quantitative data is presented this is usually for root 

number or  root mass, because techn iques for measuring root length are 

relatively recent (Section 2 .5.2.3). 

Fo r  e xample ,  Stuckey ( 1 94 1 ) classified a number of grasses as having 

a n n u al (ti m othy, perenn ial ryeg rass) o r  perenn ial (cocksfoot, Kentucky 

b luegrass) root systems ; whi le Weaver & Zink ( 1 946) demonstrated that 

i ndividual roots of a number of prairie grass species may live for two years or 

more, despite death of the tops every year. In New Zealand, Jacques carried 

out a large amount of research on  pasture root systems and published many 

papers ,  but h is  descript ion  of root replacement i n  perenn ia l  ryeg rass 

(Jacqu es,  1 956) presents on ly  a conceptual ised diag ram without data, 

i l lustrating an annual cycle in which roots appear in June and July and move 

down the so i l profi le during  sum mer, reachi ng the ir  maxi mum depth the 

fol lowing winter. 

Seasonal variation in root elongation, number of new roots appearing and in 

root l o ngevi ty have been p rese nted by Garwood ( 1 967a,b ) ,  and are 
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reproduced i n  F igure 2 .2  (page 1 7) .  The numbers of new roots appearing 

and the rates of e longat ion were greatest i n  spri ng (Apri l ) ,  whi le autum n  

roots tended to survive the winter, and lived longer than roots produced at 

other times of the year. Caradus & Evans ( 1 977) found root appearance in  

New Zealand also to be greatest in spring (September) .  

The reported root mass of  grass swards vari es marked ly. G ibbs ( 1 986) 

summarises 9 studies where root mass for ryegrass swards was reported 

and values range from 1 .94 to 1 9. 84 t O M  ha-1 . The reason for this wide 

range is unclear, but variation  in sampling depth,  age of sward, and in rate of 

decomposition of dead roots probably al l contribute. A consistent finding of 

all studies, however, is that root mass is concentrated near the soil surface, 

with typical ly some 60% to 80% of total root mass in the upper 0 - 1 50 mm 

soil depth. (see e .g .  G ibbs, 1 986 ; Barker et al. , 1 988). 

Likewise, there is no consensus in the l i teratu re about the length of l i fe of 

g rass roots. Jacques & Schwass ( 1 956) estim ated from the ratio of white 

roots to total roots per plant that perennial ryegrass replaces 68% of its root 

system annual ly and tal l fescue 60%. Troug hton  (1 981 a) estimated root 

longevity by monitoring survival of plants prevented from forming new roots 

and estimated mean length of life of ryegrass roots to be 365 and 1 91 days 

for undefoliated and defoliated plants of perennial ryegrass, respectively. By 

contrast , Garwood's  ( 1 967b)  data derived from d i rect observatio n  of 

i ndividual roots suggest an ave rage l ife of approx i mately 1 80 days for 

autu mn-formed roots and about 60 days in the case of summer-formed 

roots. Gibbs ( 1 986) reported root longevities ranging from 29 to 81 days, and 

these data were also derived from direct observation of individual roots. One 

th i ng  is clear, however. Those data derived fro m  d i rect measu re m e nt 

suggest continuous tu rnover of the root system (as occurs above ground 

with leaves) rather than an annual replacement of the root system (Stuckey, 

1 941 ; Jacques, 1 956 ; H unt & Easton, 1 989) .  

Root longevity should not be confused with root turnover, which is  a function 

of both root longevity and rate of decomposition.  Warembourg & Paul (1 977) 

used 1 4c to est imate root turnover of native g rassland in Canada, and 

obtained a value of 1 07 days for the half life of roots. Gibbs (1 986) found the 

half l i fe of pe renn ial ryeg rass roots to be 254 days, but this value was 

derived from the ratio of roots present to cumulative total of roots formed. 

Therefore half l i fe would be overestimated, because of the confound ing 
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effect of including i n  the calculations newer roots which had not yet begu n  to 

decay. 

F igure 2.2 .  Seasonal patte rns of root elongation and longevity (Garwood, 

1 967b) . For roots formed in a particular month, horizontal bars indicate the 

duration of elongation (solid bar) and the additional period over which roots 

are deemed live (hollow bar). Vertical thickness of bars is proportional to the 

number of roots produced in each month. 
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Related to root turnover, and of considerable i nterest in  understanding the 

overal l carbo n economy of g razed swards, is the rate of root production 

expressed as mass flow. Atkinson ( 1 984) detai ls assumptions requi red to 

est imate mass flow from rhizotron observations of root appearance and 

presents values fo r apple t rees rangi ng from 3.2 g m-3 week- 1 in early 

spring to 1 7. 1  g m-3 week-1 i n  autumn, however it appears the method has 

never been applied to measureme nts o n  g rassland. Deinum ( 1 985) has 

estimated mass flow based on  change in instantaneous root mass over time 

and suggested that about 80 kg carbohydrate ha- 1 day-1 was translocated 

to roots in grass swards in Hol land. This method, however, is subject to 

difficulties paral lel to those faced by Brougham (Section 2.2. 1 ) in  attempting 

to define dynamics of herbage m ass accumulat ion without independent 
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measurements of leaf formation and leaf death. In Deinum's ( 1 985) study 

root decomposit ion rates were mere ly estimated based o n  an assumed 

tu rnove r o f  ":z per year.  A meth od of  measu ri ng root m ass production  

i nd e p e n d e n t l y  of  root  deco m pos i t i o n  has recently been  app l ied  to  

measure ments of root production in  g rass swards by Stee n  ( 1 983, 1 984; 

Section 2 .5.2.4). Steen found that in a grass ley in Sweden, 4 - 6 t OM ha-1 

were produced annually below ground. Steen's (1 985) data also shows that 

some roots beg i n  decomposi ng wit h i n  a few weeks of formation ,  again 

suggesti ng continual tu rnover, rather than annual replacement of the root 

system. 

2.3.2 Grazing management effects on roots 

The effect of defoliation on root production has received extensive study 

over many years (see e.g.  Roberts & Hunt, 1 936; Mitchell ,  1 954; Jacques & 

Edmond , 1 952 ; Evans 1 973, 1 976) ,  and it is a consistent fi nd ing that 

defo l iat i o n  reduces root g rowth (Troughton ,  1 957) .  Evans found that 

defoliation  to 75, 50 or  25 mm reduced root growth of ryegrass plants to less 

than 65%, 30% and 1 0%, respectively, of control plants, and that the time for 

normal g rowth to be resumed ranged from 1 0 days at the lax er defoliation to 

1 5  days with defo l iat ion at 50 or  25 mm.  Fro m  these observat ions h e  

suggested (Evans, 1 976) that l imitation  of root growth due to overgrazing 

might reduce herbage production during subsequent periods of stress, for 

example through a smaller volume of water being available to plants during 

dry spells. He also suggested that reduced root system size might account 

for pul l i ng of plants in autumn when old roots were weakening but the next 

season's root growth cycle had not commenced. Based on Evans' findings, 

there appears to be need for more precise information on the way in which 

reducti on  i n  root growth due to u nt ime ly  grazi ng or excessive g raz ing  

pressure might in  turn l imit herbage production. 

2.4 Root - shoot relationships 

There are two distinct aspects of root/shoot interaction.  One aspect relates 

to the fact that there wi ll be a finite number of bud sites for root and shoot 

formatio n ,  and examines in it iat ion of n ew roots and shoots i n  terms of 

deve lopme ntal  morpho logy - the  n u m b e r  of sites avai lab l e ,  and the 

percentage of  those sites which later develop into mature roots and shoots. 

The other aspect of root/shoot interaction concerns the allocation of nutrients 
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from roots to shoots and of photosynthesis products from shoots to roots. 

This topic has generated i ntense theoretical debate, and a number of distinct 

models describing the i nteraction between root and shoot systems of plants 

have been developed (Wilson, 1 988).  

2.4.1 Developmental morphology 

The overwhelming emphasis in  studies mentioned i n  Sectio ns 2.2.1  to 2.2.3 

above has been on  understand ing the behavio u r  of f ield swards as a 

population of individual ti l lers, or in  terms of a response function defining the 

relat ionship between sward properties such as leaf area, and the input of 

external factors such as l ight.  However, such a phi losophy over1ooks the 

poss ib i l ity that a lack of g rowth sites for expression of responses might 

c o n ce ivably l i m i t  sward product iv i ty .  Fo r th is  reaso n morpho log ical 

i nvestigation is also useful i n  understanding the behaviour of field swards. 

Evans & Grover ( 1 940) noted that morphology of g raminaceous plants is 

d eterm ined by the strict segmental pattern of development ,  and basic 

anatomical studies (e .g .  Soper & Mitchel l ,  1 956 ; H itch & S harman 1 971 ; 

Bel l ,  1 976) confirm this. Notable attempts to use such i nformation to analyse 

the behaviour of grass plants i nclude mapping of nodal structure of plants of 

Kentucky bluegrass (Poa pratensis L. ; Etter, 1 951  ) ,  si milar maps for til ler 

h i e rarch ies of perenn ial ryegrass (Mitche l l ,  1 953 ) ,  and analysis of leaf 

growth i n  ryegrass (Silsbury, 1 970) .  

The segmental structure is also i mpl icit in  the concept of  'site fi l l i ng '  (Fs: 

Davies, 1 974; Davies & Thomas 1 983), and the analogous ratios for root:leaf 

(Frt) and root:t i l ler (Frt) appearance data (Hunt & Thomas, 1 985) . lt is worth 

noting however, that while the authors who coined these terms were aware 

of an under1ying morphological principle, they did not in  fact set out to define 

behaviour of g rass plants in terms of the segmental structure. Davies ( 1 974) 

used 'ti l lers per site available' primari ly as an index of the effects of cutting in  

stim ulat ing or  i nhibiting tillering,  while the analysis of  Hunt & Thomas (1 985) 

is more concerned to derive a mathematical model of plant growth than to 

identify u nder1ying morphological relationships. 

Davies ( 1 974) calcu lated a theoretical max imum value for  Fs of 0 .48 ,  

although several authors including Davies (1 974), Davies & Thomas (1 983) 

and S imon & Lemai re ( 1 987) report values i n  excess of this figure. More 
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recently a rigorous mathematical analysis of the concept of site fill i ng has 

b e e n  p ub l is hed ( N e uteboom & Lanti nga ,  1 989 )  and  s h ows t h at the  

theoretical maximum for Fs i s  i n  fact 0.69. Davies' ( 1 974) calculation of the 

value  0 .48 h ad not al lowed fo r t he possible fo rmation of t i l lers from the 

p rophy l l  axi l l ary bud at t h e  base of each t i l l er ,  an event which does 

com monly occur, at least in  studies by Mitchell (1 953). 

N euteboom & Lanti nga ( 1 989) also state that the calcu lat ions of Hunt & 

Thomas ( 1 985) were i ncorrect , a lthoug h the reasons g iven are stated 

intuitively rather than in the form of a mathematical proof. What does emerge 

categorically from Neuteboom & Lantinga's analysis ,  however, is that the 

defin ition of site fi l l ing ratio in  terms of the segmental morphology of the plant 

requ i res the specificat ion of an addit ional parameter not mentioned by 

Davies ( 1 974) or Hunt & Thomas ( 1 985) .  This parameter is the delay (n, 

n u m be r  of l e af appearance i nt e rvals or phy l loc h rons )  betwe e n  l eaf 

appearance and ti l ler appearance at a particular segment or phytomer. 

A corollary of Neuteboom & Lantinga's (1 989) definition of the parameter n,  

is that site fi l l ing is a complex concept determined by several variables, and 

therefore may at times be subject to ambiguities of interpretation. First, site 

fil l ing ratio as defined by Davies ( 1 974) could be reduced by either a higher 

value of n or by an increased proportion of nodes never producing ti l lers. 

Second,  it is very possible that t i l lers of different hierarchical orders could 

display d ifferent values for n ,  so that results of calcu latio ns based on an 

average value might not reflect the behaviour of individual t i l lers. Thirdly, it 

may be that buds produced i n  certain seasons (for example winter) might 

have a tendency to remain dormant for several leaf appearance intervals, 

t h e n  d e v e l o p  at a t i m e  w h e n  e nv i ro n me ntal  cond it io ns were m o re 

favourable. Finally, if the concept were to be extended to roots, it would be 

necessary to not on ly incorporate a parameter defin ing the delay between 

leaf and root production  at a particu lar node, but also to i ncorporate the 

possibil ity of multiple roots per node. In short, because of the delay between 

leaf appearance and t i l ler  o r  root appearance at a particu lar node, and 

because of the possibility of multiple roots per node, calculation of values for 

Fs, Frt, and Frs in a field study, even if technically feasible, may not actual ly 

provide defin itive i nformation about root dynamics. Parameters which allow 

just one i nterpretation would be useful .  

A more detai led analysis of seg mental morphology wh ich also g ives a 
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n otat ion for record ing  events at a part icu lar segment and i ncorporates 

i nformation on root production is given by Klepper et al. ( 1 984) for wheat. In  

the study by Klepper et al. ( 1 984) the ratio of roots : leaves was approximately 

2 and, allowing for the delay between leaf and root production at a particular 

segment ,  this corresponds to 4 roots pe r node. Although there may not be 

i mmediate application in terms of identifying optimum grazing management 

strategies, it could be worthwhile to have information on the number of sites 

available for root production and the percentage of such sites in field swards 
typically developing into nodal roots. Such i nformation does not appear to be 

currently avai lable for ryegrass. 

2.4.2 Root/shoot balance 

Wilson ( 1 988) d iv ides the models describ i ng  root/shoot balance i nto 4 

categories. The fi rst of these is the al lometric model, which assumes a linear 

re lati onship between log shoot weight and log root weig ht ,  the s lope of 

which , k, is a sensitive indicato r of logarithmic ratio of root g rowth to shoot 
growth (Troughton ,  1 956). One useful application of the al lometric model is 

to check for i nte r-specific differences between root-shoot partition i ng in  

p lants  g rowi n g  in  the  sam e  e nvi ro n m e nt .  H oweve r, k ch anges  with 

env i ro n m e ntal factors such as nutr ient su pply and with stage of plant 

deve lopment (decreased al location to roots wh i le  flowering , for example) 

(Tro u g hto n ,  1 95 6 ) .  M ode ls  which a l low fo r variat ion i n  k are term ed 

"functional equi l ibrium" models (Brouwer, 1 983; de Willigen & van Noordwijk, 

1 987;  Wilson, 1 988). A formal statement of functi onal equi l ibrium is that of 

Davidson (1 969) :  

root mass x rate of absorption a. leaf mass x rate of photosynthesis 

The t h i rd categ o ry of model recog n ised by Wilson ( 1 988) is Thorn ley's 

(Thorn ley , 1 972) which is  essentially an attempt to re-express Davidson's 

( 1 969) empirical statement of functional equi l ibrium in mechanistic terms. A 

fou rt h  category i s  the  h o rmo ne mode l  wh ich assu mes that root/shoot 

balance is  control led through the action of hormones of root orig in on  the 

shoot and vice versa. 

In this study, however, the interest in models of root/shoot balance is not to 

define the theoretical basis of plant behaviour. Rather, a model wi l l  be useful 

here i f  observed data from a field study are consistent with the model ,  and 
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the m odel then leads to identification of a strategy for manipulation of the 

sward so as to enhance productivity (Objective ii i , Section 1 . 2) . 

2.4.3 Need for further study 

From the above it is evident that further information on the behaviour of root 

systems of field swards would be useful .  There is conflicti ng information, for 

example, as to the longevity and seasonal ity of replacem ent of ryegrass 

roots. 

Furthermore, much of the research which has been done was not carried out 

on field swards, notable exceptions bei ng the work of Garwood ( 1 967a,b) , 

Dei n u m  ( 1 985) and Steen ( 1 985).  For New Zealand conditions, the major 

study by Evans ( 1 971 a, b) used seedling plants in pots to avoid problems in  

distingu ishing live from dead roots in  establ ished swards. Caradus & Evans 

( 1 977) do report seasonality of root replacement for field swards, but their 

data is for numbers of "new" n odal roots with no quant ificat ion of root 

production in  terms of mass or length .  

Thus, there is  clearly a need for a field study, carried out under New Zealand 

condit io ns, to monitor seasonal changes i n  root product ion and changes 

i nduced by differi ng grazing managements. Data from such a study could 

then be used to identify key periods of root formation and the extent to which 

it is possible to manipulate root growth at such periods through varying the 

g razi n g  m a nage m e nt .  Wit h such i nformatio n ,  it shou ld be possible to 

deve lop specific g razi ng manage me nt recommendations so as to avoid 

reduci ng root growth and causing subsequent loss of herbage production 

(Evans 1 976 ; Sect ion  2 .3 . 2 ) ; and  also to answer a n u m ber  of other  

quest ions about the behaviour o f  pasture root systems (Sections 2.4. 1 & 

2.4.2). 

2.5 Techniques for root measurement 

2.5.1 Introduction 

Bohm's ( 1 979) review of methods of studying root systems cites more than 

1 ,000 references. Despite such a vast literature there have been very few 

papers reporting study of rates of turnover (dynamics) of root systems. The 

p u rpose of the  b ri ef rev iew w h i c h  fo l lows is therefo re n ot to g ive  a 
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compre hensive description of methods for studying root systems, but rather 

to background the develbpment of methods to be used in the present study 
where i nformation such as mass flow of new root production and number of 

sites avai lable for root production was desi red. 

2.5.2 Existing methods for root measurement 

2.5.2.1 Early methods 

E arl ie r  worke rs,  for exam ple Weaver & Vo igt  ( 1 950) ,  com m o n ly used 
excavation methods or extracted soi l  mono liths for study i n  the laboratory. 

These methods are extremely time consuming and most of Weaver & Voigt's 

( 1 950) resu lts are presented in qualitative form as photog raphs for visual 

comparison by the reader. Weaver & Voigt (1 950) do present some of their 

resu lts in terms of root mass for particu lar soi l  horizons, but such data are 

presented so as to describe the vertical distributio n  of root rather than to 

d raw conclusions about root function or root-shoot re lationships. 

2.5.2.2 Root mass 

Root mass is readily obtai ned by washing and drying roots from soil core 

samples. Roberts & Hunt ( 1 936) , Jacques (1 937) , and Jacques ( 1 943) are 

among early studies which present root mass data. Jacques (1 943) presents 

profi le drawings simi lar to the photographs of Weaver & Voigt (1 950) but i n  

addition presents comparative data on the weight o f  root (g) for unspecified 

sampl ing areas of plots which had received different ferti l iser treatments. 

However, in Jacques' (1 943) study, other quantitative data such as the ratio 

of numbers of roots :number of t i l lers per plant is used instead of the root 

mass data to make inferences about the relationship between root and shoot 

systems. 

Many subsequent workers have reported root masses under pasture and as 

ment ioned above (Sect ion 2 .3 . 1 ) Gibbs (1 986) sum marises 9 studies on 

ryegrass, a l l  of  which report root mass, with values ranging from 1 .94 t OM 

ha- 1 for 0 - 1 00 mm soi l  depth at 1 2  months after sowing to 1 9. 84 t OM ha-1 

for mature swards. In  the more recent studies a shift in  approach is evident, 

and authors presenting root mass data per unit g round area have tended to 

to use this root mass data to address d i rectly, the functional relationship 

between root and shoot. This shift in  approach is i l lustrated by the comment 
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of Bohm ( 1 979) that root weight can be regarded as a fundamental measure 

of p hotosynthate storage in a plant ,  and is also the basis for calculation of 

root-shoot ratios. The study by Deinum (1 985) referred to in  Section 2 .3 . 1  is 

a good example of the application of the approach implied by Bohm ( 1 979). 

H owever ,  the u ncertai nti es i n  D e i nu m 's ( 1 985) study with respect to 

estimation of actual mass fluxes from the net change in root mass over time 

h i g h l ig hts the l i m itations of us ing change of root mass over t ime as a 

measure of mass flow of root tissue. 

Bohm ( 1 979) recommends that correction fo r adhering soil be made by 

d ryin g  roots at 6 50 oc and weigh ing  the ash residue. A refinement of this 

method is to treat the ash with hydrochloric acid, then dry, before weigh ing 

the ash residue. The acid treatment is assumed to redissolve mineral matter 

from the  roots t h emselves , but not  soi l  m i n e ral matter ,  alt houg h th is  

correction i s  i n  fact not recommended by Bohm (1 979), and is  not useful for 

calcareous soils i n  any case. 

2.5.2.3 Root length 

Root length determination became a practical possibility only as recently as 

1 966 with the  d evelopment of the l i ne i ntersect method (Head ,  1 966 ;  

Newman, 1 966), later revised and simplified by Tennant (1 975). Since then 

root length has been increasingly adopted as the preferred measure in root 

studies (Bohm 1 979) . 

Root length is regarded as the most appropriate parameter for predicting 

wate r uptake by p lant roots (Taylor & Klepper, 1 975). In Fitte r's ( 1 976) 

studies of plant nutrition the ratio root mass:root length provided information 

on mean root diameter allowing i nference to be drawn about the amount of 

branching and about potential for nut rient uptake ; and mass:length ratios 

have also p rovided useful i nfo rmatio n  in m o re general studies of root 

distribution in maize crops (Barber 1 971 ) .  Measurement of root length rather 

t han root mass is fundamental to the concept of "root occupancy ratio" 

proposed by Gandar and Hughes ( 1 988).  



25 

2.5.2.4 The "net stocking" or "refi l led core" technique 

This technique,  of which there are several variations, essential ly involves 

making a ho le i n  the soi l profi le, refi l l i ng the hole with soil contain i ng no 

roots, and harvesting after a specified period to determine rate of g rowth of 

roots i nto t h e  refi l led core .  Bohm ( 1 979 ) c redits the i nvention  of th is  

technique to Hendrickson & Veihmeyer (1 931  ) ,  and notes that the method 

has many appl ications, but is apparently l ittle used as only two references to 

its use are cited. More recently the method was used for studies of root 

turnover in Scots pine (Pinus sylvestris L. ; Person 1 980), and has also been 

used in studies of pasture root turnover (Steen ,  1 983, 1 984). Steen ( 1 984) 
used 70 mm diameter cores refi l led with sieved soil col lected from the same 

plots in which the cores were sited. The cores were installed by placing a 6 

mm mesh net stocking over a plastic tube of the same diameter as the core­

hole.  The mesh was then inserted into the core-hole and the plastic tube 

withdrawn as soil was packed in,  leaving a refi l led core marked by the net 

stocking.  

This method has the major advantage that al l  roots found in the fil led core at 

harvest must have formed since the placement of the core. In  this sense the 

method g ives at least an i ndex of the rate of new root formation, a parameter 

which parallels gross production in tissue turnover studies (Davies, 1 981  ). lt 
must be noted, however, that the placement of the core itself could affect 

subsequent root behaviour within the core and introduce a possible source 

of error. 

2.5.2.5 Minirhizotron observation tubes 

T h i s  techn ique  was also i nvented i n  the  1 930's but l i t t le used u nt i l  

comparatively recently (Bohm 1 979) .  The last ten years has seen the advent 

of min iature television cameras smal l  enough to be lowered into a plastic 

tube and of image analysis technology. These developments have resulted 

i n  an upsurge of i nterest i n  the min i rhizotron method. Troughton ( 1 981 b) 

notes that min irhizotrons al low for much g reater flexibil ity of trial design at 

much lower cost than large scale walk-in size chambers (rhizotrons) , at least 

1 5  of which exist at various laboratories around the wor1d. 

O n e  advantage of t h e  m ethod is that t h e  tube-soi l i nte rface can be 

considered a th in  slice of the soil profi le u nder study, and the number of 
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roots arrivi n g  at the tube wal l taken as a measure of t h e  rate of root 

product ion  (McMichae l  & Taylor, 1 987).  As mentioned above, Atki nson 

( 1 9 84 )  a lso  d e rives root  l e n g t hs  pe r u n i t  vo l ume of b u l k  so i l  f ro m  

m i ni rhizot ron counts, although  Troughton ( 1 98 1  b) cautions that there is 

evidence that roots can concentrate at the i nterface between soi l  and 

window. 

2.5.2.6 The "core-break" method 

In th is method soil cores are broken at specified positions and the number of 

roots emerg ing  from the broken face counted. The cou nts can then be 

cal ibrated to give an estimate of root mass or root length. This method does 

save the steps of washing and cleaning the sample, and makes counting 

itself very rapid compared to direct root length determination .  lt has therefore 

been  adopted by numerous workers, includi ng Drew & Slaker ( 1 980), Bragg 

et al. (1 984) and Fai rley (1 985) . lt was not adopted in this study because of 

a concern that the indirect measurement might lead to systematic error, or at 

least to h igher co-efficients of variation than direct measurement. I ndeed, 

Gibbs ( 1 986) found that values obtained by this method for root mass and 

root length of ryegrass swards in Canterbury were much lower than "should 

have been present." 

2.5.2. 7 Soli moisture extraction 

Bohm ( 1 979) reviews the use of soi l  moisture depletion rate (measured by 

the g ravimetric method or the neutron probe method) as an i ndirect measure 

of root activity. 

This method, theoretically, measures one aspect of root function,  rather than 

simply quantifying  the amount of root present. Given that the presence of 

dead roots i n  the profile can be a major problem i n  root studies (Jacques, 

1 956 ; G arwood, 1 967a; Evans,  1 970) ,  a method which determined root 

act iv i ty ,  as opposed to total root  mass o r  l eng th ,  m i g ht  be  a major  

advantage. 

2.5.2.8 Root staining 

Carman ( 1 982) fou nd that chlorotriazi nyl dyes could be used to stain plant 

root systems without damage to the roots themselves and t hat the stain 
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persisted for up to 30 days. By successive applications of different coloured 

dyes it was possible to colour-code roots of Sorghum bicolor L. according to 

thei r date of orig i n  (Carman , 1 982). The method is applicable on ly to porous 

so i l  media whe re i nfi ltrat ion t ime is rapid , because the stai n  solut ion  is 

alkal ine (pH > 7.5) and, in  order to avoid root damage, must be flushed out 
with water after stain ing has occurred. 

Gibbs ( 1 986) used a stai n ing technique adapted from Ward et al. ( 1 978) ,  
and using congo red dye , to disti nguish l ive from dead roots. The precise 

mode of action of this stain is uncertain ,  but it appears that the dye bi nds to 
certain cell wall components. Roots recently ki l led by boi l ing wi l l stain ,  but 

roots which have begun to decompose do not stain .  Another stai n which has 

been used to attempt to distinguish live roots from dead roots is tetrazol ium 

(Troughton, 1 957) , however this method, although widely used in the seed 

i nd u stry ,  appears to be u n re l i ab le  for root sta i n i ng because of s low 

penetration of the stain through suberised cells surrounding the root cortex, 

to the more actively respiring tissues of the stele. 

2.5.2.9 lmaging technology 

Recently p lant root systems have been imaged non-destructively both by 

compute r assisted tomography (CAT) and nuclear magnetic resonance 

(NMR).  

CAT technology was used by Hainsworth & Aylmore ( 1 986) to quantify soi l  

moist u re deplet ion zones arou nd i ndividual roots of rad ish ( Raphanus 
sativus L. ) and the technique is also described by Brown et al. ( 1 987) . 

NMR studies on plant roots in-situ have been published by several authors, 

i ncluding Rogers & Bottomley ( 1 987) and Matyac et al. ( 1 987) . Using NMR 

Rogers & Bottomley ( 1 987) were able to detect roots as f ine as 0.3 mm 

diameter within 1 50 mm diameter pots. However, they found that some soi l  

media were unsuitable for NMR i mag ing .  I n  some cases the loss of signal 

could be attributed to a h igh ferro-magnetic content of the soil and in other 

cases the cause was uncertain ,  but was assumed to result from poor RF 

magnetic field penetration of the sample being i maged. A unique feature of 

N M R i mag i ng i s  t h at it is ofte n possi b le to d ist i n gu ish l ive and dead 

st ructu res th rough d i ffe re nces i n  image i ntensity (Wolf, 1 986 ; Rogers & 

Bottomley, 1 987). 
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2.6 Need for technique development 

Based on the existing i nformation on techn iques for study of root dynamics 

of field swards (Section 2.5) ,  it was felt that before addressing the questions 

of root behaviour  identified in Section 2.4.3, technique development would 

be needed. Dei num's (1 985) estimates of root mass turnover appear to be 
subject to considerable uncertainty due to simultaneous growth and death of 

new roots (Section 2.5 .2 .2) .  Although Steen ·(1 983, 1 984) had specifically 

measured root production using a mesh bag technique (Section 2.5.2.4) ,  the 

i nstal lation of mesh bags would l ikely be too time consuming for a large 

scale study, and the method had not been tested for measuring the effects 

of g razing management on root growth. Finally, measurement of the physical 

quantity of root present begs the question of root activity and root function 

(Sections 2.4.2, 2.5.2. 7). Accordingly it was decided that the first experiment 

would i ncorporate an evaluation and comparison of i nformation yielded by 

some of the above techniques. 
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C HAPTER 3: INITIAL TECHNIQUE DEVELOPMENT AND 

A S S E S S M E N T  OF S W A R D  R O OT P R O D U C T I O N  

R E S P O N S E S  T O  D I F F E R I N G  D E F O L I A T I O N  

TREATMENTS DURING REPRODUCTIVE GROWTH. 

3.1 Introduction 

In commencing this study, some information on methodology was available 

from DSIR Plant Physiology Division where studies of rooting patterns in  

kiwifruit (Actinidia deliciosa (A. Chev) Liang et  A .  R.  Ferg . )  had bee n  i n  

progress (Gandar & Hughes, 1 988) ; and from i nformation supplied by A .  D .  

Mackay (pers. comm.)  on his previous work (Barber & Mackay, 1 986) with 

m aize (Zea mays L . ) .  However, because the  objectives of th is  study 

(Sections 1 .2 & 2 .4.3)  i nvolved measurements not previously attempted in 

New Zealand, namely defi n it ion of pasture root responses to grazing, and 

quantification of seasonal variation in pasture root mass and root production 

in terms of tissue mass flow, new techniques had largely to be developed 

from fi rst principles. 

Moreover, it was real ised at the outset that the labour-intensive nature of 

root  measure m e nt a n d  t h e  a im i n  t h i s  study to make s i m u l taneous  

measurements on root and ti l ler dynamics (Section 1 .2)  would require either 

a large labour i nput or development of faster root sampling methods than 

those currently avai lable .  Accordingly,  th is chapter describes a short term 

f ie ld experiment ( Experime nt 1 )  set up i n  November 1 985 to evaluate 

tec h n iques fo r root measure ment ,  to provide i n formatio n  on  log istical 

questions such as sampl ing time and on related statistical questions such as 

coefficients of variat ion,  and to g ive prel iminary data on root responses to 

grazing management. 

3.2 Experimental 

3.2.1 Objectives 

The fi rst objective of th is experiment was to compare the effectiveness of 

two d i rect measure m e nt techn iques (quantity of roots i n  " intact" core 

samples and root growth i nto refi l led cores) and one indirect technique (rate 

of soil moisture depletion) for measuring root dynamics of pasture. 
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A second objective was to make pre l im inary measurements on root mass 

and root production in field swards. Specifically, it was hoped to examine the 

effect of manipulation of reproductive stem development on root behaviour 

of a perennial ryegrass ( Lolium perenne L.) dominant pasture. 

3.2.2 Site 

The experiment was conducted during summer 1 985/86 at the Pastu re and 

Cro p  Research U nit, Massey U niversity. The pastu re had been sown i n  

March 1 983 after approximately 2 years in crops and the seed mixture used 

was perennial ryeg rass ( Lolium perenne L. cv . 'E I Iett') 1 8  kg ha-1 , wh ite 

clover ( Trifolium repens L. cv. 'Grasslands Pitau') 2 kg ha- 1 , and red clover 

( Trifolium pratense L. cv. 'Grasslands Pawera') 2 kg ha-1 . The soil at the site 

was a Tokomaru silt loam (Typic Fragiaqualf) 

Long-term average monthly temperatu res for the  site range from 8.0 oc 
(July) to 1 7.6  oc (January).  Mean annual rai nfall is 995 mm, and over the 

per iod of the t ria l  rai nfal l measu red at t h e  D S I R  observat ion centre ,  

approximately 1 km distant, was 307 mm;  and pan evaporation 382 m m ;  

i ndicati ng that there should not have been substantial soi l moisture deficit 

during the trial .  

3.2.3 Defoliation treatments 

Manipulation of reproductive growth was achieved by means of six mowing  

treatments, which were i mposed from 1 5  November 1 985 (Day 0 ) ;  and were 

arranged i n  a randomised complete block desig n  with 4 replicates. Plot size 

was 5 m x 3 m. These treatments and the cutting dates are summarised i n  

Table 3 . 1 . In  three treatments the strategy was to allow reproductive growth 

to proceed to different stages by leaving plots uncut for varying periods, and 

t h e n  resu m i ng cutt i n g .  T h ese t h ree t reat m e nts were u ncut to h ead 

emergence (RUHE),  uncut to anthesis (RUAN) ,  u ncut to seed-set (RUSS), 

respectively. In the remain i ng three t reatments vegetative g rowth was 

st i m u l ated by cutt i n g  o n  1 5  N ovember  1 985  ( D ay 0) and periodical ly 

t h e reafter, u nt i l  t h e  f i n al harvest on 2 February 1 986 (Day 79) .  The 

vegetative treatments included a hard frequent cutt ing regime (VEGH), a lax 

i nfrequent cutt ing reg ime  (VEGL) and a reg i me i ntended to al low u ncut 

vegetative growth (VEGU)  by not cutting after 20 December. 



Table 3 . 1 : The six cutting treatments and timing of cutting ( Days from start of experiment) 

Cutting Date 
1 5  26 1 3  20 7 20 

Cutting Treatment Abbreviation Nov Nov Dec Dec Jan Jan 

1 .  Vegetative: 
cut frequent hard VEGH1 0 - 28 - 53 66 

2. Vegetative: 
cut infrequent lax VEGL 0 - - 35 53 

3.  Reproductive: 
uncut to head RUHE - 1 1  - 35 53 
emergence 

4. Reproductive: RUAN - - 28 - 53 
uncut to anthesis 

5.  Reproductive: RUSS - - - - 53 
uncut to seed set 

6. Vegetative: uncut VEGU 0 - - 35 

1 .  Cutting height on 1 5  November was 1 5  mm and thereafter 40 mm. For all other treatments cutting height on 1 5  November was 40 
mm and thereafter 1 60 mm. 

Yl � 
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P late 3. 1 : General view of plots shortly after cutt ing of VEGL, VEGU,  and 

RUHE plots on Day 35. 

3.2.4 Root sampling 

I ntact core samp les  were obtai ned by hand  driv i ng  a 78 mm i nternal 

diameter steel tube i nto the g round and withdrawing the tube by means of a 

tractor hydraulic system (Plates 3.2a, 3.2b & 3.2c) . 

For ref i l led core sampl ing Steen 's ( 1 983) method (Sect ion 2.5 .2 .4) was 

modified. Core-holes were dril led through a hole in the bottom of a shal low 

box using a post-hole borer fitted with a 75 mm diameter auger (Plates 3.3a 

& 3.3b) Th is  method was fast (approx i m ately 3 minutes per ho le )  and 

caused a m i n i m u m  of d istu rbance to g rass adjacent to t he  ho l e .  Fi ne 

bui lders sand (sand fil led) or Manawatu silt loam B horizon (si lt fi l led) was 

used to ref i l l  t he  core-h o les ,  and a c lay cap of approx i m ate ly  1 5  mm 

th ickness pressed onto the top of  each core hole to  act as a vapour  seal . 

Refi l l ing took about 5 minutes per hole. 

l t  was found  that the corer used to harvest the intact core samples would 

normally run cleanly down the hole left by the post-hole borer and so could 

be used to extract the refi l led core. Therefore no net stocki ng was used. 
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P late 3. 2 :  I ntact co re sampl ing ; (a) driv ing co re r  (b )  l i ft i ng  co rer  (c) co re 

divided i nto 3 soil-depth segments. 

(a) (b) 

(c) 
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Plate 3.3 :  Refi l led core sampl ing ;  (a) dri l l ing core-hole (b) freshly dri l led hole 

ready for refi l l i ng .  

(a) 

(b) 
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On occasions when the corer deviated from the core hole,  soi l collected was 

discarded and remain ing sand or  s i lt fi l l  extracted with a hand trowel . 

S i x  s a nd f i l led and s ix  s i l t  f i l l ed  co res we re i n stal led i n  eac h  of t he  4 
rep l icates of VEGL t reatment on  1 4  Novembe r  1 985 or  o n  1 5  November 

(Day 0), and f ive of these cores were harvested on Days 26, 32, 55, 62 & 80 
to establ i sh  the t ime course of root growth i �to refi l l ed cores . I n  all other 

plots two sand f i l led cores and two s i lt f i l led cores were instal led. The two 

sand f i l led cores were harvested on Days 56 and 80 and one on ly of the silt 

f i l l ed  co res was ha rvested on Day  80. O n e  i ntact co re pe r  p lot was 

harvested from all plots on two occasions (Days 26 and 80). 

I ntact soi l cores were divided on col lection into th ree segments (0 - 70 mm,  

70 - 300 mm,  300 - 700 mm) ; and refi l led core material i nto two parts (0  -
300 m m ,  300 - 700 mm) .  After col lection cores were stored i n  ai rtight plastic 

bags at 4 oc unt i l  they could be processed (up to 2 1  days) .  

Change i n  grav imetric soi l moistu re over t ime was evaluated as an i ndi rect 

measu re of root growth .  For each of the 24 plots, 5 cores of 2 1  m m  diameter 

were taken from two depths (0 - 1 00 mm and 300 - 450 mm) on days 79 and 

86, weighed moist, and oven dried at 1 05 oc for 24 h .  

3.2.5 Root extraction and measurement 

Roots from refi l l ed cores were recovered by placi ng the sample on a sieve 

and sprayi ng with water (Bohm 1 979) .  A 4 mm mesh was used fo r sand 

f i l led cores, and a 1 mm mesh for silt fi l led cores. By di recting the hose i nto a 

drum below, the washings could be col lected. These washings were poured 

through  a 0.2 m m  sieve . If any fi ne root material was recovered the water 

pressure was reduced. 

I ntact co res were broken u p  and obv ious  roots picked out  by hand .  A 

su bsamp le  was then wash ed and remai n i ng roots col lected .  These two 

fract ions of roots from the one core sample were later measured separately 

and summed. 

Ext racted root samples we re sto red in 90% ethanol so lution  to prevent 

microbial decomposition .  
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3.2.6 Root mass, root length and mean root d iameter determination 

Root samples were fi rst squeezed dry and weighed (fresh weight, FW) . Root 

length was determined at this stage and samples were then dried overnight 

at 70 °C, and weighed to determine dry weight (DW) . Fi nally, samples were 

ashed for 4 hours at 650 oc and weight of ash subtracted to determine ash­

free dry weight (AFDW) (Bohm ,  1 979) . Root mass :length ratio was used to 
calc u l ate mean root d iamete r of ' new' roots in sand f i l led co res .  Th is  

calcu lation is described by Barker et al. 1 988, and for the present study was 

simpl ified (Appendix 2.7) to : 

D = 0. 1 262 * ..JWULen 

Where :  D = mean diameter 

Wt = plot root mass (g m·2) 

Len = plot root length (km m·2) 

Calcu lation of mean root diameter (Barker et al. , 1 988) i s  normally based on 

FW, assuming a specific density for root material of 1 .0 g cc·1 . In  this study, 

b e c a u s e  roots  h ad oft e n  d ri ed s o m e what befo re fresh  we i g ht was 

dete rmi ned , and to avo id erro rs aris ing from differences in quantity of soi l 

ad h e ri n g  i n  d i ffe re nt samp les ,  AFDW was used to calcu late mean root 

d i a m eter.  AFDW was converted to a 'corrected'  FW by d iv id i n g  by a 

constant (0.08) , derived from Schuurman & Knot's ( 1 974) findi ng that AFDW 

averaged 8% of root FW. 

Root le ngths we re dete rm i ned us ing the l i ne i ntersect method (Section 

2.5 .2 .3) . The dimensions of the counting tray were 295 mm x 2 1 0 mm and a 

1 0  mm grid was used. Root length was calculated as 7.857 mm per i ntersect 

(Ten nant,  1 975) .  Subsamp l ing  was necessary and subsample s ize was 

c h o s e n  so as to g ive app rox imately 1 500 i nte rsects for  each sample 

counted. 

I n  th is  exper iment no atte mpt was made to disti ngu ish between l ive and 

dead roots, or between roots of ryegrass and roots of other pasture species. 

D i ffe re nces i n  root lengths between cutt ing  treatments are assumed to 

reflect differences in root production of ryegrass, therefore, as ryegrass was 

the major component of the swards (Section 3.2.2). 
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P resentation of root density per un it vo lume o r  per u n it weight of soi l  is 

preferred by some authors (e .g .  Barber, 1 971 ; Evans, 1 978; Barker et al. , 
1 988) but has the disadvantage that ,  because quantity of roots decreases 

with soi l depth , values change depending on the sampling depth over which 

they are averaged. Comparison of resu lts between experiments is therefore 
difficu lt ,  unless un iform sampling depths are used. Furthermore ,  values for 

successive soi l horizons are not additive. For example, a root length density 

of 300 km m-3 for 0 - 1 00 mm soil depth and 1 00 km m-3 for 1 00 - 300 mm 
soi l depth wou ld g ive a value of 1 67 km m-3 for 0 - 300 mm soi l  depth. One 

way to avoid both these difficu lties is to express root data as cumu lative 

totals per square meter of g round surface for specified soil depths, and this 

approach is adopted here. 

3.2.7 Above-ground measurements 

Simu ltaneous  measurement of above- and below-ground sward changes 

was not an aim in  this prel i minary experiment, but in o rder to g ive some 

above-g round data as an aid to interpretation of root data, herbage mass 

was m easu red on  1 5  N ovembe r  ( Day 0 ) ,  1 2  December (Day 27) and 2 

February (Day 79) and herbage dissections carried out to determine sward 

botanical composition and leaf and stem fractions on  these dates. Grass 

t i l le r  and c love r g rowi ng poi nt and sto len densities were measu red on 5 

February to quantify further, compositi on of swards, but due to lack of time 

on ly 1 8  plots (3 replicates) were counted. 

3.2.8 Statistical analysis 

Al l  data were in itially analysed i n  accordance with the randomised complete 

b lock  d e s i g n  o f  the  experi me nt .  The  root data showed a non-no rmal 

distribution with a positive skew. Log transformation  was used to reduce this 
problem. In one case a refi l led core with a very large quantity of root present 

(standard i sed residual i n  analysis of variance = 2 .62) was t reated as a 

missing plot. 

To test whether patte rns of root g rowth were constant across t reatments 

ove r t ime ,  data from i ntact cores  ha rvested o n  Days 26 and 80 we re 

combined and analysed using the " repeated measures" option of the SAS 
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G e n e ra l  Li near Models (G LM)  procedu re ;  as we re sand f i l l ed  cores 

harvested on Days 56 and 80. Simi larly, to test for differences in the pattern 

of treatment effects with soi l  depth, or between core-types, samples for 0 -
300 mm soi l depths of sand and silt fil led cores harvested on Day 80; and 

samples for 0 - 300 mm and 300 - 700 mm soil depths of sand fi l led cores 

harvested on Day 80 were analysed as spl it plot effects. 

The val idity of split plot desig ns for analysing repeated observations on the 

same plots has been much quest ioned on the g rounds that observations 

from the two sets of measurements are not strictly independent (Rowel! & 
Waite rs ,  1 976 ) .  The SAS repeated measu res procedu re effect ive ly  

calculates an analysis of  variance as for a spl it-plot in  time model (Steel & 
Torrie ,  1 981  ) ,  so does not automatical ly guarantee validity of the analysis. 

However, tests for treatment effects averaged over split-plot effects are val id 

(Rowel !  & Waiters 1 976;  Cole & Grizzle, 1 966) . I n  the special case where 

there a re on ly two t imes i n  the analysis ,  the tests fo r s ign i ficance of 

differences between times and of the treatment x t ime interaction are also 

val id  (LaTour & Min iard , 1 983 ; Appendi x 1 . 1 ) ,  and this applies to the two 

split-plot in time analyses described above. For the case of two types of soi l  

cores, o r  two soil depths, t he  situation i s  analogous to that for two times 

(Appendix 1 . 1 ) . 

Where it was evident that there were trends in the data affecting more than 

one  t reatment (fo r example  vegetative treatments versus reproductive 

t reatments) sums of squares fo r appropriate orthogonal contrasts were 

extracted from the analyses of variance, and tested for significance. 

3.3 Results 

3.3.1 Evaluation of techniques 

3.3.1 .1 Coefficients of variation 

As a prel iminary step, data from sand fi l led cores harvested on Day 56 were 

exami ned in detai l .  The various measurements on a particular sample (FW, 

D W ,  A FDW,  root l e ngt h )  we re al l rat h e r  h i g h l y  co rre lated ,  t h o u g h  

correlations between root length and the three root weight measurements 

were lower than those among the root weight measurements themselves 

(Table 3.2). 



Table 3.2 Correlations (r) between root parameters for sand 
fi l led core samples harvested at Day 56. 

LENGTH 

AFDW 

DW 

FW 

0.71 

0.89 

0.87 

DW 

0.77 

0.96 

AFDW 

0.74 
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By contrast, measurements which involved different samples from the same 

plots usually had very low correlations. For example correlation between root 

length in  0 - 300 mm segments of the sand filled cores harvested on Day 80, 
and root length in  300 - 700 mm segments of the same cores was 0 .08 ;  
while correlation between sand fil led core samples for Day 56 and those of 

Day 80 was 0.01 . However, for 0 - 300 mm segments of sand and silt fi l led 

cores harvested on day 80, r was 0.34. 

For the Day 56, 0 - 300 mm soil depth sand filled core samples, coefficients 

of variation for i ndividual observations of root FW, DW, AFDW, and root 

length were 51 .3%, 59.7%, 59.6% and 50.7% respectively. (By comparison ,  

coefficients of variation for intact core root lengths were 30.8 % and 30.9% 
fo r samp les  f rom 0 - 70 m m  depth harv e sted on Days 26 and  80 
respectively) . Because of the correlation between root length and root weight 

measurements on the same sample, and the lower coefficient of variation for 

root length, further results i n  this chapter are presented mainly as km root 

length per m2 ground surface. 

3.3.1 .2 Change In quantity of root with time 

Ove r  the 80 days of the experiment there was no  statistically s ignificant 

change i n  total root length i n  intact cores (F igure 3. 1 a). By contrast, data 

fro m sand f i l led cores i ndicated substantial root formation after 32 days. 

Root lengths in sand fil led cores were lower at Day 62 than at Day 55, but 

after 80 days they had attained 53% of the values measured i n  intact cores, 
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Figure 3 . 1 : Root lengths (km m-2) in (a) intact (b) sand fil led and (c) silt fi l led 

cores of VEGL plots, over the course of the experi ment. Standard error bars 

shown apply to data from 80 Day harvests. Proportionately smaller S.E. 's 

(not shown) apply to data from earl ier harvests of refi l led cores. 
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with apparent root growth rates of up to 58 kg DM ha-1 day-1 (Figure 3 . 1  b ;  

Table 3 .5, page 46) . Root g rowth into s i l t  fi l led cores showed a pattern 

similar to that found i n  sand filled cores (Figu re 3. 1 c) ,  although there was no 

decrease between Days 55 and 62, and total root lengths were significantly 

less (P < 0.001 ) than in sand fil led cores (Figures 3 . 1  b, 3. 1 c). 

3.3.1 .3 Measurement of effect of mowing on root behaviour 

Th ree measure m e nt tech niques were used to compare root mass, root 
growth or root activity for the 6 mowing treatments. 

I ntact core sampl i n g  at Days 26 and 80 d id  not reveal any statistical ly 

sig n ificant differences between mowing t reatments (Figure 3 .2 ) ,  despite 

lower coefficients of variation than for refi l led core data (Section 3.3. 1 . 1 ) .  

Figure 3.2 : Root lengths (km m-2) in  intact cores at Days 26 and 80. 

I 

m 0 - 70 m m  

D 70 - 300 mm 

• 300 - 700 mm 

VEGH VEGL RUHE RUAN RUSS VEGU VEGH VEGL RUHE RUAN RUSS VEGU 

Day 26 Day 80 
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For sand fi l led cores, no sign ificant differences in root growth were detected 

at Day 56 (Figure 3.3a) , but by Day 80, RUHE and RUAN plots had higher  

root growt h than R U S S  plots (P < 0 . 05)  wi th  the  VEGH and V E G L  

treatments being intermediate (Figure 3.3b). A n  orthogonal contrast sum of 

squares for RUAN and RUHE treatments versus the th ree VEG treatments 

was not statistically significant (F1 1 4  = 2.78, P = 0. 1 2) when sand fil led core 
I 

data was analysed alo ne ,  but when sand and si lt  f i l led core data were 

analysed togethe r i n  a spl it plot analysis ($ect ion 3.2 .8) the result was 

significant (F1 , 1 3  = 6.99, P = 0.02). Root g rowth in  silt fil led cores was again 

less than i n  sand fi l led co res (P  < 0 . 0001 ) .  Differences among mowing 

treatments for si lt fi l led core data were not significant at P = 0.05, but at P = 
0. 1 0, root length for RUAN plots was significantly higher than for RUSS and 

VEGU plots (Figure 3.3c). 

Split-plot analysis of the refi l led core data showed a significant treatment x 

t ime i nteract ion for sand fi l led core data for Days 56 and 80; a significant 

t reatme nt x so i l  depth i nte ractio n  fo r sand fi l led co res, Day 80 ; and no 

significant treatment by core type interaction when sand and silt fi l led cores 

were analysed together (Table 3.3, page 44). 

The th i rd tech n ique tested for sensitivity in assessi ng effects of mowing 

treatments on root growth was measu reme nt of change in soi l  moisture 

between Days 76 and 83. At Day 76 soil moisture levels were high fol lowing 

24 mm rain on Days 70 and 71 . No statistically significant differences in soil 

mo istu re levels o r  in rate of removal of moisture were detected , though 

values for rate of removal of water at depth were highest on  RUAN and 

RUSS treatments (Table 3.4, page 45) . 
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Figure 3.3 :  Root lengths (km m-2) i n  refi l led cores for 6 mowing treatments; 
(a) sand fil led cores, Day 56 (b) sand fi l led cores, Day 80 (c) silt fi l led cores, 

Day 80. 
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Table 3 .3 :  Probabil ities for tests of statistical significance for refi l led core 

data analysed as split plot effects. 

Data included in analysis 

Sand-filled cores, Day 56, 0 - 300 mm 

Sand-filled cores, Day 80, 0 - 300 mm 

Sand-filled cores, Day 80, 0 - 300 mm 

Silt-filled cores, Day 80, 0 - 300 mm 

Sand-filled cores, Day 80, 0 - 300 mm 

Sand-filled cores, Day 80, 300 - 700 mm 

Note: all analyses performed on log-transformed data. 

Main 

effect 

Mowing 

NS (P = 0.260) 

Mowing 

p = 0.060 

Mowing 

p = 0.030 

Split plot 

effect. 

Time 

p < 0.0001 

Core type 

p < 0.0001 

Soil depth 

p < 0.0001 

Interaction 

Mowing x Time 

p = 0.038 

Mowing x Core type 

NS (P  = 0.251 ) 

Mowing x Soil depth 

p = 0.043 

t 
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Table 3 . 4  G ravimetric soil moisture contents (%) in two soil depths for the six cutting 
treatments at Days 76 and 83. 

0 - 1 00 mm soil depth 300 - 450 mm soil depth. 

Mowing Day 76 Day 83 Diff. 1 Day 76 Day 83 Diff. 1 

Treatment 

1 .  VEGH 28.6 1 9.4 9.2 21 .4 21 .0 0.4 
2. VEGL 28.2 20.6 7.6 21 .0 1 9.8 1 .2 
3. RUHE 28. 1  20.2 7.9 21 .3 20. 1  1 .2 
4. R UAN 28.2 20.0 8.2 21 .4 1 9.7 1 .7 
5. RUSS 28.2 1 9.5 8.7 21 .4 1 9.8 1 .6 
6. VEGU 29. 1  1 9 .5 9.6 21 .8 20.9 0.9 

S.E. M .  0.7 0.8 1 .0 0.6 0 .6 0.5 

1 .  Difference between Days 76 and 83. 

3.3.2 Effect of mowing treatments 

3.3.2.1 Root mass and rate of root growth 

Data  from Sect ion 3 .3 . 1 .3  above were used to de rive other  i nformatio n .  

Appare nt root g rowth rates (kg D M  h a- 1 day- 1 ) we re calcu l ated from 

differences in  root mass in  sand fi l led cores between Days 56 and 80, and 

ratios of root length in refil led cores :root length in intact cores were calculated 

as a measure of root turnover (Table 3 .5, page 46). For sand fi lled core data, 

Day 80, mean root radius was calculated, as described above (Section 3 .2.6), 

from mass:length ratio (Table 3.5). Statistical ly significant differences between 

the mowing t reatments were found on ly for root rad ius, the 3 reproductive 

treatments having coarser diameter roots than the 3 vegetative treatments. 

3.3.2.2 Above-ground measurements 

H erbage mass data for Days 0 & 27 we re used to calcu late botanical 

composition and accumulation  rates for VEGH, VEGL, and RUSS treatments 

(Table 3 .6 ,  page 47) . Mowing reg imes for RUHE and VEGU plots up to this 

tim e  had been identical to those for RUSS and VEGL plots, respectively. 



Table 3.5: Root mass (g m-2 for 0 - 300 mm soil depth) for Days 56 & 80; 'apparent' root growth rates (Kg DM ha-1 g � � 
day-1 ) ;  and estimates of root turnover and mean root radius. (ii G) a­
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-o (/) 0 
VEGH VEGL RUAN RUHE RUSS VEGU SIGNIF. SEM. o � g :::J c 3 CD .-.. 
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(/) 0 S» 
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Day 56 58 80 85 86 80 59 NS 22 :: -g g 
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Ratio of Root Length at Day 80, sand filled :intact. � 3 3 � S» Q 
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Mean root radius (mm) for sand filled core samples, 0 - 300 mm soil depth. � g 
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Table 3 .6 :  Herbage mass and herbage accumulation rates under different cutting treatments between Days 0 and 28.  

G rass Clover Weed Dead Total S . E . 1 

Cutting Treatment Leaf Stem Total 

Herbage M ass (kg OM ha - 1 ) 

Day 0 
{ 1 1 3) 1 VEGH 25 467 492 32 0 233 757 

VEGL 291 771 1 062 1 1 6  23 580 1 78 1  ( 1 84) 

R U SS 1 1 22 1 70 1  2823 1 86 4 71 1 3724 (377) 

Day 28 
VEGH 933 332 1 262 387 1 73 1 25 1 950 ( 1 54) 
VEGL 976 68 1 1 657 544 3 1 0 1 41 2652 ( 1 22) 

R USS 843 4355 5 1 98 340 82 597 621 7 (802) 

Herbage accumulation rate (kg OM ha- 1  da{ 1 ) Days 0 - 28 

VEGH 32.4 -4.8 27.6 1 2 .7 6.2 -3 .9 43.0 (5.3) 
VEGL 24.5 -3.2 2 1 .3 1 5.3 1 0 .2 1 5 .6 3 1 . 1  (3.9) 

R U SS - 1 0 .0 94.8 84.8 5 .5 2 .8 -4. 1  89 .0 ( 1 8.8) 

1 .  Standard error of total values in pare ntheses. 

� 
-..J 



Table 3 .7 :  Herbage mass, ryegrass tiller numbers and clover stolon densities at Day 80 

Cutting 

Treatment 

VEGH 

VEGL 

RUHE 

RUAN 

RUSS 

VEGU 

S.E .M. 

Herbage mass (kg DM!ha) 

Grass 
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6250 

6560 
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Clover Total 

28 
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1 51 0  

1 1 30 
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7030 

8230 

8 1 20 

8260 

8720 

1 0 1 0  

Ryegrass til ler 

density (ti l lers m-2) 

4774 

2327 

3052 

3233 

2372 

2455 

496 

Clover Stolon 

density (m m-2) 

32.6 

53.6 

54.4 

45.6 

47.7 

63.8 

1 1 .0 
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Numbe rs  of new ti l lers were noted on RUHE and RUAN plots about 7 days 

after the  first mowing on  Days 1 1  and 28, respectively, and ti l ler numbers at 

Day 80· were higher on these two plots than on the VEGU, VEGL or RUSS 

treatments (Table 3.7) .  Pairwise comparisons between RUHE or  RUAN and 

RUSS,  VEGU or VEGL treatments were not stat ist ically sig n ificant ( P  > 

0.05), but an orthogonal contrast comparing ryegrass ti l ler density for RUHE 

and R UAN treat m e nts wi th  oth e r  t reat m e nts (excepti n g  V E G H )  was 

s i gn i f i cant (F 1 , 1 o = 7 . 1 3 , P = 0 . 024) .  To � l arify i f  th is effect mere ly  

represented a flush of  smal l ti l lers, ti l ler densities were adjusted for ti l ler size 

as fol lows. Mean t i l ler  size for each plot was calcu lated by dividi ng g rass 

h e rbage mass (g m -2 , D ay 80 )  by g rass t i l l e r  n u mber per  m 2 . Log­

transformed values for mean til ler size were regressed against those for ti l ler 

density (ryegrass + Poa) , and the residual deviations from the regression 

l i ne a nalysed for differences among treatments. This reg ression l ine was 

highly significant, with slope = -1 .98 and r2 = 0 .72, and with values for the 

RUHE and RUAN plots concentrated above the l ine (Figure 3.4).  

Figure 3 .4 :  Plot of log mean ti l ler size vs log t i l ler density for individual plots 

of the 6 mowing treatments. 
-0.4 
-0.6 

(1) -� -0.8 
(/) 
a; - 1  

i-= - 1 .2 
CJ) 
0 - 1 .4 

_J 
- 1 .6 
- 1 .8 .,_ __ ...,.. ______ --4 

3.4 3.6 3.8 4 
Log Ti l ler Density 

· VEGH 
+ VEGL 
* RUHE 
0 RUAN 
X RUSS 
- VEGU 

An orthogonal contrast comparing the RUAN and RUHE treatments and the 

remai n ing 4 treatments was h igh ly  sign ificant (F 1 ,  1 0  = 1 1 .71 , P < 0 .01 ) 

when the calculations were based on total herbage mass, but less significant 

F1 ,  1 o = 4.63 , P = 0 .056) when calculations were based on grass herbage 

mass only. 



50 

3.4 Discussion 

3.4.1 Comparison of techniques 

Water extraction patterns were not found to be a sensitive i ndicator  of root 

g rowth.  No sign ificant differences between treatments for g ravimetric soil 

moistu re were detected (Table 3 .4) .  1t appea_red that attempts to measure 

root activity i nd i rect ly by rates of water extraction were confounded by 

diffe rences in evaporat ion and t ranspi rat ion aris ing from differences i n  

herbage mass o n  the different defol iation treatments. Any rainfall occurring 

during the measurement period would also be a difficulty. Similar problems 

with this method were reported by Bohm ( 1 979).  

Rapid root growth in  refi l led cores at a t ime when root mass in  intact cores 

was fai rly constant (F igures 3 . 1  a, 3 . 1  b, Table 3 .5 )  impl ies substant ial 

turnover of root material. Provided it were establ ished that root growth i nto 

refi l led cores was not unduly enhanced by the technique itself, then values in  

Table 3 .5  would g ive an estimate of  rates of root production in  the fie ld,  

analogous to an above-g round pasture g rowth rate. Similarly refil led core 

data i n  conjunction with intact core data would estimate root tu rnover. The 

ratio i ntact core mass (kg OM ha- 1 ) :refi l led core root appearance (kg AFDM 

ha- 1 day-1 ) has the d imension days, and is an estimate of root turnover 

time. There is no doubt, though,  that the accuracy of such estimates should 

be establ ished by some form of comparison with behaviour of roots in  

undisturbed soi l ,  especially given the unexplained difference i n  quantity of 

root recovered from sand and silt filled cores (Figu re 3.3b,c) . 

In  fact, when data in  Figure 3 .3 was presented at a conference (Matthew et 
al., 1 986) , concern was expressed by members of the audience that the 

refi l led core technique would greatly overestimate root production. Possible 

sources of error suggested were (1 ) lateral branching from severed ends of 

roots at the core-face (2) lower bulk density or i ncreased pore space arising 

from textu ral o r  compact ion  d iffe re nces betwee n  ref i l l ed  cores  a nd 

background soi l and (3) if root tips had a greater propensity to enter the core 

than to leave it, there could be a "root trapping" effect. 

A number of points can be raised agai nst these arguments. F irst, lateral 

b ranching of ryegrass roots is rare . Ryegrass responds to root prun ing by 
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produci n g  new roots f rom a younger  n ode  (Sect ion 6 .3 .2 ) .  Secondly ,  

excavat ions of spare core ho les suggested that roots entered the core 

obliquely at all levels and had usually not progressed more than 1 00 - 200 

mm down within the core at harvest. Thus, even if root trapping is a potential 

problem with the method, the 56 or 80 day period between placement and 

harvest of refi l led cores did not allow time for it to occur. Final ly, correlation 

between data for 0 - 300 mm and 300 - 700 mm soil depths of Day 56 sand 

fi l led cores was near zero (Section 3.3. 1 . 1  ), a�d should have been higher if 

there had been a root trappi ng effect. Moreover, even if systematic errors did 

occur, data from refi l led co res cou ld sti l l  be assumed to provide a val id 

comparison between mowing treatments. Also, serial placement and harvest 

of refi l led co res i n  a contro l led experiment would al low measurement of 

seasonal ity of root g rowth ,  even i f  some quest ion remained about the 

cal ibration of refi l led core data. 

To clarify whether or  not there was a systematic error associated with refi l led 

core sampling, the min i rhizotron method was subsequently used to compare 

numbers of roots arriving at tubes in refi l led cores and numbers of roots 

arrivi n g  at tubes i n  u ndistu rbed soi l  i n  the same plots (Appendix  2 .6 ) .  

Although there was some variation with season and soil depth, it was found 

that numbers of roots arrivi ng at observatio n  tubes at the centre of sand 

f i l led cores were normal ly less than those arriving at tubes in undisturbed 

soi l ,  so that the i ndication is that the sand fil led core technique used here 

u nder-esti mated root growt h ,  especial ly for the 0 - 70 m m  soi l  depth .  

(Appendix 2.6) .  This i s  not surprising in view of the removal of vegetation in  

o rder  to i nsta l l  refi l l ed cores, but  th is  b ias mig ht pe rhaps h ave been 

el iminated i f  cores had been covered with a turf cap, rather than a clay cap. 

I n  addition to providi ng information on root production over time, the refil led 

core sampl i ng technique also detected differences in  root growth between 

mowin g  treatments (Secti ons 3 . 3 . 1 . 3 ;  3 .4 .2 ) . The fact that refi l led core 

sampl ing was able to detect differences between defoliation treatments in 

root growth, and was the only technique to do so, indicates the sensitivity of 

this technique. 

In contrast , the i ntact core technique appeared to be a very insensitive 

i nd icator of root g rowth o r  of mowi ng effects on root g rowt h ,  although 

necessary refe re n ce i nfo rmat ion  about the total quantity of root at  a 
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particu lar t ime was obtai ned. This enabled calculation of derived parameters 

such as root turnover t ime, and in theory root death rate could be calculated 

from t he  d i ffe re nce between apparent  root g rowt h  i n  refi l l ed cores and 

change in i ntact core root mass or length over the same time period. In the 

l ight of uncertai nty about the cal i bration of ref i l led core data, no calculation of 

root death rate was attempted, however. 

Both refi l led co re and intact core measurement.s were t ime consuming .  Total 

processing t ime was approximately 2 hours per core for sample col lection, 

root extraction and clean ing ,  and root length determination .  Refi nement of 

t ec h n iques  to ove rco m e  t h ese l og i st i ca l  p rob l e m s  cont i n u e d  d u ri ng 

subsequent expe riments, and is reported i n  Appendix 2. 

3.4.2 Rate of root turnover 

Apparent root g rowth rates (Table 3 . 5) and rates of root turnover indicated 

by ratio of root length i n  refi l led cores :root length i n  i ntact cores on Day 80 

(Tab le  3 . 5) we re h igh .  Previously pub l ished i nformation has, for the most 

part, suggested that root tu rnover duri ng the period November - January is 

low (Sect ion 2 .3 . 1 ) . At the same t ime it should be noted that the rates of root 

appearance i nd icated by increase in root mass in sand fi l led cores over t ime 

(up to 58 kg D M  ha- 1 day- 1 between Day 56 and Day 80, Table 3.5) are 

consistent with a val ue of 80 kg DM ha- 1 day- 1 calculated theoretically by 

D e i n u m  ( 1 985) ,  and are co ns istent  with an ave rage root l o n g evity fo r 

ryeg rass of 36 to 55 days observed by G ibbs ( 1 986) .  

The h igh e r  apparent root growth betwee n  Days 56 and 80 than between 

D ays 0 and 56 (Tab le  3 . 5 ) is  s i m i l a r  t o  resu lts of Ste e n  ( 1 984 ) ,  who 

attributed the effect to  t ime taken for d ry soi l placed in  refi l led core holes to 

absorb moisture ,  and al low root growth to beg in .  Another explanation might 

be the de lay betwee n  colon isat ion of a refi l l ed co re by t ips of e longat ing 

nodal roots, and development of a crop of lateral branches as those same 

roots matu re .  If the latter is true, the results of refi l led co re sampl ing might 

depe nd part l y  on t h e  l ength of t ime  between placement and harvest of 

refi l led cores. 

Agai n ,  t he  reason for  the fal l  i n  root lengths i n  sand fi l l ed cores between 

Days 55 and 62 is  not known. Because the effect was not seen in  silt f i l l ed 
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cores as wel l  it is considered unlikely to be due to effects of defoliation on 

0Qy 53.  Rainfall between Day 38 and Day 44 was 85 mm, and i t  is possible 

that high soil moisture levels at this t ime affected sand and silt fil led cores 

differently. For example ,  Eccles ( 1 988),  using the same sand and silt f i l l  

materials, found that soil oxygen levels in silt fi l led glasshouse pots decl ined 

more slowly d u ri ng soak treatme nts, and recovered more slowly after 

soaked pots were removed from water, than did soil oxygen levels i n  sand 

fil led pots. This is opposite to what would have been predicted on  the basis 

of the difference in  texture of the sand and silt materials. 

3.4.3 Effect of mowin g  treatments 

3.4.3.1 Effects on root growth 

Two featu res of these results are noteworthy.  First , differences in root 

growth between VEGH and VEGL plots were much smaller than might have 

been expected. Other  studies have reported large effects of defoliation on 

root growth (Section 2 .3.2), and it is generally assumed that similar effects of 

substantial magnitude would also be observed in field studies (Evans 1 976, 

Hunt & E aston ,  1 989) .  In  this study, except for si lt fil led core data, VEGL 

plots consistently had higher values for root parameters than VEGH plots but 

the differences were always small and were never significant. 

Second, effects which were statistical ly significant relate mainly to high root 

lengths i n  refil led cores on RUHE and RUAN plots on Day 80 (Figures 3.3b, 

3.3c). Troughton ( 1 956) showed that partitioning to roots decreased during 

reproductive g rowth ,  and in  a later study (Troughton ,  1 978) reported that 

root weight of grass plants decreases in  mid summer, at the t ime of ear 

emergence. 

On the other hand, reproductive swards of ryegrass in spring are known to 

have high rates of photosynthesis (Parsons & Robson, 1 98 1 a,b) ,  and from 

data presented by these authors it can be calculated that, even allowing for 

a decreased proportion of photosynthesis products al located to roots, 

absolute quantity of carbohydrate partitioned to roots would i ncrease during 

reproductive development. For example, if the herbage accumulation values 

of vegetative and reproductive swards in Table 3 .6  (43 & 89 kg OM ha- 1  
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day-1 , respectively) are considered to represent 85% and 90%, respectively, 

of net assimi lation ,  then al location to roots would be 7.6 kg OM ha-1 day-1 

for vegetative swards, and 9.9 kg OM ha-1 day- 1 for reproductive swards. 

This perhaps explains the higher root g rowth on RUAN and RUHE plots in  

th is experiment. Also , research carried out in  Sweden by Steen ( 1 984) 

showed that cutt ing stimulated root g rowth ,  and that the effect was larger 

following  the fi rst cut in June than after cutt ing reg rowth in August. Steen's 

( 1 984) data wou ld therefo re seem to paral ! e l the results i n  Figure 3 .3 ;  

although  ryegrass is  not l isted as a component of the  swards studied by 

Steen ( 1 984). 

The fact that root mass diffe rences were not statistical ly sign ificant (Table 

3 .5) does not necessari ly discount the root length results, particu larly as 

treat ment rankings were simi lar for root length and mass, but was taken to 

indicate that more than one refi l led core per plot would be needed to control 

within plot variation in future experiments. 

3.4.3.2 Effect on shoot growth 

The h i g h  he rbage accu mulat ion rates dur ing reproductive g rowth , and 

changes in composit ion (Tables 3 .6 ,  3.7) are a well-known feature of the 

behaviour of reproductive swards. The physiological basis for such changes 

has been described by Parsons & Robson ( 1 981  a, b) and the effects on 

grass swards under differing managements were reported i n  detail by Butler 

( 1 986) ,  and by Hoogendoorn (1 987) . Differences in pastu re g rowth rates 

under  diffe rent spring rotat ion lengths (L'Hu i l l ier, 1 987) are probably also 

due to this effect. 

The ana lysis of t i l l e r  de nsit ies i n  F igure 3 .4  effect ively compares the 

observed ti l ler densities with those expected, g iven the operation of the -3/2 

relatio nsh ip  between ti l ler size and t i l ler density (Davies, 1 988; Xia, 1 991 ; 

Sect ion 2 .2 .3) .  The evidence that t i l ler density at Day 80 was h igher on 

R U H E  and RUAN plots than expected on the basis of the -3/2 power rule 

(Table 3.7, Figure 3.4) suggests that at least some new ti l lers formed after 

the i nterruption of reproductive g rowth (Korte, 1 981 ) persist in the sward for 

some time. In the situation discussed in Section 2.2.3 where a sward with a 

h igh  t i l ler  density is released from g razing it would be expected that the 

i ncrease in t i l ler size on release from grazing wou ld also move the size-
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density combination above the -3/2 power l ine,  and such swards are known 

to be more productive (B ircham,  1 981 ; Parsons et al. , 1 984; Grant et al. , 
1 988). Therefore, although herbage accumulation was not measured in the 

latter part pf the experiment, this suggests that RUHE and RUAN plots, i n  

additio n  to producing more root g rowth than other plots, might also have had 

higher rates of herbage accumulation.  Also of i nterest is the duration of any 

t i l lering response. In the work of Grant et. al. ( 1 988) t i l ler density i ncreases 

fol lowing a grazing i n  mid August were short l i_ved, and had disappeared by 

l ate Septe mber  (40 days ) .  I n  t h is Experi ment t i l l e r  de nsity i ncreases 

fol lowing interruption of reproductive g rowth in mid or late November on  

R U H E  and RUAN swards,  respective ly ,  appear to have persisited unti l  

February (60 days). 

Roots of new t i l lers appeari ng after defo l iation of RUHE and RUAN plots 

could well have contributed to root lengths in refi l led cores on Day 80, and 

detection of such roots in the 0 - 300 mm depth at Day 80, but not in  the 300 

- 700 mm depth due to i nsufficient ti me to reach the lower depth,  would 

result in a treatment x depth interaction as seen for root lengths in sand fil led 

cores at Day 80. Similarly detection of such roots at Day 80 but not at Day 

56 wou ld result in  a treatment x time i nteraction as seen in sand fil led core 

data (0 - 300 mm depth) for Days 56 and 80. 

Taken together, these fi ndi ngs of i ncreased root and t i l ler  production on 

RUHE and RUAN plots suggest that previous assum ptions about the need 

for early removal of seedheads i n  field swards (Section 2.2.4) might need 

revision .  Specifical ly, from these results, a hypothesis was developed that 

removal of flowering t i l lers, after a brief period of reproductive growth, had 

promoted both ti l l e r  appearance and root g rowt h .  Sti mu lat ion  of root 

production in this way would appear to have been much greater than any 

stimulation of root growth as a result of laxer defol iat ion. 

3.5 Summary 

1 .  The refi l led core technique is a suitable method for determining seasonal 

vari at i o n  i n  new root p rod uct ion  u nder  pastu re , and  for detect ion of 

d efo l i at i on  effects o n  root product ion th is method was also the most 

sensitive of the techniques tested . 
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2 .  Use of the refi l led core technique i n  conjunction with intact core sampling 

allows .estimates of root turnover t ime and in theory allows the calculation of 

root death ,  though the errors associated with such a calcu lation  may be 

rather large.  

3 .  The pre l im i nary i nvest igat ion of root dynamics showed that new root 

formation and root turnover i n  early  summer. was high, with root length in  

sand fi l led cores after 80 days growth being more than half that recovered 

from i ntact cores. 

4. New root production was greater if reproductive g rowth was removed at 

head emergence o r  anthesis than if  seedheads were removed early or 

a l lowed to matu re ,  and swards with high root product ion also showed 

evidence of high ti l lering rates during the experiment. 
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CHAPTER 4 :  SEASONALITY OF ROOT G R OWTH AND E FFECTS OF 

HARD OR LAX DEFOLIATION. 

4.1 Introduction and overview 

This chapter reports results from a further field experiment (Experiment 2, 

October 1 986 - May 1 988) designed to provid� information on seasonal root 

dynam ics of pe re n n i al rye g rass d o m i nant  f i e ld  swards .  Suppo rt i n g  

measurements on ti l ler dynamics, tissue turnover and herbage accumulation 

are presented in Chapter 5 ;  and discussio n  of the relat ionship between 

above- and below-ground measurements is presented in Chapter 7, together 

with similar discussion relati ng to a subsequent experiment (Experiment 3, 

Chapter 6). 

In Experiment 2 ,  contrasting lax (LL) and hard (HH) g razing managements 

were applied for an initial period of 1 2  months, fol lowed by the i ntroduction of 

cross-over  lax-hard (LH) and hard- lax (HL) g razi ng managements for a 

fu rt her  6 months .  R o ot and t i l l e r  dynam ics w e re measu red i n  detail 

th roug hout the experiment but other  above-g round parameters, such as 

herbage accumulation rates, were not measured until later in  the experiment 

whe n i m provement of root sampl i ng tech n iques and consequent t ime 

savi ngs had bee n  ach ieved,  and when comple mentary above g ro u nd 

measurements were conducted as a part of a separate study (Xi a, 1 991  ) .  

4.2 Experimental 

4.2.1 . Background and objectives 

The strategy of contrasting lax (LL) and hard (HH)  grazing managements 

was adopted because of  t h e  smal l  root  responses to defo l iat io n i n  

E x pe ri m e nt 1 ( Sect i o n 3 . 4 .3 . 1 ) .  One o bj ect ive was to  c larify i f  t he  

i nsensitivity o f  root g rowth  to defol iation over the November  - February 

period for VEGH and VEGL plots of Experiment 1 would also apply at other 

times of the year and over the extremes of g razing normally encountered in 

farm practice. 

Also, these contrasting managements could be expected (Section 2.2.3) to 

result in contrasting h igh til ler densities on hard-g razed plots and lower ti l ler 
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densities on lax-grazed plots. A second objective was to determine whether 

manipulation of til ler density in this way could provide a mechanism for the 

manipulation of root growth. 

Fi nal ly, the introduction of the cross-over lax-hard (LH) and hard-lax (HL) 

g razing managements was timed (7 December 1 987) to coincide with the 

period of sward reproductive growth so as to provide info rmation on the 

repeatabi l ity of the increase in root g rowth . and t i l lering observed when 

RUHE and RUAN swards had been allowed a period of reproductive growth 

during Experiment 1 (Section 3 .4.3.2) .  

4.2.2 Site 

The experimental site was in a paddock adjacent to that used for Experiment 

1 ,  with so i l  type and cl i mate as described in  Section 3.2 .2 ,  and with a 

pe rennial  rye grass (cv . E l lett) based pastu re .  I n  Ju ly  1 986 the site was 

sprayed with herbicide (active ingredients picloram and 2,4-D) to remove 

clover. The result ing sward was predomi nantly ryegrass, but contai ned 

approximately 500 to 1 000 ti l lers m-2 Poa trivia/is L. After removal of clover, 

n itrogen was applied as urea at 1 5  kg N ha- 1 , approximately every three 

weeks. 

R ai n fa l l  a n d  pan ev aporat i o n  ( m o nth l y total s ) , rec o rd e d  at D S I R  

meteorolog ical station over the course of the experiment, are presented in 

Figu re 4. 1 (page 59).  Soi l  moisture levels were excessively high in spring 

1 986, delaying the start of the experiment, but with only 32 mm rain between 

late October and mid-December Figure 4.1  ) , soil moisture levels fell quickly, 

and were measured at 1 6% (g ravimetric soil moisture, MW/MSx1 00, 1 50 -
250 mm so i l  depth )  o n  5 December  1 986.  Rai nfal l  of 2 1  m m  in  late 

December 1 986 and 74 mm in January 1 987 improved soil moisture levels, 

but not sufficiently to promote vigorous pasture g rowth until further rain fell in  

March 1 987. 

lt was decided to use i rrigat ion during  summer 1 987 - 1 988, to prevent 

excessive so i l  moistu re deficits , such as t h at wh ich occurred du ri ng  

December 1 986. Accordingly, approximately 1 00 mm irrigation was applied 

to plots from late December 1 987 and through January 1 988, when only 5 

mm rainfal l was recorded (Figure 4. 1 ) .  



Figure 4 . 1 :  Monthly totals for rainfal l and pan evaporat ion,  recorded at DSIR Grasslands Division ,  1 km distant from the 

experimental site. 
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4.2.3 Experimental design and statistical analysis 

The four  treatments described above (Section 4 . 1 ) were appl ied to 1 0 m x 1 0 

m plots arranged in a Latin square design (4 replicates) to account for possible 

fertil ity g radients away from a race adjacent to the plots (columns), or down the 

slope of approximately 1 oo (rows). However, for the first 1 2  months, when LH 

and HL plots received g raz ing management identical to LL and H H  plots, 

respectively, measurements were made only on the 8 plots designated LL and 

H H. Therefore, for this period a Latin square analysis was not possible and the 

experiment was analysed as a randomised complete block design  with 4 

replicates of two treatments. 

Data for Harvests 2 to 1 0  inclusive were analysed using the split-plot in time 

model, either with the "repeated measures" option of the SAS general l i near 

m odels procedure ,  o r  us ing M IN ITAB, which produced sums of squares 

identical to those from the SAS procedure, for a test set of data. The split-plot 

i n  time model is val id for testing grazing effects averaged over  times, but can 

produce optimistic estimates of significance when used for testing differences 

between t imes or fo r test ing treatment x ti me i nte ractions.  (Appendix 1 . 1 ,  

Section 3 .2.8) .  Therefore, where prel imi nary analysis by the split-plot in  time 

model identified time or treatment x time effects of i nterest, the significance of 

these was confirmed by pai r-wise comparison of two harvests or of plot means 

for two particular groups of harvests. Significance of treatment x depth effects 

was established in  the same way. Inclusion of only two time periods or  two 

depths i n  a split-plot i n  time analysis in this way overcomes problems arisi ng 

from heterogeneity of e rror variance or of correlation across ti mes, but would 

not correct for any systematic differences in techn ique (Appendix 1 . 1 ) .  

For  a l l  data col lected afte r the c ross-over LH and HL  t reatments were 

i ntroduced in  December 1 987 (Harvests 1 0  to 1 2, i nclusive) ,  the Latin square 

analysis of variance was used and where means from different harvests were 

compared, th is was done by calculating a poo led variance and LSD for the 

specific pai r of means in question. 

4.2.4 Grazing strategy 

The prim ary aim of the g razing strategy th roughout the experiment was to 

maintain a contrast between herbage mass on LL and HH plots. To compare 
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root g rowth ,  conti nuous g razi ng  management would have been preferred as 

th is would have el imi nated possib le fluctuations in root growth relating to the 

stage in  a graz ing cycle, but as the plots were too smal l  to sustain conti nuous 

g razing by even one animal , and i nsufficient land area was available for larger 

p lots, it was necessary to adopt a rotat ional g razi ng strategy. However,  i n  

order  to  min im ize possible i nterruption o f  root g rowth  after g razing ,  g razings 

were made as frequently as was conven iently possib le .  Accordingly,  grazing 

i nterval was as short as 1 0  days in  periods of high h erbage accumu lation in 

spring and summer, but was as long as 40 days on LL plots in  winter. 

Target herbage masses for LL and HH plots, respectively, were 3500 and 1 500 

kg O M  ha- 1 pregrazing ; and 1 800 and 800 kg OM ha- 1 residual after g razing , 

alt hough  some variation arou nd these targets occurred. I n  order to achieve 

desi red removal of herbage wit h i n  a few hours ,  g razing was with 1 5  to 30 

sheep per 1 0  m x 10 m plot .  This grazing strategy also min imized with in  plot 

variat ion in g razing height .  lt was in it ial ly i ntended that the g razi ng frequency 

for LL and HH plots be identical , and that the differential between LL and HH 

treatments be attai ned by varyi ng the numbers of ani mals . However at some 

t imes of the year it proved diff icult to mai ntai n the contrast in he rbage mass 

between LL and HH plots with a common grazing interval , and at these times 

g razi ng i ntervals for the LL plots were lengthened. 

P ri or to  imp le mentat ion  of c rossover  LH and HL managements i n  earl y  

D ec e m ber  1 9 87 , g raz i n g  o f  t h ese 8 p lots was a l ways pai red w i t h  t h e  

co rrespond ing  L L  or  HH  p lot i n  t h e  same repl icate or row of p lots (equal 

n u m bers of s heep put onto and removed from both p lots at the same t ime 

during each g razing day) . As stated above,  no measurements were made on 

these 8 LH and H L  plots prior  to Septembe r  1 987, as before th is these plots 

had been merely dupl icates of the LL and HH treatments. 

E lectric fenci ng was used , and as a result there were behavioural effects on 

the  ani mals used fo r grazi ng .  Even with 30 sheep on the 1 0  m x 1 0  m plots 

and g razi ng times as short as a few hours, sheep would g raze preferential ly  

near the  fence , then ruminate in  the centre of the plot , with consequent dung 

and u ri n e  co ncentrat ion  in the centre of p lots .  As a resu lt of th is g razi ng 

be haviou r  fe rt i l ity g radie nts d eve loped with in  p lots  dur ing the experi ment .  

Herbage growth at the centre o f  plots became visibly more vigorous than at the 

edge  and n ut rient t ransfer  to the ce ntre areas of plots was confi rmed by 
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measurement of soil total P on a split plot basis (centre areas and edge areas 

of plots) on 3 August 1 987 (Section 5.2. 1 ). Once ferti l ity gradients were noted 

the centre areas of plots were avoided for root and ti l ler sampl i ng purposes, 

but some other measurements at later harvests were made on a split plot basis 

to gauge effects of soi l  ferti l ity on sward dynamics (Sections 5.2. 1 ,  5.2.2) .  

4.2.5 Measurements 

Twe lve root harvests were made at si x-weekly i ntervals t h roug hout the 

experiment, and above-g round measurements were co-ordinated with these 
twelve root harvests. Because of seasonal and treatment variations in  grazing 

frequency, it was not possible to co-o rdi nate g razi ngs with root harvests, 

however. 

Harvests were normal ly completed over a 5 day period and root and herbage 

samp les  sto red u n d e r  refr i g e rat i o n  u nt i l  t h e y  co u l d  be  processed.  

Commencement dates for the 1 2  harvests were : 

Harvest 1 3 December 1 986 

Harvest 2 1 6  January 1 987 

Harvest 3 24 February 1 987 

Harvest 4 8 Apri l 1 987 

Harvest 5 26 May 1 987 

Harvest 6 8 July 1 987 

Harvest 7 20 August 1 987 

Harvest 8 1 9  October 1 987 

Harvest 9 3 December 1 987 

Harvest 1 0  21 January 1 988 

Harvest 1 1  24 March 1 988 

Harvest 1 2  1 0  May 1 988 

For each harvest (excepti ng Harvests 1 and 1 1  , when not all measurements 

were made )  root mass and root length i n  i ntact and ref i l l ed cores we re 

measured, as described previously (Section 3.2.4) ; and ti l ler densities and ti l ler 

appearance and death rates were also measured. For Harvests 1 to 7 herbage 

mass was measured to ascertai n that t reatments were with in the guidel ines 

establ ished for ' lax' and 'hard' g razi n g ;  and for Harvests 8 to 1 2  herbage 

accumulation and tissue turnover measurements were also carried out. 
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Root sampl i ng  depths were 0 - 70 m m  (zone of h igh  root concentration in  

pastures) , 70 - 250 mm (approximate bou ndary of  A horizon) ,  and 250 - 600 

mm;  although in harvests 6 to 8 cores from the 250 - 600 mm soil depth could 

not be ext racted because h i g h  so i l  m o i sture levels resu l ted i n  cores 

themselves remain ing behind when the corer was l ifted. 

Four  intact cores (61 mm diameter) per plot \_\'ere col lected and bulked after 

washing to provide the intact core samples for 0 - 70 mm and 70 - 250 mm soil 

depths for Harvests 1 to 9. For later harvests, a smaller 21 mm diameter corer 

was used, and 1 0 cores per plot collected for these soil depths. For the 250 -

600 mm soi l  dept h ,  1 co re (6 1 mm d iameter) pe r plot was col lected at al l  

harvests where this soil depth was sampled. For refi l led core samples, 4 cores 

(79 mm diameter) were collected per plot for 0 - 70 mm and 70 - 250 mm soil 

depths at all harvests, and 1 core per plot for the 250 - 650 mm soil depth. For 

H arvests 1 ,2 & 4 addit iona l  refi l l ed cores were p laced i n  each plot and 

harvested 80 days later  at Harvests 3 , 4  & 6 .  Mean root d iamete r was 

calculated as descri bed i n  Section 3 .2 .6 .  For each harvest, approximately 

three days were requ i red (2 persons) to collect and store core samples and 

place refi l led cores for the following harvest. 

Til ler densities were measured by Mitchell and Glenday's ( 1 958) method , and 

t i l ler appearance by the fixed quadrat method, usi ng techniques s imi lar to 

those of Korte ( 1 98 1  ) . Further detai ls of above-g round measurements are 

g iven i n  Sect ion 5 .2 ;  and a schedule of g razing and measurement dates is 

given in Appendix 3 .  

4.3 Results 

Resu lts for Experiment 2 were analysed i n  two subsets. Data for LL and HH 

treatments fo r Harvests 2 to 1 0  were analysed in one subset to provide 

i nformation on seasonal variation in root mass and root production on plots 

subjected to LL  and HH g razing managements over a 1 2  month period from 

January 1 987 to January 1 988 (Section 4.3. 1 ) .  Data for all fou r  treatments for 

Harvests 1 0  and 1 2  we re analysed i n  a second subset to provide further 

confi rmation of seasonal differences i n  root production between summer and 

autumn, and to provide information on the effects manipulation of reproductive 

growth might have on subsequent root production (Section 4.3.2) .  
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4.3.1 Seasonal variation In root mass, root length, mean root diameter, 

a n d  n ew root prod uct ion under  L L  a nd H H  g raz i n g  manageme nts 

(Experiment 2) 

4.3.1 .1 Data from intact core sampling 

The intact core data for root mass (AFow1 , see section 3 .2.6) ,  root length 

(km root length m-2) and mean root diameter (mm) for the three soil depths 

and LL and HH grazing managements are shown in Tables 4. 1 (page 67), 4.2 

(page 68), and 4.3 (page 69), respectively. Corresponding totals for root mass 

and root length  i n  the 0 - 250 mm soi l depth a re presented g raphically in 

Figures 4.2a and 4.2b (page 65) . Results of analysis of variance of these data 

(Appendix 4) show that, statistically, seasonal changes in quantity of root are 

the dominant effects i n  the data set, with g razing management effects often 

non-significant, and no significant grazing by season interactions. The various 

si g n ificant F-tests (Appendix 4) result f rom a number of different effects, 

however. 

Over  the 1 2  month period average percentage distribution by soil depth of total 

root mass in  intact cores was 76.9%, 1 6.9% and 6.25% for the 0 - 70 mm, 70 -

250 mm, and 250 - 600 mm soil depths respectively (Table 4. 1 ) .  

Corresponding percentage d istribut ion of  root length in the three soil depths 

was 68. 1  %, 23.9%, and 8.0% respectively (Table 4.2) ,  the h igher percentage 

distribution of root length at depth reflecting the finer mean diameter of roots 

from the deeper sampl ing depths (Table 4.3). 

There was a steady decline in total root mass during the experiment (Figure 

4.2a), with root m ass fal l ing from 5 . 1  t DM ha- 1  i n  January 1 987 to 3.2 t DM 

ha-1 (for 0 - 250 mm soil depth , averaged over H H  and LL treatments) .  The 

statistical significance of this effect was confirmed by split-plot i n  time analysis 

of variance of plot means for Harvests 2 & 3 compared to means for Harvests 

9 & 1 0  (F1 ,6 = 1 44, P < 0.001 ) .  

The LL plots had consistently higher root mass and root length values than HH 

plots but, as in  Experiment 1 ,  the magnitude o f  these differences induced by 

grazing management was small, seldom exceeding 1 5%, and averagi ng 1 0.4% 

1 .  AFDW = ash-free dry weight, kg DM ha-1 , see Section 3.2.6 
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(P  = 0.05) and 1 1 .3% (P = 0.04),  respectively, for root mass and root length 

values for 0 - 250 mm soil depth averaged over the 1 2  month period (Figure 

4.2a,b; Tables 4. 1 ,  4.2). Values for the 70 - 250 mm soil depth had lower co­

efficients of variation and showed stronger evidence of grazing effects than did 

values for the 0-70 mm soi l depth (Tables 4. 1 ,  4.2 ; Appendix 4). 

Figure 4.2:  Seasonal and grazing management effects �>n (a) intact core root mass (AFDW, t 
ha- 1 ) and (b) i ntact core root length (km m-2) ;  summed for 0 - 250 mm soi l  depth.  (LL 
-----. HH - - - -; G = standard error for grazing effects averaged over time; S 
'"' standard error averaged over time, for mean of LL & HH plots at individual harvests). 
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There was evidence of soil depth x season interactions for the quantity of root 

present. This was tested by calculati ng ratios of root mass or root length for 

upper:middle or upper:lower soil depths and analysing for differences over  

t ime. 
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The ratio root length in intact cores (0 - 70 mm soil depth) :root length (70 - 250 

mm soi l depth) was highest at Harvest 7 and lowest at Harvest 9 (Figure 4.3, 

page 66) ; analysing data for Harvests 7 & 9 only, (F  1 ,6 = 8. 1 , P = 0.03),  but no 

such event was ev ident  when co rrespondi ng rat ios fo r root mass were 

calculated . Also, the ratio of root mass or length i n  upper: lower  soil depths 

tended to increase i n  winter and decrease in sum mer and this would seem to 

i ndicate loss of root from deeper soi l horizons in winter, although the evidence 

for this is rather less conclusive due to lack of �am pies from the 250 - 600 mm 

soil depth for Harvests 6 - 8.  One example of  this effect was that mean ratio of 

i ntact core root length (0 - 70 mm soi l depth) : root length (250 - 600 mm soil 

dept h )  was 8, 7, 1 1 , and 22 for Harvests 2 ,  3 ,  4, and 5 ,  respect ive ly  

(comparing means for Harvests 2 & 3 with means for Harvests 4 & 5 ,  F1 ,6 = 
1 1 .5 1 ' p = 0.02). 

Mean root diameter showed seasonal variation ,  with the lowest values for the 0 

- 70 mm soi l  depth occurring at Harvest 8 and for the 70 - 250 mm soil depth 

occu rri ng  at Harvest 9 (Table 4 .3 ) .  For the  two lower soil depths mean 

diameter of roots was slightly g reater for LL plots than for HH plots (Table 4 .3)  

but these effects were not statistical ly significant (Appendix 4). 

Figure 4.3 : Seasonal variation in  ratio of intact core root length for 0 - 70 mm:  
70 - 250 mm soil depths, averaged over  LL and HH plots. 
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Table 4. 1 : Root mass (kg ash-free D M  ha- 1 ) for three soil depths and two g razing managements determined by intact core 
sampling for period January 1 987 to January 1 988 (Experiment 2). 

Grazing Soil depth Harvest 
S.E. 1 S.E.2 (mm) 2 3 4 5 6 7 8 9 1 0  MEAN 

LL 
0 - 70 4366 3656 341 1 3755 3322 2739 2791 2903 261 2 3284 247 237 
70 - 250 866 91 1 863 769 723 544 61 1 600 705 732 40 53 
250 - 600 301 364 20 1 1 33 - - - 208 253 253 74 42 

HH 
0 - 70 4221 3274 3473 3557 271 2 2362 2550 2572 21 98 2991 247 237 
70 - 250 774 682 79 1 782 592 567 583 51 2 544 647 40 53 
250 - 600 278 321 300 1 69 - - - 1 88 1 95 248 74 42 

MEAN 
0 - 70 4293 3465 3442 3656 301 7 2551 2670 2737 2404 31 37 1 75 1 68 
70 - 250 820 796 827 775 657 555 597 556 625 690 28 38 
250 - 600 289 342 251 1 51 - - - 1 98 224 251 52 30 

1 .  Standard error appropriate for comparing grazing managements averaged over time. 
2. Approximate standard error for comparing means of different harvests within the same grazing treatments. This standard error 
derived from split-plot in time analysis, and subject to confi rmation of significance for specific pairs of means, see Appendix 1 . 1 .  

en 
....... 



Table 4.2: Root length (km m-2) for three soil depths and two g razing managements determined by intact core sampling for period 
January 1 987 to January 1 988 (Experiment 2) .  

Grazing Soil Depth Harvest 
S.E. 1 S .E .2 (mm) 2 3 4 5 6 7 8 9 1 0  MEAN 

LL 
0 - 70 49.2 52.0 58.4 67.0 68.8 54.5 72.4 52.0 37.9 56.9 4.8 4.7 
70 - 250 1 5. 1  20.6 20.0 21 . 1  2 1 .0 1 2.9 21 . 1  25.2 1 8.2 1 9.5 0.5 1 .8 
250 - 600 6.3 8. 1 5.7 2.6 - - - 6.0 6.9 6.2 1 .8 1 .0 

HH 
0 - 70 45.3 49.0 51 .0 63.0 52.3  40.8 63. 1 53. 1  37.7 50.6 4.8 4.7 
70 - 250 1 5.7 1 7.4  1 9.0 20.5 21 .4 1 1 .2 20.5 24.2 1 5.2 1 9.5 0.5 1 .8 
250 - 600 7.0 8.8 6.2 4. 1 - - - 5.3 5.9 6.4· 1 .8 1 .0 

MEAN 
0 - 70 47.3 50.5 54.7 65.0 60.5 47.7 67.8 52.5 37.8 53.4 3.4 3.4 
70 - 250 1 5.4 1 9.0 1 9.5 20.9 21 .2 1 2.0 20.8 24.7 1 6.7 1 8.9 0.4 1 .3 
250 - 600 6.7 8.4 5.9 3.3 - - - 6.6 6.4 6.3 1 .3 0.7 

1 .  Standard error appropriate for comparing grazing managements averaged over time. 
2. Approximate standard error for compari ng means of different harvests within the same g razing treatments. This standard error 
derived from split-plot in time analysis, and subject to confi rmation of significance for specific pairs of means, see Appendix 1 . 1 .  

m 
(X) 



Table 4 .3 :  Mean root diameter (mm) for i ntact core samples from three soil depths and two grazing managements for period 
January 1 987 to January 1 988 (Experiment 2) .  

Grazi ng Soil Depth Harvest 
(mm) 2 3 4 5 6 7 8 9 1 0  MEAN S.E. 1 S.E.2 

LL 
0 - 70 0.378 0.334 0.305 0.299 0.281 0.282 0.250 0.297 0.332 0.302 0.01 7 0.0 1 0  
70 - 250 0.303 0.265 0.262 0.242 0.235 0.262 0.21 4 0. 1 95 0.250 0.247 0.01 0 0.009 
250 - 600 0.276 0.275 0.229 0.287 - - - 0.241 0.244 0.256 0.009 0.01 7 

HH 
0 - 70 0.385 0.327 0.332 0.300 0.289 0.302 0.258 0.279 0.301 0.302 0.01 7 0.01 0 
70 - 250 0.282 0.250 0.258 0.252 0.21 0 0.286 0 .21 4 0. 1 84 0.238 0.241  0.01 0 0.009 
250 - 600 0.248 0.240 0.284 0.259 - - - 0.226 0.227 0.246 0.009 0.01 7 

MEAN 
0 - 70 0 .381 0.331 0.31 9 0.299 0.285 0.292 0.253 0.288 0.31 7 0 .302 0.01 3 0.008 
70 - 250 0.292 0.258 0.260 0.246 0.222 0.274 0.21 4 0. 1 89 0.244 0.244 0.007 0.006 
250 - 600 0.262 0.258 0.257 0.273 - - - 0.234 0.236 0.251 0.006 0.01 2 

1 .  Standard error appropriate for comparing grazing managements averaged over time. 
2. Approximate standard error for comparing means of different harvests within the same grazing treatments. This standard error 
derived from split-plot in  time analysis, and subject to confirmation of significance for specific pairs of means, see Appendix 1 . 1 .  

m 
CO 
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4.3.1 .2 Data from refi lled core sampling 

For refil led core results, only apparent root growth rates (kg ash-free root OM 

ha-1 day- 1 ; Figure 4.4, page 71 ; Table 4.4, page 72) and mean root diameter 

(Table 4.5, page 71 ; Figu re 4.5, page 71 ), are presented, together with some 

data from refi l led cores left for two harvest intervals. Refilled core root length 

data have been omitted because they rather �losely m irror root mass (Table 

4 .4 ) ,  and do n ot add anyth i ng to d iscussion of the results. A summary of 

resu lts of analysis of variance for refi l led core root length data appears i n  

Appendix 4, however. 

Seasonal variation i n  apparent root g rowth rate calculated from refil led core 

data (Figure 4.4, Table 4 .4) resembled a seasonal pasture g rowth curve, but 

with values about 1 0% - 20% of those expected for above g round herbage 

accumulation, and ranging from 1 .5 kg OM ha-1 day-1  in  June/July (Harvest 6) 

to 1 0.2 kg OM ha-1 day- 1  in February (Harvest 3). These seasonal changes 

were h ighly sig nificant (F1 ,6 = 72, P < 0.001 ) when plot means for apparent 

root production for Harvests 5 & 6 were analysed with corresponding means 

for Harvests 7 - 1 0) .  The relationship between these values for root production 
and above g round tissue turnover is examined and discussed i n  Section 7.2.2. 

Di fferences in root g rowth due to g raz ing management were again smal l .  

Averaged over the  9 harvests for  0 - 250 m m  soi l  dept h ,  values for root 

production were 6 .8 kg OM ha-1 day- 1  (F1 ,3 = 0.04, NS) for both LL and HH 

plots (Table 4.4) .  As with intact core samples (Section 4.3. 1 . 1  ) ,  there were no 

s i g n i f icant  g razi n g  manag e m e nt x t i me i nte racti ons fo r appare nt root 

production. 

Seasonal changes in  diameter of the new roots were seen even more strongly 

in refi l led cores than in  intact cores (Figure 4.5) ,  with values greatest in mid 

winter and fal l ing sharply in spring (Mean values for new roots in  0 - 70 mm 

soil depth were 0 .336 mm and 0 . 1 82 mm fo r Harvests 6 & 9 respectively, 

Table 4 . 5 ;  F 1 ,6 = 1 03 ,  P < 0 . 0 0 1  ). There was no evidence that g razi ng  

management influenced diameter o f  new roots in  refi l led cores. 
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Figure 4 .4 :  Seasonal and grazing management variation in apparent root growth rates (kg OM 
ha-1 day-1 for 0 - 250 mm soil depth ; LL , HH - - - -). G = standard 
error for grazing effects averaged over time; S = standard error averaged over time, for mean 
of LL & HH plots at individual harvests. 
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Table 4 .4 :  Apparent root product ion (kg OM ha- 1  day- 1  ash-free OM)  for three soil depths and two g razing managements 
determined from refilled core samples for period January 1 987 to January 1 988 (Experiment 2) 

Grazing Soil Depth Harvest 
S.E. 1 S.E.2 (mm) 2 3 4 5 6 7 8 9 1 0  MEAN 

LL 
0 - 70 4.3 7.6 3 . 1  2.3 1 .2 6 . 1  4.2 6.8 5.9 4.6 0.4 0.9 
70 - 250 1 .8 3.3 1 .4 0.9 0.6 2.0 2.0 4.6 2.8 2.2 0.3 0.6 
250 - 600 1 . 1 0 .6 0.4 0. 1 - - - 2.4 1 .4 1 . 1 0.3 0.4 

HH 
0 - 70 3.8 6.0 3.6 0.9 0.9 5.8 4.8 7.8 7.7 4.6 0.4 0.9 
70 - 250 2 . 1  3 .4 1 .8 0.4 0.4 2.6 2.8 3.5 3 . 1  2 .2  0.3 0 .6 
250 - 600 1 .9 0 .8 0.6 0.1 - - - 1 .8 3.0 1 .4 0.3 0.4 

MEAN 
0 - 70 4.0 6 .8 3 .3 1 .6 1 . 1 6 .0 4.5 7.3 6.8 4.6 0.3 0.6 
70 - 250 1 .9 3 .4 1 .6 0.6 0.5 2 .3 2.4 4.0 2.9 2 .2 0 .2 0 .4 
250 - 600 1 .3 0.6 0.5 0. 1 - - - 2.2 2.2 1 .2 0.2 0.3 

1 .  Standard error appropriate for comparing grazing managements averaged over time. 
2. Approximate standard error for comparing means of different harvests within the same grazing treatments. This standard error 
derived from split-plot in time analysis, and subject to confi rmation of significance for specific pairs of means, see Appendix 1 . 1 .  
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Table 4 .5 :  Mean root diameter (mm) for refi l led core samples from two soil depths and two grazing managements for period 
January 1 987 to January 1 988 (Experiment 2) . 

Grazing Soil Depth Harvest 
S.E . 1 S .E .2 (mm) 2 3 4 5 6 7 8 9 1 0  MEAN 

LL 
0 - 70 0.277 0.261 0.242 0.241 0.347 0.307 0.228 0. 1 89 0.260 0.261 0.0 1 7  0.01 4 
70 - 250 0.21 6 0.285 0.292 0.256 0.250 0.31 3 0. 1 99 0. 1 75 0.220 0.245 0.01 0 0.0 1 4 
250 - 600 0.237 0.242 0.289 0.202 - - - 0. 1 87 0. 1 64 0.2 1 8 0.01 9 0.01 9 

HH 
0 - 70 0.277 0.250 0.285 0.228 0.325 0.301 0. 1 96 0. 1 95 0.238 0.255 0.01 7 0.0 1 4 
70 - 250 0.223 0.250 0.259 0 .255 0.282 0.3 1 3  0.201  0. 1 70 0.21 1 0.241 0 .01 0 0 .0 1 4  
250 - 600 0.236 0.220 0.266 0 . 1 29 - - - 0. 1 76 0.204 0.2 1 5 0.01 9 0.01 9 

MEAN 
0 - 70 o .2n 0.255 0.264 0.235 0.336 0.303 0.21 2 0. 1 95 0.246 0.258 0.01 2 0.01 0 
70 - 250 0.220 0.268 0.275 0.258 0.266 0.31 3 0 .200 0. 1 72 0.2 1 6  0.243 0.007 0.01 0 
250 - 600 0.237 0.231 0.276 0. 1 66 - - - 0. 1 83 0. 1 81 0.21 7 0.01 3 0.01 3 

1 .  Standard error appropriate for comparing grazing managements averaged over time. 
2.  Approximate standard error for comparing means of different harvests within the same grazing treatments. This standard error 
derived from split-plot in time analysis, and subject to confi rmation of significance for specific pairs of means, see Appendix 1 . 1 .  

......... w 
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The tendency for an increase during winter in the proportion of total root mass 

o r  length found in the upper soil horizon was again evident. For example, the 

ratio apparent root production (0 - 70 mm soil depth) :  apparent root production 

(250 - 600 mm soi l  depth) i ncreased from 6 at Harvest 2 to 22 at Harvest 4 

(Table 4.6). Again,  the ratio refi lled core root length (0 - 70 mm soil depth) :root 

length (70 - 250 mm soil depth) showed a clear winter maximum (Figure 4.6) ,  

except for Harvest 6 where the ratio is lower reflecting  low root production 

values (Table 4.4) and larger diameter roots ("T:"able 4.5) for the 0 - 70 mm soil 

depth at this time. 

Table 4.6 : Ratio apparent root production for 0 - 70 mm soi l  depth : apparent 
root production for 250 - 600 mm soil depth. 

Harvest 
Grazing 2 3 4 5 9 1 0  
Management 

LL 8 1 5  1 5  1 8  3 9 
H H  4 1 7  27 1 5  4 3 

Mean 6 1 6  22 1 6  4 6 
LSR of Mean 1 .7 1 .7 2.4 1 .5 1 .5 1 .3 

1 .  LSR = least significant ratio (Steel and Torrie ,  1 981 ) derived from standard 
error of log-transformed data. 

F i g u re 4 . 6 :  Seas o n al c h a n g e  i n  rat i o  of  ref i l l e d  co re root l e n gth  for  

upper:middle soil depths (0 - 70 mm :70 - 250 m m). 
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Est imated root turnover t ime (Sect ion 3.4. 1 )  was calculated for the 70 - 250 

mm soil depth ,  and showed pronounced seasonal variation ,  but no statistical ly 

s ign ificant diffe rences between g razi ng management treatments (Table  4.7) .  

The calculation was based on values for the 70 - 250 mm soi l depth ,  because 

i ntact core results for th is depth had lower co-efficients of variation and showed 

cleare r evidence of t reatment effects, than d id val ues for the 0 - 70 m m  soi l  

depth (Table 4. 1 ,  Appendix 4) .  Also there was evidence (Appendix 2.6) that 

refi l l ed  co re data fo r the  0 - 70 mm soi l  dept h  u nderest imated actual root 

production more than data for the 70 - 250 mm soil depth. 

Table 4 .7 :  Estimate of root turnover time (Days) derived from ratio i ntact core 
root mass : refi l led core root mass (70 - 250 mm soil depth) .  

Harvest 
Grazing 2 3 4 5 6 7 8 9 1 0  

LL 555 3 1 1 660 984 1 326 269 3 1 1 1 69 342 
HH 392 227 475 2741 1 9 1 1 226 23 1 1 60 1 96 

Mean 473 269 568 1 862 1 61 8  247 271 1 65 269 
SEM. 96 1 7  93 622 399 27 38 42 59 

In o rder to obtain a we ighted mean value  for replacement t ime, the 72 data 

used to compi le the  means presented in Table 4 .7  were log-t ransformed, a 

Fo u ri e r  equat i o n  f i t ted (Lambe rt et al. , 1 986 ) ,  and t h e  co nstant back­

transformed . Since a l l  s ine and cosi ne terms in  the Fourier  equation sum to 

zero when  the cu rve is i nteg rated ove r  a 360 degree (annual)  cyc le ,  the 

constant represents the mean root replacement ti me. The value so obtained 

was 650 days (SE ± 72 Days). 

When placing ref i l led cores fo r Harvests 1 ,  2, and 4 ;  additional refi l led cores 

were placed and harvested approximately 80 days later at Harvests 2, 3 ,  and 

5 ,  respectively .  Mean apparent root g rowth rates for the 8 LL and HH plots 

were 3 .8 ,  5 .9 and 1 .5 kg OM ha-1  day-1 for 80 day periods preceding Harvests 

2, 3 ,  and 5, respectivel y .  These val ues are only 60% to 70% of mean values 

for correspondi ng 40 day periods (Table 4 .4) ,  suggesti ng that by the t ime the 

refi l led cores had been in  place 80 days, much of  the root formed in  the fi rst 40 

days had al ready died and decayed. 
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Fi nal ly, there was possible evidence that root g rowth into refi l led cores for 

H arvests 2 & 3 exh ibited a g razi ng management x soi l  depth i nteraction .  

Refi l led core data for Harvests 2 & 3 appeared to indicate a higher proportion 

of total new root g rowth in the 0 - 70 mm soil depth for the LL-grazed plots, but 

i n  the 70 -250 mm soil depth for the HH-grazed plots. This interaction was not 

statistical ly significant when data for Harvest 2 or 3 were analysed individual ly, 

but approached sign ificance when values for the two harvests were averaged 

( F 1 , 6  = 4 . 9 ,  P = 0 .07) . lt was t h o u g ht t h is i nteracti on m i g ht be due to 

d iffe rences between LL & HH plots in soi l  moisture distribution  with depth . 

Some gravimetric soil moisture measurements had been made on 3 December 

1 986, and these are diagrammatically represented in Figure 4.7. 

F i g u re 4 . 7 .  G rav i metr ic so i l  mo istu re levels fo r LL and H H  p lots on 3 

December 1 986 . Data are for 0 - 1 00 mm and 1 50 - 250 mm soil depths. 

LL 

NS 
I 
I 0 - 1 00 mm soil depth 

- - - - - - - - r-- - - - - - - - -
1 

· - - - - - - - . - - - - - - - -

p < 0. 1 0  
1 50 - 250 mm soil depth 
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4.3.2 Introduction of cross-over LH and HL grazing managements 

I ntact co re root mass , l e n gt h  and diameter fo r Harvests 1 0  and 1 2  are 

p resented i n  Table 4 .8  (page 78) ,  and refi l l ed core root mass and mean 

diameter in  Table 4.9 (page 79). 

For this period, there was evidence of a contif)ued decline in  intact core root 

mass. For 0 - 600 mm soil depths, intact core root mass for Harvests 1 0  & 1 2  

was 31 08 and 2642 kg AFDW ha-1 , respectively (S.E .  = 1 08, F1 1 2  = 9.4, P = 
' 

0.01 ) and the tendency for roots in  70 - 250 mm and 250 - 600 mm soil depths 

to have finer mean diameter than those for the 0 - 70 mm soil depth (Section 

4 . 3 . 1 . 1 )  was confi rmed . There were no stat istical ly  s ign i ficant differences 

between grazing managements for intact core root mass, root length or mean 

diameter (Table 4.8) although there were s ign ificant grazi ng management 

effects on apparent root production in this period (Table 4.9). 

At Harvest 1 0 , root p roduct ion  fo r H L  plots  was h i g h e r  t han fo r o ther  

treatments and this observation coincided with the  appearance of  numbers of 

seed heads in late Dece mber  1 987/January 1 988,  after these plots were 

switched from hard to lax g razi ng on 7 December  1 987 (Section 5.3.3.2) .  At 

H arve st 1 2  hard-g razed plots ( H H  and L H )  had si g n i f icant ly less  root 

production than lax-grazed (LL and HL) treatments, and values for LH plots 

averaged only 79% of those for H H  plots (Table 4.9 ) ,  although this difference 

between LH and HH plots was not statistically significant. 



Table 4 .8 :  Root mass (AFDW, kg OM ha- 1 ) ,  root length (km m-2) and mean root diameter for i ntact core samples at Harvests 1 0  & 1 2. 

Grazing management 
LL HH LH 

H . 1 0  H . 1 2  H . 1 0  H . 1 2 H . 1 0  H. 1 2  
Root mass 

Soil depth (mm) 
0 - 70 26 1 2  1 779 21 98 2258 1 841 1 741 
70 - 250 705 4 1 7 544 321 623 377 
250 - 600 253 335 1 95 331 352 233 

Root length 

Soil depth (mm) 
0 - 70 37.9 33.5 37.7 36. 1 36. 1 28.2 
70 - 250 1 8.2  9 .3  1 5.2 6 .6 1 8.9 9.2 
250 - 600 6 .9 7 .7 5.9 8.5 9 .9 5.5 

Mean root Diameter 

Soi l depth (mm) 
0 - 70 0.332 0 .293 0.301 0 .31 5 0 .292 0.3 1 5 
70 - 250 0. 250 0 .275 0 .238 0.275 0 .231  0.257 
250 - 600 0. 244 0 .264 0. 227 0.256 0 .242 0. 274 

HL 

H. 1 0  H . 1 2 

21 73 1 905 
71 5 572 
2 1 9  300 

36.3 33.5 
1 5.7  1 1 .8 
6 .3  6 .9  

0 .309 0.301 
0.268 0 .280 
0 .237 0 .255 

S .E .M. 

H .  1 0  H . 1 2 

341 1 73 
1 08 70 
5 1  98 

6. 1 2.9 
3 .3  1 .3 
1 .6 2.0 

0 .0 1 6  0 .01 4 
0 .01 0 0.01 2 
0 .01 0 0.01 7 

Signif. 

H . 1 0  H . 1 2  

NS 
NS 
NS 

NS 
NS 
NS 

NS 
NS 
NS 

NS 
NS 
NS 

NS 
NS 
NS 

NS 
NS 
NS 

-.....! 
(X) 



Table 4 .9 :  Apparent root production (kg DM ha- 1 day- 1 ) and mean root diameter for refi l led core samples at Harvests 1 0  & 1 2. 

Grazing management 
LL HH LH 

H . 1 0  H . 1 2 H . 1 0  H . 1 2  H . 1 0  H . 1 2  

Root production 

Soil depth (mm) 

0 - 70 5.9 2 .3 7.7 1 .3 7.2 1 .0 
70 - 250 2 .8 1 . 4 3 . 1  0 .7 3 .3  0 .5  
250 - 600 1 . 4 2 .7 3 .0 1 .2 1 .2 1 . 1 

Mean root Diameter 

Soil depth (mm) 

0 - 70 0 .260 0 .329 0 .238 0 .340 0 .240 0 .330 
70 - 250 0 .220 0 .349 0.21 1 0 . 352 0 .305 0.309 
250 - 600 0 . 1 64 0 .273 0 .204 0.280 0 . 1 79 0 .253 

HL S.E .  

H . 1 0 H . 1 2  H. 1 0  

9 .5 2 .7 0 .4 
3 .7 2 .0 0.5 
1 .5 1 .9 0.4 

0 .248 0 .338 0 .005 
0 .227 0.307 0 .029 
0 . 1 69 0.308 0.01 5 

H . 1 2  

0 .4 
0 .3 
0 .7 

0 .01 4 
0 .037 
0.01 4 

Signif. 

H . 1 0  H . 1 2 

* 

NS 
NS 

* 

NS 
NS 

* 

* 

NS 

NS 
NS 
NS 

-...J 
«> 
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4.4 Discussion 

4 .4 . 1  Seaso nal  variati o n  in swa rd root mass, root l e ngth , and root 

diameter ;  and seasonality of root replacement 

There is evidence from other studies that quantity of root under (Baker, 1 957) 

or produced by (Atkinson ,  1 984) a grass sward i ncreases i n  summer and 

decl ines in wi nter, so the reduct ion in root A.FDW (Tables 4. 1 & 4.9, Figure 

4.2a) over the course of the experiment is unexpected and there is no obvious 

exp la n at i o n  for  i t .  The decl i n e  is u n l i ke ly  to be due to t h e  decay and 

disappearance of  dead clover roots as experimental measurements did not 

beg i n  u nt i l  5 months after clover had been sprayed, and dead roots should 

have largely disappeared in that t ime (Gibbs, 1 986). One possibi l ity is that 

conti n u al addit ion of m i neral n i t rogen  as u rea (Appendix 3) affected root 

dynamics, but there is no way to confi rm this. A summer peak i n  the quantity of 

root from i ntact core samples might have been expected given the high values 

for apparent root production in refi l led cores i n  summer (Table 4 .4 ;  Figure 4.4) 

and could have been masked by the gradual decl ine in  total root mass over the 

course of the experiment. For example, the fall i n  total root mass (Fig 4.1 a) is 

most marked in  autumn,  and in spring root mass tended to remain constant. 

Apart from the dec l ine i n  intact core root mass during the experiment ,  the 

features of root production and turnover identified in  this study are : 

1 .  A winter m in imum and spri ng-summer maximum for root production 

(Table 4.4, Figure 4.4) ,  with correspondi ng changes in turnover time 

(Table 4.7). 

2 .  A loss of root from and a reduction of root g rowth at lower soil depths 

i n  winter (Figure 4.6, Table 4.6) .  

3 )  Changes i n  ratio of root for d ifferent soi l depths (Figure 4.3) and in 

mean diameter of  roots from refi l led cores (Figu re 4 .5 ,  Table 4.5) 

i ndicative of a pulse of root replacement in  late winter. 

4)  Evidence from 80-day refi l led core data (Sect ion 4.3. 1 .2), and from 

estimates of turnover time that ryegrass root replacement is probably 

much faster than the 68% per year calculated by Jacques & Schwass 

( 1 956). 
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Also , for Harvests 7 to 1 0 of F igures 4.2b & 4.4, some data differ from those 

publ ished by Matthew et al. ( 1 991  ) ,  as a result of adjustments to the earlier 

calculations. The differences do not materially affect any discussion presented 

i n  the earl ier paper, however. 

The  sharp r ise i n  apparent  root product ion i n  J u ly  (Fi g u re 4 .4 )  and  the 

observation that roots produced at this t ime we,re of larger mean diameter than 

roots produced at other times of the year (Table 4.5) is evidence for an annual 

flush of nodal root in itiation , consistent with patterns reported in the two earl ier 

New Zealand studies (Jacques, 1 956 ; Caradus & Evans, 1 977) and a major 

B ritish study (Garwood, 1 967a) . I ndeed these large diameter new "white" roots 

were visibly conspicuous i n  refi l led cores, particu larly in  the 0 - 70 mm soil 

depth at Harvest 6 and in 0 - 250 mm soil depths at Harvest 7, where the 

presence of these roots is indicated by greater mean diameter (Table 4.5).  

However, previous New Zealand research (Jacques, 1 956 ; Caradus & Evans, 

1 977) has suggested that new root fo rmation in perennial ryeg rass does not 

occu r i n  sum mer. Jacques' ( 1 956) schematic diag ram (which is based on 

unpresented data) shows almost no root activity at al l  in the 0 - 300 mm soil 

depth between December and March , and Caradus & Evans' ( 1 977) data 

shows no root production after October. In contrast, measu rement using the 

refi l led core technique showed continued h igh root production after October 

with a second peak in December (Figure 4.4) .  The view that an annual crop of 

roots commences growth in late autumn,  peaks in late winter, and continues 

g rowth at depth over the summer and into the fol lowing winter (Jacques, 1 956 ; 

Caradus & Evans, 1 977) is therefore not su pported by the data. Rather, it 

would appear that root production in a ryegrass sward is normally continuous, 

but modified by soil conditions at particular depths in the soi l  profile. 

Th us ,  as soi l  conditi ons became moister in wi nter, and presumably also 

hypoxic, it appears that many roots died back (Tables 4.1 , 4.2), and such new 

root g rowth as did occur, was concentrated in the upper port ion of the soil 

profi le (Table 4.6). Then following this annual winter loss of root there was an 

accelerated replacement in  early spring ,  which saw root mass in the 250 - 600 

m m  soil depth restored by early December (Table 4 . 1  ) .  

Jacques (1 956) also noted that deeper roots are in danger of being killed when 

t h e  water  tab le rises i n  w i nte r, a lthoug h he presents no data, and h is  
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schematic diag ram shows root tips at depth remaining active until at least July. 

On the other  hand, the pattern of root g rowt h  reported above (Section 4.3) 

appears s imi lar  to that observed in  Britai n by Garwood ( 1 967b) .  Although 

Garwood ( 1 967b,  1 968) did record peak root production  i n  spring ,  and a 

summer reduction i n  numbers of new roots elongating near the soil surface ; 

the summer reduction was associated with dry soil conditions when g ravimetric 

soil moisture fell to below 1 0% on unirrigated plots and to approximately 1 1 %  

on i rrigated plots (Garwood, 1 965). He  did, �owever, observe at least some 

new roots at all times of the year. 

This g rowth st rategy of conti nuous root tu rnover, modif ied by i mpact of 

seasonal factors, would confer on g rass swards an abi l ity to exploit different 

zones of the soil profile at different times of the year, in response to changing 

conditions of moisture and nutrient supply. 

This study did not closely examine the factors which might be i nfluencing the 

rate of root production at different times of the year, although  the simi larity to a 

pastu re g rowth curve has been ment ioned above (Section 4.3. 1 .2) ,  and this 

suggests that temperature and moistu re are important. lt is also evident that 

high rates of apparent root production at Harvest 9 (Table 4 .4), together with 

low mean diameters for new roots (Table 4.5) ,  coincide with a period of high 

t i l ler appearance (Section 5.3.4.3.2), possibly reflecting a crop of roots from the 

newly formed ti l lers. This would be consistent with enhanced root production 

on RUHE and RUAN plots in Experiment 1 (Section 3.3. 1 .3) ,  where there was 

also evidence that h ig h root product ion was l i nked to h ig h t i l l e ri ng rates 

(Section 3 .4 .3 .2) .  Simi larly, an apparent correspondence between seasonal 

patterns of root appearance is evident if seasonal ti l ler appearance patterns for 

an S23 pere n n i al ryeg rass sward (Garwood,  1 969) ,  are com pared with 

seasonal root appearance patterns (Garwood, 1 967a) , and this l ink between 

seasonal patterns of root and ti l ler appearance has been noted by Garwood 

himself (Garwood, 1 967b). 

lt is l ikely that the value for mean root replacement time of 650 days estimated 

from intact core :refi l led core sample rat ios (Section 4 .3 . 1  .2 ) ,  substantial ly 

overestimates root turnover t ime. Turnover would be overestimated if intact 

core samples contained dead roots in  the process of decomposition ,  and this 

would almost certainly have been the case. Turnover time would also have 

been overestimated if refil led core data underesti mated root production, and 
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calibration of root g rowth in  refi l led cores showed that mean numbers of roots 

arriving at viewing tubes in  refi l led cores in Experiment 3 were approximately 

h alf those arriv ing at pai red v iewi ng tubes i n  u ndisturbed soi l .  Troughton 

( 1 981 ) estimated maximum root longevity for defol iated ryegrass plants at 1 91 

days, and for two studies i nvolving di rect observation, reported longevities of 

ryegrass roots were 61 - 1 88 days (Garwood, 1 967a), and 29 - 81 days (Gibbs, 

1 986) ; and this would seem to confirm that the 650 day value for turnover time 

can be considered to be an overestimate. 

Garwood ( 1 968) reported that the degree of root branching i ncreases and 

mean diameter decreases with i ncreasing temperature. This effect observed 

by Garwood ( 1 968) cou ld explain the i ncrease in mean diameter of new roots 

i n  refi l led co res in  wi nter (Harvests 6 & 7, F igure 4.5) ; but not the sudden 

decrease in mean diameter of refi l led core roots at Harvests 8 & 9, which, as 

noted above might be related to production of smaller diameter roots from new 

t i l lers in early spring .  S imi larly the gradual decl i ne in root diameter of intact 

co re sam ples ove r w in te r (Tab le  4 . 3 )  wou l d  not  be exp la i n ed by the 

temperatu re effect observed by Garwood ( 1 968).  The seasonal change i n  

mean  diameter of roots from i ntact core samples resulted i n  root lengths 

remain ing  relatively constant against a backg round of decl i n ing root mass 

( Figu res 4 .2a,b) .  Further  study to confi rm such effects and examine thei r 

functional significance could be worthwhile. 

4.4.2 Effect of g razing management on root mass, root length, and root 

production 

The concentration of root near the top of the soi l  profi le (Section  4 .3 . 1 . 1 )  

agrees well with many other studies (e.g. Evans, 1 978; Gibbs, 1 986 ; Mackie 

Dawson & Atki nson ,  1 99 1  ). Since earl ier studies have shown that i ncreased 

frequency o r  severity of defol iation decreases root growth (Evans, 1 971  a) ,  

g razi ng management i nduced differences in the proport ion of root i n  the 

various depths might have been expected, but no such differences were found. 

In general the evidence from this study is that any reduction in quantity of root 

under more severe g razing occurs th roughout the soil profi l e  in  proportion to 

the quantity of root at a g iven depth. 

Previous studies of effects of defol iation on root systems of g rasses have 

fou nd effects of defol iation to be large (Troughton,  1 957; Evans, 1 973) and 
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i mpo rtant i n  determi n ing he rbage productivity (Evans, 1 97 1  a ,b  1 976) .  lt is 

suggested that the relatively small d iffe rence in root parameters between LL 

and HH plots in this study (Sect ions 4 .3 . 1 . 1  & 4.3. 1 .2) can be explai ned in  two 

ways. 

F irst, although LL and HH plots were consistently g razed to differing residual 

h e rbage masses,  t he re was compe nsat ion  wi th i n  t he  sward so that t he  

d i fference in  mass was found largely i n  t he  s�ubble component ,  and both LL 

and HH grazing managements developed very simi lar values for leaf mass and 

LA I (Sect ion 5 .3 .3 . 1 ). Secondly ,  many of t he  earl i e r  stud ies used seedl i ng 

plants and/or combinations of frequency and i ntensity of defol iation much more 

severe than that applyi ng to g razed swards i n  the f ield. Both these points are 

of critical importance when considering the l ikely i mpact of defol iation on root 

g rowth . Partit ion ing of ass imi late to the root system in establ ish ing seedl ings 

can be of the order of 50% of total assimilate, whereas in establ ished swards 

th is decreases to 7% (Ryle ,  1 970) but rang ing from 5% to 1 5% on a seasonal 

basis (Pa rsons & Robso n ,  1 981  b ) .  l t  t he refo re fo l l ows that defo l iat ion i n  

seedl i ng plants would cause a much more d ramatic reduction  i n  root growth 

than would defol iation in establ ished swards, and th is should be borne in mind 

when interpret ing impl icat ions fo r farm practice of earl ier  resu lts from studies 

on young plants. 

S im i larly, in g razed swards defol iation is normal ly rather less severe than that 

ofte n app l ied du ri ng i ndoor  studies .  Fo r example Evans ( 1 972) defol iated 

plants every two days to heights of 25, 50 and 75 mm, whereas on farms using 

rotational management typical g razing intervals are 1 5  - 20 days in periods of 

rapid pastu re g rowth and as long as 60 - 1 00 days in winter ;  and stubble he ight 

would seldom be less than 50 mm and often longer. Alternatively, under more 

conti nuous management reg imes grazing i nterval for any one ti l ler  is ! ikely to 

be around 1 0  days (Hodgson & Ollerenshaw, 1 969 ; Arosteguy, 1 982) and only 

a proportion of the total leaf area is removed at any one g razi ng .  This situation 

more nearly equates to Evans' (1 971 a, b) defo l iat ion to 1 00 mm every two 

days, whe re relatively mi nor reductions in root growth were observed. 

This study therefo re shows that major effects o n  root g rowth  as a result of 

g razi ng management p redicted by Evans ( 1 976) cou ld on ly  be expected i f  

defo l iat ion  were much more seve re than normal l y  occurs i n  farm practice. 

Thus ,  wh i l e  i ncreased g raz ing  pressure in HH plots (relative to LL plots) did 
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consistently reduce root growth in this study, that effect does not appear to be 
l arge enough to offer significant opportunity to manipulate root growth through 

differential grazing management. 

The reason for the higher root production on HL plots in conjunction with seed 

head formation after release from hard grazing (Section 4.3.2) is unclear. This 

is consistent with a similar increase on RUHE and RUAN plots in Experiment 3 

(Sections 3.3 . 1 .3 & 3.4.3. 1 )  which was thought. to be possibly due to increased 

supply of assimi late associated with high photosynthetic uptake reproductive 

swards (Parsons & Robson, 1 981 b) .  On the other  hand,  if increased root 

growth of reproductive swards is driven by increased assimilate, then h igh root 

growth might also have been expected on LL plots during the main flowering 

period in November (Harvest 9), and no such effect is evident in  the results. 

4.4.3 Effects of cross-over grazing management treatments 

Data from th is phase of Experiment 2 largely confi rm the findings (Sections 

4.4. 1 , 4.4.2) from the fi rst phase of the experiment. Root production was h igh 

in  summer (Harvest 1 0 )  and fe ll to ve ry low values by May (Harvest 1 2) and 

grazing management effects on root mass were relatively smal l .  

The low root product ion  on hard-g razed plots m ay relate to more severe 

grazing pressure inadvertently appl ied when sheep removed more herbage 

than expected , reduci ng herbage mass to approximately 500 kg D M  ha-1 , 

duri ng two consecutive g razi ngs immediately prior  to Harvest 1 2 . This may 

indicate that more substantial reductions in root g rowth predicted by Evans 

(1 976) could occur in field swards subjected to more frequent and or severe 

grazi ng pressure than that applied to HH plots in the current study. 

The very low rate of root production at Harvest 1 2  on the LH plots is hard to 

u n d e rstand , g ive n t h e  h i g h  rates of new t i l l e r  format i o n  and h e rbag e 

accumulation observed on this treatment (Sections 5.3.3, 5.3.4) .  lt is possible 

that Harvest 1 0  (January 1 988) might have been too early, and Harvest 1 2  

(May 1 988) too late to detect roots formed by new tillers on the LH treatment. 

I nc reased root format ion  fo l lowing reproductive growth was detected i n  

Experiment 1 i n  a n  early February harvest, but not i n  a January harvest. 

Another possibi l ity is that roots on decapitated , flowering,  parent t i l lers might 

rem ain  alive for a period, supplying thei r daughter til lers and allowing a higher 
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percentage of assimi late to be partitioned to leaf production on the new ti l lers. 

Such an effect does appear to occur with prairie g rass ( Bromus willdenowii 
Kunth ;· C. K. Black, personal communication) ,  and has also been suggested as 

an explanation for behaviour of perennial ryegrass by Garwood (1 969). If such 

an effect does occur, this would indicate a possible way to alter temporarily the 

allocation between root and shoot, and effectively shift some allocation from 

below g round to above g round,  where it m i g ht be expressed as he rbage 

production. 

4.4.4 Influence of soil moisture level on root g rowth 

Conditions were dry e noug h in  December 1 986 for pastures to begin  to turn 

brown, and it is l ikely that low soil moisture levels at this time explain the fact 

that root growth in refi l led cores at Harvest 2 (6.0 kg DM ha-1  day- 1  averaged 

over HH and LL plots, Figure 4.4) was lower than at either  Harvest 1 (7.9 kg 

O M  ha-1 day- 1 averaged over LL and HH plots) or Harvest 3 (1 0 .2 kg OM 
ha- 1 day- 1 averaged over LL and HH plots, Figure 4.4). 

In additi on it has been wel l  documented (Haylock, 1 987) that soi l  moisture 

l evels decrease more qu ickly at depth u nder  unmown swards than u nder 

swards mown short. Haylock (1 987) estimated evapotranspi ration on a loessial 

soil similar that used in the current experiment as being 2.7, 3 .4  and 3 .5  mm 

d ay- 1 for short ,  med i u m  and l ong g rass respective ly ,  ove r t h e  pe r iod 

November 1 985 to Apri l  1 986. He also showed that a differential soil moisture 

deficit developed g radually over a summer measurement period, and that by 

late summer volumetric soil moisture at 400 mm soil depth was more than 1 0% 

higher on plots mown short than on unmown plots. 

I n  this experiment,  g ravimetric soil moisture data for early December 1 986 

(Section 4 . 3 . 1 . 2 )  appears to ind icate the deve lopment of d iffe re ntial soil 

moistu re leve ls u nder LL and HH plots s imi lar to those recorded by Haylock 

( 1 987) , with HH  plots having higher soil moisture levels at depth.  The evidence 

from some further soil moisture measurements in summer of 1 987/88 was that 

in  addition to the lower soil moistu re levels at depth , LL plots had higher soil 

moisture levels in the 0 - 70 mm soil depth than HH plots. This effect was not 

detected in the December 1 986 measu rements, however, probably because 

1 0.7 mm rain fell 4 days prior to determination of soil moisture content. 
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Although the  evidence for a difference i n  soi l  moisture levels on LL and HH 

p lots is n ot conc l us ive , i t  seems reasonable to  assume that so i l  moisture 

differences s im i lar to those documented by Haylock ( 1 987) did exist in  early 

December  1 986,  and cont i nued to deve l op  t h rough  Decem b e r  1 986 and 

January 1 987, when rai nfal l was much less than evapotranspiration (Figure 

4 . 1  ) . If root g rowth is  sensit ive to d i ffe re nces i n  soi l  moisture leve l ,  such 

differences cou ld therefore explain the g razing x soil depth interact ion whereby 

apparent root g rowth for the 70 - 250 mm soi l_ depth was h igher on HH plots 

than on LL  p l ots ,  despite lower total root g rowth on HH plots (Table 4.4, 

Section 4.3 . 1 .2) .  However, a further study designed specifical ly  to substantiate 

th is would be desirable .  

4.5 Summary 

1 .  This experi ment provides more comprehensive data on variat ion in  ryegrass 

root mass and root p roduction with season than any previous New Zealand 

study, and provides the fi rst f ield data on effects of g razing management on 

root growth .  

2.  The annua l  f lush of  root product ion  in  late wi nter (August - September) 

reported by Jacques ( 1 956), and by Caradus and Evans (1 977) is confirmed, 

but contrary to those previous studies ,  root production remained h igh  over 

summer, except in  periods of soi l  moisture deficit. 

3 . Over the range of g razing management regimes studied, effects of grazi ng 

management o n  the root system were found to be relatively smal l .  Because 

normal farm practice is un l ikely to i nvolve either laxer or more severe grazing 

than the LL o r  HH  reg i mes used in t h i s  study , it is concluded that use of 

grazing management to manipulate the root system of grass swards is unl i kely 

to  l e ad to a n y  effect i ve  st rat e g y  to syste mat ical l y  i nc rease h e rbage 

accumulat ion .  

4 .  Further study of effects of grazing on  vertical distribution o f  soi l  moisture and 

consequent effects on root growth ,  of the causes and impl ications of seasonal 

changes i n  root diameter, could be reward ing .  
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CHAPTER 5 :  ABOVE-GROUND MEASUREMENTS - TILLER DYNAMICS, 

H E R B AG E  M ASS & H E R B AG E  ACCU M U LAT I O N ,  A N D  

OTHER RESULTS. 

5.1 Introduction and overview 

The second objective of this study (Sect io n · 1 .2) was to monitor above­

g ro u nd behaviou r of swards i n  conju nct ion with the root m easu rements 

reported in Chapter 4, and to examine the relationship between  above- and 

below-g round dynamics. 

This chapter  reports t i l ler popu lation densities, t i l ler  appearance and death 

rates ,  a n d  he rbage accumu l at i o n  meas u re m e nts ca rr i ed  o ut d u ri ng 

Experiment 2 .  I n  the cou rse of the experiment it was real ised that stolon 

formation is  an important aspect of ryegrass ecology, so measurements on 

quantity of stolon present were commenced . These are also reported i n  this 

chapte r, as are other non-root data col lected duri ng Experiment 2, such as 

i nformat io n  on t he  extent of so i l  fe rt i l ity transfer with i n  p lots by g razing  

animals. 

Th e q u e st i o n  of root/shoot  re l at i o ns is add ressed i n  C ha pt e r  7 ,  i n  

conjunct ion with root and ti l le r  dynamics data from a fol low-up expe ri ment 

reported i n  Chapter 6. 

5.2 Experimental 

Detai ls  of exper imental site and design have been reported i n  a previous 

chapter (Sections 4.2.2, 4.2.3) .  Methods used to provide above-ground and 

other  data supporting root measu rements presented in  Chapter 4 are now 

described briefly .  

5.2.1 Soil  fertil ity transfer through grazing behaviour 

When ferti l ity t ransfer to the centre of plots became evident (Section 4.2.4) 

soi l  samples were col lected from both centres and edges of the 1 6  plots on a 

sp l it p lot bas is  and analysed for  Olsen P ,  K (meq%) , Ca ( meq%) , Mg 

(meq%), and pH.  Sampling date was 3 August 1 987. Olsen P was analysed 
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as an indicator of soil ferti l ity t ransfer through dung deposit ion, and soi l K as 

an indicator of ferti l ity transfer th rough urine deposition .  lt is reasonable to 

assume that g radients i n  so i l  N would also have existed (Matthew et al. , 
1 988), though no attempt to measure these was made. Other cations (Ca, 

Mg) and pH were analysed as part of a standard laboratory procedure for 

p rocessing soi l  samples, rather  than because diffe rences were expected. 

Data were analysed using the ANOVA command of M IN ITAB, as a split-plot 

randomised complete block design (column effects in the Latin square were 

not signif icant and were pooled with the error) . Plot posit ion (centre/edge) 

was entered into the analysis as a random effect. 

5.2.2 Stolon development 

The term "stolen" is used here to describe underg round stem segments of 

ryegrass t i l lers,  from which adventitious roots and new ti l lers arise. The term 

stolen is normal ly appl ied to horizontal stems formed by internode elongation 

above g ro u nd ,  and certai n g rasses, for example creepi ng bent (Agrostis 
stolonifera L. )  are wel l  known for t h is g rowth habit .  Though formation of 

stolons i n  ryeg rass has been described by a number  of authors i ncludi ng 

Harris et al. ( 1 979) and Korte & Harris ( 1 987) ; ryegrass is not usually l isted 

among species with a stoloniferous habit, probably because the stolons are 

located underground, and tend to be orientated vertically and are relatively 

short (20 - 30 mm) and therefore easi ly overlooked. 

D u r i n g  t he p l a n n i n g  of t h e  e x p e ri m e nt n o  p rov is io n  was m ade  fo r 

measure ments of sto len formation  because few p revious studies mention 

this aspect of ryegrass ecology. However, during measurements at Harvest 

1 it quickly became apparent that root samples for the 0 - 70 mm soil depth 

co ntai n e d  appreciab l e  quant i t ies  o f  u nderg rou nd stem o r  sto len .  Fo r 

Ha rvests 1 to  4 th is  material ,  m uch  of wh ich was d ry and dead , was 

d issected out from root samples and discarded.  Then,  at Harvest 5 active 

format ion of new sto lons was clearly evident after  g rowing points of most 

t i l l e rs became buried by as much as 1 0  - 1 5  m m  by earthworm activity 

following autumn rains. In view of this active stolen formation  it was decided 

to make measurements on stolen length. 

For harvest 5 total sto len length was measured, and at futu re harvests two 

s u b-cat e g o ri es of  sto l e n ,  s mooth i nte rnode  ( I )  seg m e nts  and  rou g h  

segments with numbers o f  nodes and assoc iated leaf scars and roots 
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closely spaced ("vascular" - V) segments were determined. Korte and Harris 

( 1 987) note that these stems are stolons rather than rhizomes, because of 

their morphology, even though they typical ly are found underground. For the 

same reaso n they are reported here with above-ground measureme nts, 

rathe r  t han  w i th  root meas u reme nts  i n  C h apter  4 .  Sto l e n  d ata  fo r 

successive harvests were analysed statistical ly  as spl it plot i n  t ime sub­

t reatments of LL and H H  main-treatments. I n  addit ion to sto len  length 

measurements, on  1 6  October 1 987 the distance of the growing point above 

or below g round level was measured for 3 ti l lers i n  each of 3 l ocations on 

each plot (9 t i l lers per plot) .  The 3 locatio ns were centre (C) and edge (E)  

(Section 5.2. 1 ) of  each plot, and (M) mid way between centre and edge. As 

with soil ferti l ity tests (Section 5.2 . 1  ), C, M, and E locations were treated as 

random, spl it-plot effects for statistical purposes. Ti l lers for determination of 

g rowing point height were randomly chosen usi ng a point analysis frame. 

5.2.3 Herbage mass and herbage accumulation 

For Harvests 1 - 6 herbage mass was determined at each harvest to assist 

i n  keeping LL and HH g razing managements within specified target values. 

Ryegrass leaf, vegetative stem, reproductive stem ( i f  present) and other 

g rass com po nents of total herbage m ass were determined by herbage 

d i ssect i o n .  S pec i f ic  l eaf a rea was a lso  determ i n ed at Harvest 2 and 

subsequently, and sward leaf area i ndex (LAI )  calcu lated. From Harvest 7 

onwards, herbage mass was determined before and after each g razi ng to 

enable calcu lat ion of herbage accumulation rates. For this latte r  period leaf 

product i o n  and  senescence and daug hte r  t i l l e r  p roduct io n  were also 

determined i ndependently at strategic i ntervals by tissue turnover techniques 

(Davies, 1 98 1 ) as part of an independent study (Xia, 1 991 ) . 

I ntensive measurements were made for the period between Harvests 9 and 

1 0. Grazing dates for LL, HH ,  LH and HL plots over this period are shown i n  

Table 5. 1 ,  and herbage mass was measured before and after each g razing 

to al low calculat ion of herbage accumulation .  Tissue turnover measurements 

were made on a l l  p lots during  each i nterval between g razings .  This data 

formed part of a separate study and has been presented i n  detai l by Xia 

( 1 991  ), however a summary is included here ,  also. 
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Table 5 . 1 : G razing dates ( I )  for LL, HH,  LH and HL plots, December 1 987 to 
January 1 988. 

Grazing 7 Dec 
Date 

21 Dec 28 Dec 6 Jan 1 8  Jan 
--------------------------------------

LL 

HH 

LH 

H L  

Herbage mass m easurements to enable calculat ion of herbage accumulation 

were agai n m ade between Harvests 1 1  and 1 2 . In conjunct ion  with these 

measurements, t issue turnover measurements were made on tagged t i l lers i n  

fixed quadrats .  This enabled comparison o f  herbage production potentials of 

old (appeared before 1 4  October 1 987) and young (appeared after 3 January, 

1 988) t i l lers i n  the sward. 

5.2.4 Ti l ler population densities and ti l ler appearance and death rates 

For  each harvest date i n  Experi m e nt 2 ( Sect ion  4 .2 .5 ) ,  t i l l e r popu lat ion  

densities were measured by collecting and cou nting th irty 53 mm diameter t i l ler 

p lugs per p lot (Mi tchel l & G lenday, 1 958) .  Categories determ ined were ( i )  

vegetative ryegrass t i l lers,  ( i i )  reproductive ryegrass t i l l ers (if present) , (i i i )  Poa 
sp. (mainly P. trivia/is L. ) ,  and (iv) other g rass species. 

Sampl ing of LH and HL treatments com menced in  September 1 987 (Harvest 

7) .  As with root measurements (Chapter 4), data for successive harvests on LL 

and HH plots over the period December 1 986 to January 1 988 were analysed 

statistical ly usi ng a spl it-plot i n  t ime analysis .  Data for the 4 t reatments from 

September 1 987 were analysed for i ndividual harvest dates using the Latin 

square analysis as described in  Sect ion 4.2.3 .  

Ti l le r  appearance and death rates were determined by mon itori ng  tagged 

ti l le rs in f ixed quad rats (Korte, 1 986) .  Quadrats used were circular, 1 03 mm 

diameter, and there were 3 per plot. Total numbers of ti l lers i n  f ixed quadrats 

g ave a second esti m ate of t i l l e r  popu l at ion  densities for comparison with 

values obtained using the ti l ler plug method. 
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Fixed quad rats were rep laced twice duri ng the course of the experiment 

(Series 2 placed May 1 987 and Series 3 placed September 1 987) when, as a 

-result of the 6-8 week interval between harvests, quadrats had become buried 

by earthworm activity and stock trampl ing. On these two occasions data could 

be recovered only by destructive means (removal of the fixed quadrats to the 

labo rato ry for wash ing  of  soi l  f ro m  around t i l l e r  bases) .  D iamete r of t h e  

replacement quad rats (Series 2 & 3 )  was reduced from 1 03 m m  to 6 5  mm with 

a view to reducing the very high labour requirement for the full set of root and 

t i l ler measu rements. Dates when t i l lers in f ixed quadrats were retagged are 

shown in Appendix 3. Til ler  appearance and death between each tagging were 

expressed as ti l lers m-2 day- 1 , and standard errors determined by analysis of 

variance of plot mean values. 

When fixed quadrats on LL and HH plots were destructively harvested in May 

1 987 ,  t hose on p lots rese rved for  LH and H L  g razing we re co ns id e red 

redu ndant and were abandoned. Howeve r, it was later real ised that these 

buried quadrats could provide i nformation on stolen formation since placement 

of t he  t i l le r  tags, and on the identity of pare nts of spring-fo rmed ti l l e rs ,  an 

aspect of t i l ler dynamics for which there is currently little information (Section 

2 . 2 . 3 ) .  Consequent ly ,  these quad rats we re re located and destruct ive ly  

sampled in December 1 987. For statistical analysis of  data from these buried 

quad rats, i ndividual tagged ti l le rs were treated as i ndependent observations, 

and parameters such as the n u mber of daughter  t i l l e rs per  tagged t i l l e r  

analysed for differences between age categories of parent t i l ler. 

The measurements of t i l ler  dynamics requ i red 2-4 days (2 persons) at each 

tagging, depending on the numbers of daughter ti l lers to be tagged, and were 

normally carried out 1 -2 weeks after collection of root samples. 

5.3 Results and d iscussion 

In this chapter, because of the diversity of measurements reported, results and 

d iscussio n sect ions a re com bi ned ,  and d ata are discussed as t hey  are 

presented. 

5.3.1 Soil fertil ity transfer 

For  LL and H H  mai n effects ,  no statistical ly  s ignificant d i fferences were 

d etected for any of the soil tests. However, the  centre/edge split plot effect 
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attributed to fertility transfer associated with g razing behaviour  was significant 

fo r O l s e n  P ,  meq% K, a n d  m e q %  M g  ( P  = 0 . 0 0 8 ,  0 . 0 1 2 a nd 0 . 02 0 ,  

respectively ;  Table 5.2) .  

Table 5 . 2 :  Soi l  test values for centre and edges of plots (mean of 4 g razing 
management treatments) indicati ng fertil ity transfer due to grazing behaviour. 

Plot position. Olsen P meq% K meq% Ca meq% Mg pH 

Edge 7.8 0.30 6 .98 0 .74 5.7 
Centre 1 2.3 0.63 7 .61  0 .83 5.7 

SE 1 . 1 5  0 .097 0 .86 0.022 0.7 

The extent to which the fert i l ity g rad ients h ad developed (more than 50% 

difference in Olsen P and more than 1 00% difference in soi l  K) is interesting in 

i ts own right, considering that p lots had been set up  less than a year at the 

t ime soi l  tests were taken.  Ferti l ity transfer th rough  dung and urine effects is 

wel l  known on  hi l l  country (Suckl i ng ,  1 975 ; G i l l i ng ham, 1 982) or after long 

periods of t ransfer on  paddocks of flat topog raphy (H i lder, 1 964; Matthew et 
al. , 1 988) ; but it is not genera l ly  real ised that transfer of this magnitude can 

occur in so short a t ime. 

lt is felt that other measurements in the current experi ment would not have 

been serious ly affected , however, because the  a reas of h i gh  fert i l ity were 

avoided for sampl ing purposes, except where there was a del iberate intention 

to examine on a spl it-plot basis the effect of soi l  fertil ity on stolen formation 

(Section 5.3.2) .  

5.3.2 Stolen formation 

Eve n t h o u g h  sto l e n  measure ment  d id  not  co m mence u nt i l  l ate r  i n  t he  

experiment, enoug h  data was col lected to  g ive a picture o f  an annual cycle of 

stolen formation and death. At Harvest 5, total stolen length was 96 m and 58 

m stolen  m-2 g round fo r LL and H H  plots respectively,  and these values 

i ncreased steadi ly unti l December, then decli ned again (Table 5.3) .  Lengths of 

stolen in these ryegrass swards (Table 5.3) were simi lar to values of 48 to 1 50 

m m-2 which are obtained for white clover swards if stolen mass figures of Hay 
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& Chapman ( 1 984) are d ivided by weight per unit length .  The major d ifference 

i s  t hat wh ite c lover sto lon  is o rientated horizontal l y ,  and ryegrass stolon 

vert ica l ly  in  the soi l ,  creat ing a b ind ing effect where the two species g row 

together. 

Table 5 .3 :  Stolon lengths (m stolen m-2 ground)  for period July 1 987 to August 
1 988 (Harvests 6 to 1 2) .  

Stolen Harvest 
category. H6 H7 H8 H9 H 1 0  H 1 2  SEM 

Grazing 
V LL 36 35 50 44 46 25 }8.5 NS 

HH 48 31  45 49 50 36 

LL 66 80 1 1 6  1 20 1 27 49 } 1 6 •• 

HH 41 3 1  70 88 66 9 

Total LL 1 02 1 1 5 1 65 1 64 1 73 74 }22 •• 

HH 90 61  1 1 4 1 37 1 1 6 45 

lt appears that data on stolon formation in ryegrass has appeared only twice 

be fo re i n  t h e  New Zea l a nd l i t e ratu re .  H a rr is  e t  al. , ( 1 979)  used g e l  

electrophoresis to show that individual ryegrass plants in a lawn had spread by 

means of stolon formation to occupy areas up to 1 m diameter. Korte & Harris 

( 1 987) in a study published after the present study commenced, describe the 

morpho logy  of sto lon  format ion and present data on stolon  numbers i n  a 

'Grasslands Nui' ryegrass sward, but g ive no i nformation on stolen lengths o r  

mass. 

Stolon formation appeared to be a response to burial of t i l ler bases. The burial 

appeared to be part ly due to casti ng by earthworms which were very active 

after the first autumn rain ,  and partly due to the effects of trampl ing by animals 

when the bearing strength of soi l was reduced by high soil moisture levels in 

winter. These observations agree with those made earl ier by Korte and Harris 

( 1 987) who also suggested that shading of t i l ler bases or burial by earthworm 

casti ng  and animal t reading promoted stolon  formation i n  'G rasslands Nu i '  

ryegrass. Similarly (Hay et  al. , 1 987)) ,  studying seasonal buri al o f  white clover 

sto l on ,  found that earthwo rm cast ing  and an i mal tread i ng  were probable 

causes of this burial in early and late winter, respectively. 
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In this study none of a population of more than 2 ,000 ti l lers tagged survived the 

winter if internode elongation fai led to occur and the growing point remained 

buried. Burial of fixed quad rat rings averaged 1 8  mm and 1 5  mm (P<0. 1 )  for LL 

and H H  plots , respective ly ;  and fo r the sample of 396 t i l lers analysed i n  

Sectio n  5.3.4.6 .2,  the mean distance between the  t i l ler tag position and the 

current soil surface was 21 .5 mm. The discrepancy between these two values 

probably indicates the extent to which til ler axes are angled obliquely below the 

soil surface. In  an i nformal trial ,  when ti l lers on potted plants in  a glasshouse 

had sheaves of 3 mm diameter black plastic tube placed over them, i nternode 

formation began within 1 - 2 weeks and stolons up to 1 50 mm long could be 

i nduced. Another point is that underground stolon formation in late winter and 

above-ground stem elongation at flowering appeared to be two phases of the 

same event. Most t i l l e rs which overwintered f lowered , and the conti nu ity 

between stolon formation and stem elongation is evident from the differi ng 

growing point height for t i l lers of differing status (Table 5.4) . 

Stolon mass was approximately 1 . 1 5  mg O M  mm-1 , so that the increase in  

sto lon density of  approximately 50 m m-2 o n  LL and HH plots during winter 

(Table 5.3) amounted to about 0.6 t. OM ha- 1 . Assuming a 90 day period for 

this stolon formation,  this amounts to approximately 7 kg OM ha-1 day-1 , which 

would be a substantial proportion of net photosynthesis over the winter period. 

In fact, g rowing points of ti l lers measured in LL plots were 1 43 mm higher than 

on H H  plots on 1 6  October, and there was also a soil fert i l ity effect, with a 

gradation from edges to centres of plots in g rowing point height above ground 

on the same date (Table 5.4). 

Table 5.4 :  Height of g rowing points (mm) above or below (-) soil surface on 1 6  
October, 1 987. Data are for 3 positions along soil fertil ity gradients o n  LL and 
HH plots. 

Grazing 
Fertil ity status 
Low High Mean SEM 
E M c Grazing 

LL 81  1 81 204 1 55 
1 3  

H H  -1 4  0 36 7 

Mean 33 90 1 20 

SEM Fertility 40 

Sig nificance : Grazing effects, P=0.004; Fertil ity effects P=0.065. 
E = edge of plots, C = centre of plots, M =  i ntermediate between centre and 
edge of plots. 
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G reater total length of stolon on LL plots than on H H  plots (Table 5.3) and 

more e levated growing poi nts on 1 6  October for both LL plots (compared to 

H H  plots) and high ferti l ity (compared to low ferti l ity) portions of plots (Table 

5 .4) may i ndicate that plants under stress of closer defol iation or lower soil 

nutrient status lack substrata for rapid stolon formation after burial. This could 

h ave i mportant impl icat ions fo r t i l le ri n g ,  as presumably ti l leri ng  on buried 

g rowin g  poi nts is suppressed. A separate study to quantify in more detai l 

effects of g razing management ,  so i l  fert i l ity and other factors on sto lon  

fo rmatio n ,  and to  dete rmi ne i m pl icat ions fo r t i l le ri ng responses, could be 

rewarding. 

A s u m mary of the seaso nal cycle of sto l o n  format ion observed in th is 

experiment is as fol lows: 

1 .  Over summer, nodes formed in  conjunction with each new leaf produced 

resulted i n  a vascular segment of stolon on each ti l ler, located at o r  just 

be low g round level and usual ly about 1 0 mm long by autumn (A, Figure 

5. 1 ) .  Quantities of this category of stolon formed were simi lar on LL and 

H H  plots (Table 5.3) .  

2 .  With burial, i nternodes began to elongate, forming internode segments 

(B,  Figu re 5.1 ) and raising the growing point back to ground level .  There 

was evidence that more I stolen was formed on LL plots than on HH plots 

(Table 5.3). 

3 .  Most t i l l e rs w h i ch had fo rmed sto l o n s  ove r t h e  w i nte r tu rned 

reproductive in  spring and flowered. A stub of a flowering ti l ler decapitated 

by g razi ng is shown (C, Figure 5 . 1  ). I n  th is sense stolon formation and 

reproductive stem elongation were consecutive events on i nd ividual t i l ler 

axes ,  and  both  i nc reased so i l  n u t r i e n t  status a n d  l a x e r  g razi n g  

management advanced the stem elongation phase (Table 5.4). 

4. F i nal ly ,  in N ovember or Decembe r,  daughter t i l lers (D, F igure 5. 1 ) 

formed at the base of f loweri ng ti l l e rs .  S econdary t i l lers from these 

daug hter t i l l e rs rap id ly  appeared .  A n e w  veg etat ive  p lant l et was 

established, and stolons formed the previous winter disinteg rated over 

summer. The total movement of the soil surface, relative to til ler position ,  

i s  shown by the distance E (Figure 5 . 1  ) .  
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Figure 5. 1 :  Diagram i l lustrating annual cycle of stolon formation : (a) V segment 
of stolon formed over summer, (b) I segment of stolon formed after burial ,  (c) 
remains of decapitated flowering ti l ler, (d) daug hter ti l ler hierarchy comprisi ng 
one primary daughter and 2 secondaries (e) extent of burial over winter. 

E 

This process is i l lustrated in Plate 5. 1 which shows a ti l ler h ierarchy excavated 

from an LH plot in May 1 988. Stubbs of two dead floweri ng ti l lers are visible 

(A, B ,  P late 5 . 1 ) , each wi th a coh o rt  of daug hte r ti l l e rs .  A skeleton axi s  

connecting both ti l lers to a common parent is also visible and indicates that the 

two t i l lers flowering in the current season were themselves the sole surviving 

daughters of one previous season's ti l ler (C, Plate 5. 1 ) .  

l t  is l i ke ly that this cycle wou ld vary from season to season and between 

localities. For example, burial might commence at any time between February 

and May, depending on rainfall patterns, and in some localities there may be 

l ittle burial at all (Hay et al. , 1 987). 

The cycle of sto l o n  fo rmat i o n ,  f loweri ng ,  and daug hter  t i l le r  format ion  

represents a pathway for perennation of g rass swards. lt i s  often presumed 

that survival of perennial g rass swards is primari ly through ti l lers which remain 

vegetative and do not flower (see e.g. Korte, 1 986).  The cycle described above 

is an alternative pathway for perennation through the appearance of you ng 

daughter t i l lers at the base of flowering t i l lers. This process is analogous to 

coppicing of tree crops. 
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Plate 5.1 : Photograph of t i l ler cohort excavated in  May 1 988, showing stubs of 
flower ing t i l l ers (arrowed , A & B) , associated daughter t i l ler h ierarchies, and 
previous season's stolon connecting both hierarchies to a com mon parent t i l ler 
(arrowed, C). 
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Such a pe re n nat ion  pathway has previous ly been descr ibed for ti mothy 

( Phleum pratense L.)  by Langer  ( 1 979) and by Jewiss ( 1 966, 1 98 1  ) .  The 

pathway was also described for ryeg rass by Colvi l l  & Marshal! ( 1 984), who 

stated ·that the daughter ti l lers from flowering t i l lers are long l ived and form the 

bulk of the next season's flowering ti l lers, thus ensuring the perenniality of the 

plant. The existence of such ti l lers was noted by Korte (1 986) who suggested 

that they might ensu re perenniality where few vegetative ti l lers survive. 

lt was these observations on the propensity of ti l lers forming stolons in winter 

to later flower and form daughter ti l lers which resulted in the author relocating 

buried fi xed quadrats which had been abandoned the prev ious  summer  

(Section 5.2.4) .  These quadrats were analysed so as to  give information on the 

proportions of non-flowering older ti l lers and of recently formed daughter t i l lers 

from floweri ng ti l lers in an early-summer sward (Section 5.3.4.6) .  

5.3.3 Herbage mass and herbage accumulation 

5.3.3 .1  January to November 1 987, prior to introd ucti on  of crossover 

grazing managements 

Herbage mass data for Harvests 1 to 6 (Table 5.5) show that the intended 

contrast in he rbage mass between LL and H H  plots was maintai ned. These 

values do not indicate the highest or lowest levels of herbage mass attained, 

however, as root harvests and associated above-ground measurements were 

not synchron ised with g razing .  The data indicate that the proportion of total 

herbage mass as leaf was higher, and the proportion as dead material lower, 

for HH  plots than for LL plots, except at Harvest 1 (Table 5 .5) ,  and this would 

have at least partial ly offset any tendency for harder grazing on HH plots to 

reduce net assimilation.  

Herbage data for Harvests 7 & 8 prior  to i ntroduction of crossover g razi ng 

manag e m e nts (Tables 5 .6 ,  5 .  7) show that leaf area i ndex  and herbage 

accum ulat ion was simi lar for LL and H H  g razi ng treatments and for the two 

sets o f  p l ots re served fo r L H  a n d  H L  g raz i n g .  The  s i m i l ar h e rbage  

accum ulat ion i s  not unexpected, as t he  range of herbage masses observed 

over the interval between grazings (Table 5.6) would put LL and H H  treatments 

with i n the  upper and lower boundari es respectively for optimum herbage 

accu m u l at i o n  ( B i rcham & H o d g s o n ,  1 9 83 ) ; assu m i n g  t h at h e rbage 



Table 5.5:  Herbage mass (kg DM ha- 1 ) on  LL and HH plots at Harvests 1 to 6. 

Harvest Date 

1 5-1 2-86 

2 1 7-1 -87 

3 24-2-87 

5 2-5-85 

6 9-7-87 

Total Vegetative Rep. Poa sp. Dead 
G razing Herbage Leaf Stem 

LL 
HH 

SEM 
p 

LL 
HH 

SEM 
p 

LL 
HH 

SEM 
p 
LL 
HH 

SEM 
p 

LL 
HH 

SEM 
p 

2470 
990 

1 80 
0.01 0 

3230 
990 

1 60 
0.002 

281 0 
990 

200 
0 .007 

221 0 
770 

220 
0.01 9 

2820 
980 

200 
0.008 

650 
270 

80 
0 .040 

1 000 
41 0 

1 40 
0 .054 

1 050 
580 

1 00 
0 .048 

1 280 
620 

1 20 
0 .030 

1 760 
760 

80 
0.004 

340 
1 70 

30 
0.01 5 

1 40 
40 

40 
NS 

330 
1 90 

40 
0 .089 

350 
1 1 0 

40 
0.01 7 

520 
1 80 

80 
0.062 

500 290 
1 1 0  1 30 

50 50 
0.01 2 NS 

1 090 40 
1 20 30 

220 1 0  
0.051 NS 

Trace 20 
Trace 0 

1 0  
n/a 

Ni l  Trace 
Ni l  Trace 

Ni l  Trace 
Ni l  Trace 

680 
3 1 0 

80 
0.049 

1 00 
400 

1 1 0 
0.035 

1 400 
220 

80 
0.002 

580 
40 

1 00 
0.031 

540 
50 

70 
0.0 1 6 

Leaf Area 
I ndex 

ND 

0.79 
0.32 

0.31 
NS 

1 .51 
0 .79 

0. 1 6  
0.048 

1 .95 
0.96 

0 .40 
NS 

1 .98 
0.81 

0.23 
NS 

Note: P = statistical probabil ity. n/a - SEM not available ,  too many zeros in  raw data. NS = P > 0. 1 o.  
Harvest 4 - missing data. 
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Table 5 .6 :  Herbage mass (kg OM ha- 1 ) on LL, HH ,  LH and HL plots for period 9 September to 20 
October (Harvest 7 to Harvest 8). 

Total 
Harvest Date Grazing Herbage 

7a 9-9-87 LL 2370 
HH 900 
LH 1 880 
H L  930 

SEM 290 
p 0.026 

7b 25-9-87 LL 3200 
HH 1 830 
LH 3060 
HL 1 980 

SEM 230 
p 0.01 0 

8a 2-1 0-87 LL 1 760 
HH 570 
LH 2060 
HL 780 

SEM 1 30 
p <0.00 1 

8b 22-1 0-87 LL 3430 
HH 1 840 
LH 3360 
HL 2080 

SEM 340 
p 0.053 

Vegetative 
Leaf Stem 

680 940 
440 350 
630 740 
450 350 

1 30 1 40 
NS 0.050 

1 1 70 900 
1 1 00 460 
1 090 840 
1 020 520 

70 60 
NS 0.004 

230 770 
1 1 0 240 
3 1 0  890 
1 70 360 

50 70 
NS 0.01 1 

1 060 1 030 
1 070 490 
1 01 0  1 060 
1 1 20 530 

30 1 1 0 
0.035 0 .029 

Note: P = statistical probabi l ity. NS = P > 0.1  0. 

Poa sp. Dead Leaf area 
Index 

Trace 740 1 .62 
Trace 1 1 0 1 . 1 6  
Trace 51 0 1 .76 
Trace 1 30 0.98 
- 1 00 0.34 
- 0.009 NS 

220 91 0 2.03 
1 0  270 1 .77 
490 640 1 .86 
1 00 340 1 .65 

1 00 1 40 0.20 
0.062 0.054 NS 

70 680 0.59 
20 1 90 0.52 
0 870 0.63 
Trace 250 0.51 

20 70 0 . 1 2 
NS 0 .028 NS 

270 1 080 3.36 
90 1 90 3.43 
370 930 4. 1 8  
1 50 270 5.21 

1 30 1 80 0.61 
NS 0 .042 NS 

_. 
0 
_. 
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Table 5. 7 :  Herbage accumulation for the four grazing managements over two 
peri ods prior to the institution of the crossover treatments. 

Date 

9-9-87 to 25-9-87 
2-1 0-87 to 22-1 0-87 

LL 

52 
84 

Grazing Management 
HH LH HL 

59 
64 

73 
65 

66 
70 

SEM 

1 3  (NS) 
1 2  (NS) 

5.3.3.2 Summer-autumn 1 987/88, fol lowing I ntroduction of crossover 

grazing managements 

For the December - January period (Harvest 1 0),  accumulation of components 

of herbage mass was calculated by summing increases between grazings (for 

g razi n g  dates see Table 5 . 1 )  over the period. lt should be noted that this 

method of dete rmination ignores fl uxes occurri ng duri ng  the measurement 

period, and that total herbage accumulation (Table 5.8, page 1 02) includes a 

large negative component arisi ng from decomposit ion of reproductive stem. 

For "green" herbage accumulation (leaf, vegetative stem, daughter ti l lers and 

Poa ) val ues for the g raz ing  management treatments ranked i n  the order 

LH> LL> H L> H H  (Table 5 . 8 ) ,  and paral lel t issue tu rnover measu re ments 

resu lted in a simi lar ranki ng (Figu re 5.2) .  lt was also clear that there were 

h ig h ly  s ign if icant d ifferences between g razi ng managements for particu lar 

herbage components. In particular there was high daughter ti l ler production on 

LH p lots (Table 5 .8 ) ,  though th is  was less strong ly evident i n  the tissue 

turnover data (Figure 5.2). 

Figu re 5.2 Herbage accumulation rates (kg DM ha-1  day- 1 ) for the four grazing 
treatments (a) 9 - 27 December 1 987, (b) 30 December 1 987 - 1 4  January 
1 988; determined by tissue turnover (Adapted from Xia, 1 991  ) .  

c 
0 
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Table 5.8: Total herbage accumulation (kg OM ha-1 ) determined by quadrat cuts (cutting dates given in  Table 5. 1 )  for LL, 
HH,  LH, and HL plots for period 9-1 2-87 to 1 8-1 -88. 

Herbage component 
Total 'Green' Mature Immature Daughter Veget. Rep rod. 

Grazing Herbage Herbage Leaf Leaf Ti l ler Stem Stem Poa sp . Dead 

LL 2920 3230 21 30 680 1 30 450 -81 0 -1 60 51 0 
HH 1 990 2070 1 250 520 1 1 0 1 50 1 0  40 -80 
LH 2090 3620 1 81 0  660 530 440 -820 1 90 -71 0 
H L  3280 231 0 1 1 40 550 1 20 490 2 1 0  1 0  750 

SEM 650 380 21 0 1 00 50 1 60 31 0 1 30 350 
p NS 0.051 0.026 NS 0.001 NS 0.081 NS 0.065 

'Green' herbage = sum of mature & immature leaf, vegetative stem, Poa, and daughter ti l ler components. 

_. 
0 
(A) 
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These differences i n  components of he rbage accumulatio n  were analysed 

using m ultiple discriminant analysis (MDA) as explained in Appendix 1 .3 .  This 

MDA of the components of herbage accumulation yielded a first discrimi nant 

function which accounted for a very high 98.5% of the multivariate dispersion 

(Table 5.9). Examination of the canonical structure shows that this variate can 

be i nterpreted as i ndicat ing herbage accumulat ion based on daughter til ler, 

l eaf, and Poa components, but not on stem or dead components. A second 

discriminant function was also statistically significant, and a plot of these fi rst 

two discrimi nant functions (Figure 5.3),  using the format of Chatfield & Col l ins 

( 1 980) , shows that the fi rst picks out the LH treatment as being very different 

f ro m  t h e  oth e r  t reatme nts ,  w h i l e  t he  second i nd icates d i ffe re nces i n  

components of herbage accumulation for the LL treatment. 

Table 5.9:  Canonical structure and summary statistics for multiple 
discri minant analysis of components of herbage accumulation for 
the period 9-1 2-87 to 1 8- 1 -88. 

Herbage mass Discriminant 1 Discriminant 2 
com ponent. 

Vegetative stem. 0.23 -0.35 
Reproductive stem -0.63 0.77 
Mature leaf 0.38 -0 .92 
Immature leaf 0.55 -0 .80 
Daughter ti l ler 0.99 0 .03 
Poa 0.75 0.66 
Dead -0.85 -0. 1 5  

Canonical r2 0.999 0 .950 
p <0.001 0.048 
Proportion of dispersion (%) 98.5 1 .4 
Cumulative proportion 98.5 99.9 

Herbage accumulation was again monitored over the autumn  period between 

H arvests 1 1  & 1 2  (23 March to 5 May, 1 988). By this stage plots had resumed 

vegetative growth so that differences in components of herbage accumulation 

were not evident as they had been after manipulation of reproductive growth i n  

l ate spri ng .  LH  and HL  plots produced significantly more herbage over this 

period than did LL & HH plots, with average herbage accumulation (kg DM 

ha-1 day-1 ) being 61 , 58, 42, & 44 (S.E ± 6.5) for LH, HL, LL, & HH treatments, 

respectively. 
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Fig u re 5.3 :  Grazing management means for d iscrim inant funct ions 1 & 2 ,  

obta i ned by m u lt ip le  d iscri m i nant ana lysis o f  co mponents of he rbage 

accumulation. Symbols, (x) = LL, (*) = HH, (o) = LH, (+) = HL. 

50 
� ...-

40 z 
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z 1 0  <( 
z -
� 
n::: -6 -4 -2 2 4 6 
u 
(/) - 1 0  
0 � � 

-20 � 
D ISC R I M IN ANT FUNCTION 2 

These herbage mass and tissue turnover results are very much as might have 

been predicted from established principles of sward dynamics. For example it 

is well known that gross herbage production is usually higher at high herbage 

m ass,  b ut t h at the  h i g h  h e rbage product ion  is la rg e l y  offset by h i g h  

senescence losses (Parsons et al. , 1 983a,b; B i rcham & Hodgson ,  1 983) ,  and 

the observations for LL- & H H-g razed plots largely support this (Tables 5.7, 

5.8, Figu re 5.2). What is perhaps noteworthy about the present results, is that 

wh i le g razing pressure on H H  plots was severe e nough to reduce herbage 

accumulation on these plots to approximately 60% of that on LL plots (Table 

5.8) ,  compensations within the plant were such that root mass for the 0 - 250 

m m  soi l depth was reduced by only 20% on HH plots at Harvest 1 0, root length 

w as reduced by less than 1 0% (Table 4 .8) ,  and values for apparent root 

production were actually higher on HH plots (Table 4.9). 

Also, enhanced net herbage production might have been expected for HL plots 

after release of a til ler population from grazing (Grant et al. , 1 988), especially 

w here reproductive g rowth was l ikely to occur in the released sward (Table 

3 .6 ,  Figure 3.4, Section 3.3.4.2) .  Both tissue turnover data (Figure 5.2 ,  Xia, 

1 99 1 ) and total herbage accumulation data from quadrat cuts (Table 5.8) 

i nd icate high total accum ulat ion on  the HL plots, althou g h  the data also 

i ndicate high values for senescence and for reproductive stem on these plots. 
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On the other hand, some features of the results were not as expected. For 

example,  whi le an i ncrease in t i l leri ng on LH plots after hard g razi ng was 

expected (Section 2.2.3) ,  the extent to which this event dominated the MDA 

was not expected and was the sal ient featu re of the h e rbage mass and 

herbage accumulation data for this second period in the experiment. Also, LH 

plots ranked highly in  terms of overall herbage accumulation, both in  quadrat 

cuts, and tissue turnover measurements, and for two different measurement 

pe r iods.  There is g ood evidence that th is  h i g h  g rowth is based on  the 

appearance of the new ti l lers produced after hard g razing of these plots on 7 

December (Tables 5.8, 5.9, Figure 5.2). 

lt has been suggested (Tal lowin, 1 981 ) that differences in ti l ler-age profiles can 

be induced by grazi ng  management ,  and m ight accou nt for differences i n  

sward productivity i n  summer. l t  i s  possible that such an  effect might have 

occurred in the current experiment, but there is little or no data in the l iterature 

about the relative productive capacities of old and young ti l lers. In  order to test 

Tal lowin 's (1 981 ) hypothesis, a l imited series of tissue turnover measurements 

was commenced in  March 1 988 for old and young ti l lers in  fixed quadrats, and 

resu lts fro m  these measurements are i ncluded with other  t i l ler dynamics 

measurements (Section 5.3.4.5). 

5.3.4 Tiller dynamics 

5.3.4.1 Til ler population densities and size/density relations 

Til ler population densities for LL and HH plots for the period January 1 987 to 

J anuary 1 988 are presented in Figure 5.4;  and for LL, HH, LH and HL plots for 

the period October 1 987 to May 1 988 in Figure 5.5. Tiller densities were higher 

i n  summer than in winter (F1 ,6 = 96.6, P<0.001 when plot means for Harvests 

2 ,  3 & 1 0  were compared with plot means for Harvests 5, 6 ,  7 ,  & 8)  and 

th roughout the experiment were higher for HH plots than for LL plots (Figure 

5 .5 ;  p = 0.002).  

Adjustment of t i l ler densities in  response to cross-over LH and HL  g razing 

m a n ag e m e nts took  some months .  T i l l e r  de ns it i es fo r LH and H L  plots 

remained i ntermediate between those of LL and HH plots even at the final 

harvest in  ear1y May 1 988 (Figure 5.5). However, when ti l ler size is taken i nto 

account by means of a ti l ler size/density diagram, it is evident that size/density 



1 07 

combinations for the 1 6  plots have an underlying common relationship. Figure 

5.6 shows ti l ler size/density combinations (logarithmic scale) for the 1 6  plots on  

9 December 1 987 (i mmediately post-grazing) ; 1 8  January 1 988 (pre-grazing, 

but at the end of a reg rowth cycle )  and on 8 Apri l  1 988 ( 1 5 days i nto a 

reg rowth cycle ) .  I n  each  case the slope of  t h e  t i l ler s ize/density l i ne  is 

approximately -2 .5 ,  and the l ine shows seasonal shift (Figu re 5.6) .  For the 

plots i n  Figure 5.6, mean t i l ler size was estimated on the basis of total herbage 

m ass i ncludi ng dead and stubble components. This was done in  o rder  to 

reduce co-efficents of variation for the data, but needs to be taken account of 

i n  i nterpreting the diag rams. 

Seasonal and g razing management effects on the t i l ler popu lation density of 

the other g rass species present, Poa trivia/is L. ,  were also evident. The data 

suggested that the peak ti l ler density for Poa occurs earlier in the summer than 

does the peak t i l ler density for ryegrass (Appendix 5}. Also ti l ler population 

densities for Poa were significantly lower on HH than on LL plots (Appendix 5), 

probably because of sensitivity of the shallow rooted Poa to lower soi l moisture 

levels near the soil surface on HH plots in summer (Section 4.4.4). 

F igure 5 .4 :  Ryegrass t i l ler  densities on LL ( ) and HH (- - -) 
plots from January 1 987 to January 1 988. Values shown include reproductive 
t i l lers where present. Bars represent SEM for g razing managements averaged 
over time (G) and approximate SEM for prel imi nary assessment of seasonal 
d ifferences (S) . 
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F ig u re 5 . 5 :  Ryeg rass t i l l e r  de ns i t ies  o n  LL,  H H ,  LH  a nd H L  p lots fro m  
Septem ber 1 987 to May 1 988. Bars represent SEM for grazing management 
means at particular dates. 
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Figu re 5 .6 :  Seasonal and g razi ng management effects o n  t i l l e r  size/density 
re l ati onsh ips ( l ogarit hm ic  scale )  fo r (a)  1 6  p lots ,  (b) mean  of 4 g razi n g  
managements, summer 1 987/88. 
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Variat ion i n  t i l ler population density i n  response to grazing management and 

other  stimu l i  such as seasonal changes in i ncident l ight levels is now well 

documented by a number of authors including Grant et al. ( 1 981 ) ,  Lonsdale & 

Watki nson ( 1 982 ) ,  B i rcham & H odgson ( 1 983) ,  and Davies ( 1 988) .  The 

i ncreased ti l l e r  de nsity on  H H  plots compared to  LL p lots was expected 

(Sect ions 2 . .  2.3 & 4.2 . 1  ), and the seasonal movement in the position of the 

size/density equi l ibrium l i ne  is consistent with a response to i ncrease l ight 

levels in  summer and decl i ni ng levels in  autumn (G rant et al. , 1 981 ; Davies, 

1 988). The decline may also be partly related to ti l ler death in dry conditions in  

late January 1 988, as i rrigati on  probably did not fu l ly compensate for low 

rai nfal l  at this time (Figure 4 . 1  ) .  

Factors affecting the slope of  the size/density l ine, and the movement towards 

o r  away fro m  it are less wel l  u nderstood ,  h owever. Ti l l e r  s ize/density 

adjustment is normally assumed to obey the -3/2 power rule (Kays & Harper, 

1 974 ; Lonsdale & Watki nson, 1 982 ; Davies 1 988). However the proof of the -
3/2 power ru le req u i res that p lant u n its of d i ffe rent size have ident ical 

morphology (Yoda et al. , 1 963) ,  whereas in  g rass swards the proportion of 

pseudostem tends to i ncrease and the proportion of leaf tends to decrease 

with i ncreasi ng herbage mass (see e .g .  Section 5 .3.3. 1 , above) .  Again,  it is 

easi ly verified by simple arithmetic calculation that adherence to the -3/2 power 

rule dictates increasing herbage mass with decreasing ti l ler density, whereas 

i n  g rass swards at h igh  herbage mass t i l ler density is expected to decrease 

due to base shading (Davies, 1 988) while herbage mass remains constant due 

to a h i g h  rate of  se nescence ( B i rcham & Hodgson ,  1 983) .  Under  such 

conditions, if self th inning occurred, a self thinning l ine would be constrained to 

fo l low  a s lope of - 1 ,  not -3/2 . F ina l ly ,  the -3/2 powe r ru le  was orig i nal l y  

proposed by Yoda et al. ( 1 963) to  describe the behaviour of plant populations 

i ncreasi ng i n  size at a p redete rm ined density ; whi le g rass ti l lers may be 

subjected to size reduction due to g razi ng and respond by i n itiation of new 

daughter  t i l lers ,  so i ncreasing the popu latio n  density. I n  th is case the -3/2 

power rule is actually working i n  reverse, and there have been few, if any, 
studies which have monitored plant populat ions fol lowing a trajectory down a 

-3/2 power l i ne. 

At t h e  i ntroduct i o n  of  crossove r  LH & H L  g razi ng manag e m e nts o n  7 

December 1 987 ti l ler densities were already h igher than on the corresponding 

LL and HH plots (Figure 5.5), i ndicating a possible disturbance effect (Section 

5 .3 .4.4) .  Because of this, t i l ler  size/density combinations for LH plots after 



1 1 0 

g razing on 9 December do not fal l below the reg ression l ine (Figure 5.6) ,  as 

might have been expected immediately after a hard grazing.  lt is not felt that 

th is  unexpectedly h igh t i l ler  size/density would have contributed to the high 

herbage accumulation on  LH plots, however, as no such effects were evident 

pr ior  to hard g razi ng  (Tables 5 .6 ,  5 .7)  and because mean t i l ler size o n  9 

December would have been considerably i nflated by dead herbage and stubs 

of reproductive ti l lers present after grazing. 

On the other hand, by 1 2  Apri l ,  size/density values for LL & LH plots were 

sl ightly above the regression l ine, and values for HH and HL plots were sl ightly 

below the l ine (Figure 5.6) .  When residual deviations around the size/density 

l i ne for 1 2  Apri l were subjected to analysis of variance , mean values for LL, 

LH, HL and HH plots were +0.05, +0.05, -0.09, & -0.01 , respectively (SE ± 02 ; 

P < 0 .0 1  ) . This i nd icates that LL- and LH-g razed p lots had more t han 

maintained thei r positio n  relative to HH and HL g razing managements. That 

this should occur, despite high senescence of reproductive stem on the LL and 

LH plots (Table 5.8 ) ,  seems su rprisi ng . In this respect the high size/density 

values for LH plots at a time of high herbage accumulation appears to parallel 

the h igh size/density values for RUHE & RUAN plots (Figu re 3 .4 ,  Sections 

3 .3 .2.2, 3.4.3.2). 

The rather high slopes of approximately -2 .5 for the size/density relationsh ips 

i n  Figure 5.6 probably arise from a combination  of factors. These would include 

t h e  presence of dead herbage which wou ld have inflated mean t i l ler  size 

values, especial ly on LL and HL plots; the higher proportion of pseudostem on 

LL plots ; and possibly l imitation of expression of potential ti l lering responses on 

HH plots due to insufficient substrata supply. 

One difference between this study and previous studies is that the seasonal 

i ncrease in t i l ler density did not begin  unti l early summer (November, Figure 

5.4) .  By contrast the timi ng of the increase in t i l ler density in  Korte's 1 986 study 

was July - September ( Figure 2 . 1  a, Section  2 .2.3) and other New Zealand 

stu dies also show evidence of ti l ler  density i ncrease earl ier than November 

( H u nt & Field, 1 978 ; Hunt, 1 989). Again ,  i n  a B ritish study (Garwood 1 969) ;  

where seasonal patterns of floweri ng are expected to be later relative to the 

longest day than in New Zealand (Korte, 1 986), seasonal peaks in til ler density 

had occurred by Apri l .  The reason for the delay i n  ti l ler appearance in spring in 

th is study is not known, but differences between seasons in  t i l ler dynamics 

need to be better u nderstood if rel iable pastu re management guidelines for 
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farmers are to be developed. 

Ryegrass ti l ler densities for Harvest 4 (Apri l 1 987) i nclude counts of up to 460 

and 85 t i l lers m-2 on LL and HH plots respective ly, considered to be young 

seed l i n gs.  The fact that n u m bers of seed l i ngs were so low i ndicates that 

recruitment of seedl i ngs was not important to maintenance of t i l ler populations 

i n  th is  experiment,  u n l i ke the situation in another  recent study where large 

numbers of  seedli ngs were observed (L'Hui l l ier & Aislabie, 1 988). 

5.3.4.2 Proportion of reproductive t i l lers 

Reproductive t i l lers were present at Harvests 1 - 3, and at Harvests 8 - 1 0 the 

fol lowing summer, and the percentage of reproductive ti l lers for each harvest is 

g iven  in Table  5 . 1 0. The peak of reproductive development had probably 

passed by the  t i me m easu re m ents fo r t h e  f i rst seas o n  commenced i n  

December 1 986 . For the second season ,  percentage of reproductive t i l lers 

exceeded 30% for LL plots i n  November 1 987, while values for HH plots were 

never greater than 7% (Table 5. 1 0) .  

Table 5 . 1 0 :  Pe rcentage of l ive ryeg rass t i l l e rs ( i ncl ud i ng  grazed stubs) 
classified as reproductive, for the 4 grazing managements. 

Grazing 

LL 
H H  
LH 
H L  

S E M  

Harvest and sampling date . 
1 2 3 Sa 9 9a 1 0  

2 Dec. 1 4  Jan . 24 Feb. 24 Nov. 9 Dec. 29 Dec. 1 8  Jan . 

9 .8  
5 .9 

0 .7 

1 3.7 
4.4 

1 .7 

1 0 . 1  
4.4 

0.5 

31 . 2  
6.2 
36.4  
8.2 

2.5 

20.9 4.4 3 .2 
7 .0 1 .6 0.9 
23.8 3 . 1  0 .5 
6.9 2 .8 3 .4 

0 .9 0.6 0.6 

Harvests 1 -3, 1 986/87; Harvests 8a - 10 1 987/88. 

l t  i s  probable that determ i nat ion  of reproductive t i l ler  n u m bers based on  

examinat ion o f  cut stubs i n  cores u nderest imated true values. For example, 

numbers of emerged seedheads on plots were counted in  mid-January 1 988, 

and values obtai ned for HL plots were 45 1 seedheads m-2 (SE ± 28) . This 

converts to 5.6% as compared to the value of 3.4% in Table 5. 1 0. 

A point to note is the reduct ion in percentage (and in absolute numbers) of 

reproductive ti l lers on HH plots (as compared to LL plots) in both seasons. This 

difference does not appear to be attributable to greater removal of reproductive 
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ti l le rs on  hard g razed plots by g razing ,  as the count of reproductive t i l le rs 

i ncluded g razed stu bs u nt i l  t hese were clearly dead. G razi ng effects o n  

reproductive ti l ler density have previously been  reported by Butler ( 1 986) who 

considered that reproductive t i l ler appearance was reduced if swards were 

g razed to a low residual from late September, and i ncreased under more 

frequent grazing ,  but cautioned that the standard error associated with h is data 

was high. 

I n  the context of th is study, however, if g raz ing  management can change 

percentages of t i l lers flowering, then the cycle of early-sum mer t i l ler formation 

fro m  winter-formed stolons after floweri ng (Sectio n  5.3.2) m ight be i nfluenced 

by grazing management. Agai n recovery of buried fixed quadrats was able to 

p rovide information on this point (Section 5.3.4.6) .  

5 .3.4.3 Tiller appearance and death 

Til ler appearance rate (TAR) and ti l ler death rate (TOR), for LL & HH plots for 

t h e  fi rst 1 2  months of the experiment,  is shown i n  Figu res 5.7a and 5 .7b, 

respectively. Data for all four grazing managements, from September 1 987 to 

the  end of the experiment, appears in Table 5. 1 1 .  Co-efficients of variation for 

TAR and TOR (F igures 5.7a,b) were much h ig her  than for t i l ler  popu lation 

density and there were i ndications that there may have been increased ti l ler 

appearance and reduced t i l ler  death  in the f irst measure ment pe riod after 

p lacing fixed quadrats . For example TAR was h igher (Figure 5.7a) and TOR 

lower in May than i n  March/Apri l .  In th is t ime the t i l ler population density as 

measured by t i l ler  p lugs had fal len substanti al ly  (F igure 5 .4) ,  but the May 

measurement was the f irst measurement made after placing the second series 

of quadrats. Thus, the data from fixed quadrats on  TAR and TOR needs to be 

i nt e rp reted w i t h  cau t i o n .  Even  s o ,  t h e re i s  evidence of both g razi ng  

management and seasonal effects. 

5.3.4.3.1 Grazing management effects 

There was evidence (Table 5. 1 1 )  that TAR i ncreased and TOR decreased on 

L H  plots, re lat ive to other  plots , after the crossover, and that the reverse 

occurred on HL plots. Such changes were expected in view of the changes in  

t i l l e r popu lat i o n  ( S ect i on  5 . 3 . 4 . 1 ) ,  and  the h igh TAR fo r LH p lots after 

D ecember 7 is consistent with herbage mass data indicat ing high new ti l ler 

p roduction on LH plots (Table 5.8). For period 3, Table 5. 1 1 ,  ti l ler appearance 
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was d iv ided by (t i l l e r  de ns i ty  x 1 00 )  to g ive  approx imate re lat ive t i l l e r  
appearance rate (ti l lers ti l le r-1 day- 1 ) and val ues obtained were 2.3%, 1 .6%, 
2 . 4%, & 1 . 7% (SE + 0.3%) for LL,  H H ,  LH & HL graz ing  managements, 
respectively. 

Ti l ler appearance rates were h igher on HH plots than on LL plots (78 and 58 

ti l le rs m-2 day- 1 , respectively, ave raged ove r all harvests;  P = 0 .04) . This 

p robably refl ects h igher t i l ler  densities on HH plots (Section 5.3.4. 1 ) .  Where 

ti l ler  density is h ig her, it fol lows that e i ther ti l l e rs must be longer l ived, or 

appearance and death rates higher for such a difference to be maintained. 

5.3.4.3.2 Seasonal effects 

lt is also clear from the data (F igures 5 .7 a,b) that the highest rates of TAR 

occurred in summer, at a time of high root production, and approximately 

Figure 5.7a: Tiller appearance rate on  LL ( ) and HH (- - -) plots, December 
1 986 to March 1 988. P lotted data represe nt the midpo int for a total of ten measurement 
periods for 3 series of fixed quadrats - see Appendix 3. db denotes new series of rings. G, S, 
standard errors as for Figure 5.4. 
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Figure 5.7b: Tiller death rate on LL ( ) and HH (- - -) plots, December 1 986 to 
March 1 988. For details of measurement intervals see Appendix 3 .  
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co i ncidi ng with peak reproductive development (Table  5 . 1  0) .  This is also 
consistent with evidence from Experi me nt 1 (Sections 3 .4.3. 1 & 3.4.3.2) that 

h ighest summer root production occurred o n  RUHE & RUAN plots, and may 

have been l inked to high ti l lering activity. 

I n  summer 1 986/87 the seasonal peak of til ler appearance was i nterrupted by 

dry conditions i n  December/January but resumed in  February/March, while i n  

s u m m e r  1 9 87/88 t h e re appears to  h av e  been  a s i ng le  peak o f  t i l l e r  

appearance, with n o  evidence of a further t i l ler appearance event when a final 

m easu re m e n t  of  f i xed  q u ad rats was m ade i n  earl y Apri l  1 988 .  Ti l l e r  

size/density plots for 1 2  Apri l (Figure 5.6a) also indicate that TAR must have 

been low for the preceding period. 

Table 5. 1 1 :  Ti l ler  appearance and death rates (til lers m-2 day-1  )for 4 g razing 
managements for th ird series of fixed quadrats, summer 1 987/88. 

Grazing Management 
Period LL H H  LH HL SEM 

1 . 1 8-9 to 1 4- 1 0-87 TAR 36 36 64 94 1 5  
TOR 28 26 69 1 4  1 6  

2 .  1 4-1 0 to 1 4- 1 1 -87 TAR 24 42 26 88 6 
TOR 60 64 41 61 1 2  

3. 1 4-1 1 -87 to 3- 1 -88 TAR 1 36 1 44 1 78 1 54 20 
TOR 78 74 68 93 1 0  

4 .  3-1 to 4-4-88 TAR 39 39 49 1 8  4 
TOR 51 47 52 66 7 

H i g hest rates of  ti l l e r  deat h  recorded coi n cided with h i gh  rates of t i l l e r  

appearance in  November/December, although the seasonal f luctuat ion for 

TDR was less pronounced than for TAR ( Figure 5.7a,b). 

In section  2 .2 .3  it was noted that in order to defi ne ti l ler population dynamics 

it i s  necessary to p rog ress t h rough  a n u m be r  of levels of defi n it ion :  fi rst, 

i de nt i f i cat i on  of seasonal  changes i n  t i l l e r popu lat ion density ;  second,  

determination of relative contribut ions of  changes i n  natality and mortality to 

change  i n  popu lat ion  density ; and th i rd l y, i nfo rmat ion o n  the  longevity of 

particular age-classes of t i l ler. The above data indicating h igh TAR and TOR 
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coincident with flowering is consistent with the substantial replacement of ti l lers 

at this time observed by Jewiss ( 1 966) for t imothy, by Colvil l & Marshal! ( 1 984) 

for infrequently cut swards of S23 perennial ryegrass, and by Korte ( 1 986) for 

'Grasslands Nui '  ryegrass in the second season after establishment. 

To determine the extent of tu rnover at flowering of the ti l ler population in this 

s tudy ,  t i l l e r  p o p u l at i on  age-structu res fo r series 3 fi xed q u adrats were 

determined (Figure 5.8) i n  early April 1 988, at the conclusion of 

measurements. By this date only a smal l  proportion of the t i l lers were pre­

flowering ti l lers and in addition hard grazing pre-flowering had reduced survival 

of pre-flowering t i l lers. Tillers formed before 1 4  November 1 987 accounted for 

1 4% of the total population on LL & LH plots and 3 1 %  of total t i l lers on  HH & 

H L  p lots (S E + 3%,  P = 0 . 002 ; Figu re 5 . 8 ) .  S im i larly hard g razi n g  post 

flowering i ncreased the percentage of the you ngest category from 33% ( LL & 

H L  plots) to 42% (HH & LH plots, SE ± 3%, P = 0.03). November-December 
ti l lering was not affected by grazing management. 

Figure 5.8 :  Tiller population age-structures for fixed quadrats for the 4 grazing managements, 
as at 4 April 1 988 . A, tillers formed before 8-9-87; B, til lers formed between 8- 9 -87 and 1 4-
1 1 -87; C, tillers formed between 1 4-1 1 -87 and 3-1 -88 ; D, tillers formed between 3-1 -88 and 
4-4-88. (•) denotes t il ler density outside fixed quadrats and determined by the t i l ler-core 
method. 
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While the data confi rms that replacement of the over-winteri ng t i l ler population 
at floweri ng was a feature of the ti l ler population dynamics, this also raises the 

question of which age-classes of parent ti l lers had produced the replacement 

daug hte r t i l l e rs .  Th is question rep resents a fou rth level of com plexity i n  

defin ing ti l ler population dynamics and is dealt with i n  Section 5.3.4.6. 

5.3.4.4 Disturbance effects on tiller density and ti ller appearance 

Since l ight levels at the base of the sward are a major determinant of ti l ler 

appearance and p hytoch rome effects appear to be i nvolved in control of 

til lering (Section 2.2.3), it might be expected that only brief exposures to l ight 

would be needed to in it iate axi l lary bud development, and that disturbance 

such as placement of t i l ler tags at the base of a ti l ler may in itself stimulate ti l ler 

appearance . Such disturbance effects have been referred to by a number of 

previous authors, i ncludi ng Davies (1 981 ), Korte ( 1 981 ) & Arosteguy ( 1 982) .  

In  this study there was also evidence that sward disturbance can enhance ti l ler 

i nitiation. Firstly, ti l ler densities determined from total numbers of t i l lers in fixed 

quadrats were consistently greater than those determined by the t i l ler-core 

method (Figure 5.8) .  Initial ti l ler densities for fixed quad rats tended to be higher 

than for the surrounding sward, indicati ng a tendency to place fixed quadrats 

around clusters of ryegrass ti l lers ;  but these differences usual ly i ncreased over 

the fi rst measure ment period for fixed quadrats (Sections 5.3.4.3 & 5.3.4.4). 

Further divergence between population densities, beyond that in itially present, 

is thought to be a disturbance effect. Such disturbance effects wou ld not be of 

concern i n  the present study however, so long as after an in itial adjustment 

pe riod, t i l le rs with i n  fixed quadrats sett led down to a new equi l i briu m  (c.f. 

Fig u re 5 .6)  where relativities between g razi ng managements, and between 

seasonal TAR and TDR were similar to those in the undisturbed population .  

S econdly,  w h e n  mon itori ng of t i l ler  density on  LH and HL plots began i n  

September 1 987 prio r  to the  i ntroduct ion  o f  cross-over t reat m e nts, t i l l e r  

densities for LH plots were lower than those on LL  plots; similarly densities on 

HL plots were lower than those on HH plots (P = 0.006 ; Figu re 5 .5) .  Because 

LL and LH plots, and HH and HL plots had each been grazed i n  pairs within 

replicates (Section 4.2.4) ,  these differences cannot be explained by differences 

i n  g razing.  The on ly other systematic difference between these pairs of plots 

was the trampl ing and other activity which occurred on HH and LL plots, but 

not on  LH and H L  plots, during  root harvesting and til ler sampling .  The only 
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remaining explanation for the lower t i l ler densities on the un-harvested plots 

would therefore seem to be that the disturbance of trampling during col lection 

of root, t i l ler plug,  and herbage mass samples at Harvests 1 to 6 was sufficient 

to change the balance between t i l ler appearance and death , causing lower 

t i l ler densities on the u n-sampled plots. This wou ld seem to be confirmed by 
the fact that once sampling began on LH & HL plots, tiller density differences 

between these plots and correspondi ng LL and H H  plots began to disappear 

(Figu re 5 .5 ) .  There is even some evidence of classic ecological osci l lat ion 

arou nd an equi l ibrium in  that by the t ime crossover treatments were i ntroduced 

in early Decem ber the previous differences had reversed, and densities on the 

crossover  p lots were h igher  than on t he  co rrespondi ng H H  and LL plots 

(Figure 5.5;  P<0.01  ) . In view of these data, it would be interesting to study the 

ro l e  of t ramp l i ng  effects , as disti nct f rom diffe rences in herbage mass, in  

producing the ti l ler density differences which exist between rotationally grazed 

and continuously grazed swards (Hodgson & Wade, 1 978). 

5.3.4.5 Effect of ti ller age on tiller productivity. 

Herbage mass data had shown evidence of high daughter t i l ler production on 

LH plots and it was of interest to know if an i ncreased proportion of young 

ti l lers might explain higher than expected herbage accumulation on  these plots 

(Section 5.3.3 .2) .  Accordingly tissue turnover determinations were carried out 

fo r two age c lasses to determ ine whether young  t i l lers were more or less 

p ro d uct ive  t ha n  o l d e r  t i l l e rs (Tab l e  5 . 1 2 ) .  Due  to l ack of t ime  t h ese 

measurements were not performed for LL plots. 

The data show that young ti l lers tended to be smaller than old t i l lers, but no 

evidence that young ti l lers were more productive . Instead, it appears that ti l lers 

of both age classes were more productive on LH plots. Thus it is concluded 

that i ncreased p roductivity of LH plots cannot be attributed to different age­

structures of t i l ler  populations on these plots. Some other mechanism must 

have been i nvo lved , for example t ransfe r of substrata from decapitated 

flowering t i l lers (Colvil l  & Marshal ! ,  1 984; Davies, 1 988). 
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Table 5 . 1 2 :  Herbage accu mulat io n  and t issue tu rnover for o ld (appeared 
before 1 4  October 1 987) and young  (appeared between 1 4  November 1 987 
and 8 January 1 988) t i l lers. 

LL 
Grazing t reatment. 
HH  LH HL 

Net herbage accumulation (24.3 to 5 .5.88;  kg OM ha-1 day-1 ) ,  
determined by quadrat cut. 

42 44 61  58 

Herbage g ross production (mg ti l ler- 1 day- 1 ) 

Old ti l lers 0 .36 0 .51  0.75 
Young t i l lers 0.32 0.69 0.74 

Herbage net production (mg ti l ler-1 day-1 ) . 

Old ti l lers 0 .32 0.47 0.41 
Young t i l lers 0.30 0 .54 0.42 

Tiller weight (mg) 

Old ti l lers 1 8  38 45 
Young t i l lers. 1 6  28 36 

- denotes LL plots not measured due to lack of t ime. 

5.3.4.6 Tiller demography 

SEM 

6.5 

}0.01 7 

}0.01 7 

} 1 4.9 

lt emerged during the course of measurements that it would be of interest to 

know the age-class of ti l lers most l ikely to produce particular categories of new 

ti l lers. In particular, it would be of i nterest to know demographic detai ls for 

ti l lers produced between mid-November 1 987 and early January 1 988 (Figure 

5.8). These ti l lers were probably equivalent to Korte's (1 986) category 7 ti l lers 

(see Figu re 2 . 1 ,  page 1 2) ,  and also to the til lers which Colvill & Marshal! ( 1 984) 

considered "especial ly important because they are long l ived, and therefore 

ensure the pe renn ial ity of the plant ." The impression from observations on  

stolen format ion ( Sect ion 5 .3 . 2 )  was that these t i l lers were predominantly 

dau g ht e r  t i l l e rs fro m fl owe ri ng t i l l e rs ,  alt h o u g h  Korte ( 1 986 )  stated that 

su rvivi n g  winter (fo rmed) t i l le rs p rovided numerous sites for t i l lering  afte r 

i nterruption of reproductive growth .  I n  o rder to provide some prel iminary data 

on  these poi nts, 24  fi xed quad rats ( 1  00  mm diameter) tagged i n  summer 

1 986/87 and abandoned in  May 1 987 were relocated for analysis in December 

1 987. 
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5.3.4.6.1 Til ler population structure of a post-flowering sward 

As a fi rst step, ti l lers in  the 24 fixed quad rats were classified as to whether they 

were su rviving  tagged ti l lers, daughter t i l lers of surviving vegetative til lers, or 

daughter t i l lers attached to stubs of reproductive ti l lers (Table 5 . 1 3) . 

Table 5. 1 3 : Ti l ler classification (% total l ive ti l lers) for a post-flowering ryegrass 
sward (December 1 0, 1 987) . 

Grazing 

LL 
HH 

SED 
Signif. 

Tagged ti l lers 1 
( current status) 

Rep. 

7 
3 

2 .2 
NS 

Veg . 

1 1  
1 2  

5. 1 
NS 

Til lers emerged 
post tagging 

Attached to 
Veg. Rep. 

21 
1 9  

6.0 
NS 

48 
52 

1 2.7 
NS 

Detached : 
Origin 
U ncertain 

1 2  
1 4  

9.6 
NS 

1 .  Tillers tagged prior to  3 March 1 987. Most daughters of reproductive til lers judged to have 
appeared since flowering. 

The data (Table 5. 1 3) is consistent with the pattern i l lustrated in Figure 5. 1 and 

P late 5 . 1 (Secti on  5 .3 .2)  and shows that a majo rity of the  ti l l e rs in these 

Dece m ber swards we re daug hte r t i l lers from floweri ng t i l le rs. These t i l lers 

readily detached from parent ti l lers duri ng dissection of fixed quadrats, so it is 

l i kely that most of the detached t i l le rs of u nce rtai n orig in  belonged to this 

category also . l t  is noteworthy that there were no differences between grazing 

managements fo r any of the t i l ler  categories, and also that daughter t i l lers 

i n it iated below g round were morphol og ical ly ide ntical to aerial t i l lers, the 

formation of which has been described by Korte et al. (1 987). 

In a Brit ish study of ti l ler dynamics in post-floweri ng swards (Davies et al. , 
1 981 ) the  number of daughter t i l lers from reproductive ti l lers was also high, 

with 82% of t i l lers present 1 1  days after cutt ing derived from reproductive 

t i l lers. The simi lar proportion of daughter t i l lers from flowering ti l lers for LL & 

HH plots may mean that the til ler-core method (Table 5.1 0) underestimated the 

proportion of floweri ng ti l lers on HH plots. 

Inspection of the published ti l ler age-cohort survival diagrams (Jewiss, 1 966 ; 

Colvi l l & Marshal ! ,  1 984 ; Korte, 1 986 - see Figure 2. 1 )  shows varying degrees 
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of turnover i n  the ti l l e r  population for d iffe rent grass species or  for different 

years (Section 2 .2.3). In Jewiss' ( 1 966) study, patterns were consistent over 

two years,  but di ffered between species. For ti mothy, there was almost total 

replacement  of t i l lers ,  i ncl uding recently formed spring ti l l e rs ,  at f loweri ng.  

Many t i l l e rs formed i mmediate ly  post-f loweri ng su rvived 1 2  months, and 

presumab ly  f lowered the mselves at t h at t i m e .  For meadow fescue the  

replacement  of t i l l e rs at flowe ri ng was approx imately 50% (com pared to 

approximately 90% for t imothy) with t i l lers formed in the fi rst spri ng normally 

surv iv ing 1 5  months ,  presu mably f l owe ring in their second season. Both 

Colvi l l  & Marshal! (1 984) and Korte ( 1 986) observed relatively low replacement 

i n  the establishment year and virtual complete replacement i n  the second year 

for ryeg rass swards. This s imi larity between Colvi l l  & Marshall 's ( 1 984) and 

Korte's ( 1 986) results raises a very interest ing point. lt appears that it may be a 

consistent featu re of t i l ler  dynamics of g rass swards that behaviour  diffe rs 

between f i rst and subsequent years i n  th is way. These data, and also the 

i nformation on t i l ler population age-structu res suggest that the pattern of ti l ler 

demography in these established swards was essential ly the same as that for 

establ ished swards in  the two earl ier studies (Colvi l l  & Marshal ! ,  1 984;  Korte, 

1 986). 

5.3.4.6.2 Tiller l ongevity and propensity to produce daughter ti l lers 

For 1 2  of the fixed quadrats (approximately 1 400 tagged t i l lers of which 396 

had survived at least to fl oweri ng ) ,  the u nderg round connecti ons between 

t i l l e rs were exami ned so as to provide i n format ion on the p ropensity of 

previous ly tagged t i l lers (tagged before 3 March 1 987) to produce daughter 

ti l l ers. Also , t he  cu rrent season 's recent daughte r t i l lers were categorised 

according to the type of ti l ler which had produced them. 

Tagged ti l l e rs which flowered were more l ikely to have produced daughter 

t i l lers than those which remained vegetative (P < 0.001 ; Table 5 . 1 4) and t i l lers 

tagged before 8 December 1 986 which had survived to flower i n  spring 1 987 

had a g reate r l i kel i hood of producing daughter ti l l ers than t i l l e rs tagged i n  

February or  March 1 987 which also survived t o  flowering. (P  = 0 .0 1 7 ; Table 

5. 1 4). 

The high rate of daughter ti l ler production by o lder til lers which flowered was 

further compounded by the fact that this category of parent t i l lers was large in 

number at the start of wi nter, and had h igher survival rates over winter than 
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younger, later formed ti l lers. This is i l lustrated by the classification of daughter 

t i l lers present in December 1 987 according to categories of tagged til ler which 
produced them (Table 5. 1 5). 

Table 5. 1 4 : Mean number of l ive vegetative ti l lers (December 1 987) produced 
by various categories of previously tagged ti l lers. 

Status 

Flowered 
Vegetative 

SEM in parentheses. 

1 5  Nov 86 

2.7 (0. 1 8) 
1 .6 (0.3 1 ) 

Date tagged 

30 Jan 87 

1 .7 (0.31 ) 
0 .83 (0.37) 

3 March 87 

2. 1 (0.33) 
1 .2 (0.46) 

Table 5 . 1 5 : Numbers of daughter t i l lers present in December 1 987 formed 
from 4 categories of tagged ti l ler. 

Tagged Formed before Formed between 
ti l ler 8 December 1 986 30 January 1 987 and 

3 March 1 987 Total 

Flowered in  
spri ng 1 987. 443 9 1  534 

Remained 
vegetative. 32 1 1 0 1 42 

Total 475 201 676 

A number of authors including Jewiss ( 1 966, 1 981 ), Langer ( 1 979) and Colvil l 

& Marshal ! ( 1 984) have commented that they believed from their observations 

that daug hter t i l le rs from f loweri ng t i l l e rs are i mportant to perennation i n  

perennial ryegrass, and these data confi rm those views. However none of the 

earl ier  authors produced supporting data. This would be because standard 

fixed quadrat techniques do not provide such data, and the further analysis of 

parentage of t i l le rs i n  f ixed quadrats requ i res extre mely ti me consuming 

dest ructive sampl i ng to examine underg ro und con nect ions between ti l lers .  

Given that the fixed quadrat method was considered by Davies ( 1 981 ) to be so 

ti me consuming  as to be impractical i n  most ci rcumstances,  even without 

dest ructive sampl ing of fixed quadrats , it is c lear t hat prov is ion of more 

complete i nformation on parentage of new ti l lers at various t imes of the year 

wil l  present major logistical problems. 
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On the other hand, it is suggested that such information wi l l  be needed before 

it is poss ib le to model t i l ler  popu lat ion dynamics real istical ly .  Ko rte ( 1 981 ) 

considered that model l ing of t i l ler populations wil l be possible if it is confi rmed 

that decay curves for particular age cohorts are exponential and the half l ives 

and l ikeli hood of flowering of t i l lers formed at different times of the year known. 

By contrast the above data suggest that models of til ler popu lation dynamics 

w i l l  need  to take acco u nt of two d i st i nct types of processes operat i ng 

concurrently and in parallel . 

F i rst ly  t i l l e r  popu l at ions are i n  equ i l i b ri u m  with the envi ro nment ,  and the 

balance between natal ity and mortality is i nf luenced by a number of factors 

such as grazing management, seasonal variation in l ight levels, and probably 

also variation in soi l fert i l ity status and soil moisture status (Figure 5.6 ;  Section 

5 .3 .4 . 1 ). lt is suggested that th is equi l ibrium  operates so as to optimise leaf 

area for particular combinations of envi ronmental factors. If this is the case, it 

fo l l ows l o g i cal l y  t hat sward p roduct iv ity is n o rmal ly  dete rm ined by the 

envi ronment ,  rather than by sward state, un less particular managements result 

i n  t i l l e r  s i ze/d e ns i ty balance e i t h e r  mov i n g  above o r  fa l l i n g  be l ow the 

equ i l ibrium position .  l t  appears that in  the cu rrent study there may have been 

an event wh ich saw assimilate fixed during reproductive growth expressed as 

enhanced ti l ler appearance after i nterruption of reproductive growth.  

Other observations in  this study which cou ld be explained by the operation of 

an i nternal sward compensation of th is type include (i) The lower t i l ler density 

on LL than on HH plots (Section 5 .3 .4 . 1  ) ,  ( i i )  the seasonal f luctuation in ti l ler 

density (Section 5.3 .4 . 1  ) , ( i i i ) reduced numbers of young t i l lers on HL and LL 

plots in Apri l 1 988 and increased t i l ler densities in  fixed quadrats (Figure 5.8,  

Sect ion 5 . 3 .4 .3 .2) ,  ( iv) reduced ti l le r  densit ies on unsampled plots (Section 

5 .3 .4 .4) .  

Secondly, there appear to be demographic effects which are probably pri marily 

genetic. In  the present study these effects were seen as a h igh TAR and TOR 

i n  early summer, wh ich resulted in 58% replacement of the t i l ler population 

over a 1� month period in  November/December on HH & HL plots, and 71 % 

(SE ± 4%) replacement on LL & LH plots, with secondary daughters from the 

primary daughte rs i ncreasing the l evel of replacement to 70 - 85% by early 

April (Figure 5.8) .  
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5.3.4.6.3 Implications for sward productivity 

The h ig h t i l leri ng on LH plots seems to have resu lted i n  t i l ler  size/density 

combinations above the equil ibrium (Figure 5.6) ,  and a temporary increase in 

sward productivity similar to that observed when swards at h igh ti l ler density 

are released from g razing (Grant et al. , 1 988) .  In the study by Davies et al. 
( 1 981 ) manipulation which increased the degree of reproductive development 

also i ncreased daughter t i l ler formation from stubs of flowering ti l lers ,  as did 

leav i n g  l o nger  rather  than s h o rter  stubs after cutting .  These authors also 

suggested t ransfer of metabol ites might explain differences in daughter t i l ler 

format ion ,  citi ng Awopetu ( 1 979) .  A difference between their study and the 

current study was that herbage production was reduced, not enhanced, when 

more reproductive swards were cut, although their measurements for herbage 

production were only for the first 20 days after cutting. 

The replacement ti l lers formed immediately post-flowering were believed to be 

equivalent to Korte's ( 1 986) category 7 ti l lers (see Figure 2 . 1 , page 1 2) .  These 

replacement ti l lers were mostly formed from older floweri ng t i l lers, rather than 

from you nger vegetative ti l lers, and the tendency for an annual cycle based on 

the floweri ng and branching of t i l lers in  this category which had survived, as 

depicted i n  Plate 5. 1 ,  was so strong  (Table 5. 1 5) that i t  was felt that these 

ti l lers might be col loquially termed "king ti l lers." 

These demographic effects are quite distinct from the size/density equi l ibrium 

effects and recogn it ion  of t h e m  i s  important, because there appear to be 

differences between grass species (Jewiss, 1 966) in demog raphic patterns for 

ef fect i n g  t i l l e r  rep l ace m e n t ,  a n d  it m ay be possi b l e  t o  vary g razi ng  

management so  as to favour particular demographic patterns. For example, it 

appears t hat LH g razing management favoured demographically determined 

production of daughter til lers from flowering ti l lers, and that this in turn enabled 

full util isation of the envi ronmental potential for increased ti l lering in summer. 

Conversely, poor persistence of ryegrass in New Zealand dai ry pastures is a 

well known problem, and it may be that particular management practices are 

n ot e nt i rely compatib le with t he  demographic behav iour  of t he ryegrass 

cultivars currently in use. Demographic processes can be modelled by matrix 

a lgebra techn iques (Lewis, 1 977) and a another possib i l ity for future study 

wou ld  be to carry out a sens it iv ity a nalysis to see how vari at ion  i n  t he 
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propensity to produce daughter ti l lers (Table 5. 1 4) for particular age-categories 

wou ld  affect t he  an n u al replacement  eve nt , a nd he nce stabi l i ty of t i l l e r  

populations over time. 

5.4 Summary 

1 .  H igh root production i n  summer for the ryegrass swards studied i n  th is 

experiment (Tables 3 .2 ,  4.2) coincides with, and is probably largely explained 

by, the appearance of large numbers of new ti l lers. 

2.  The new til lers were formed from bud sites at underground nodes on stolons 

of floweri ng til lers. Stolen formation occurred in  winter prior to flowering and 

appeared to be a response to burial of ti l ler axes. Rate of stolen formation in  

wi nter was fou nd to be sensitive to  grazi ng management and soil fert i l ity 

status. Stolen formation would have resulted in a substrata cost to the plant of 

more than 0.5 t OM ha- 1 year-1 . 

3. There was evidence that the LH grazing management stimulated daughter 

t i l l e r  productio n ,  possib ly t h rou g h  t ransfe r  of substrata f ro m  decapitated 

flowering t i l lers. This resulted in high herbage accumulation and there might 

well be an improvement in pasture persistence in  such swards also. 

4. Daughter til lers produced at the base of flowering ti l lers in this way appear to 

play a key role in sward perennation and persistence.  Ti l lers in this category 

which s u rvive to flower in  the fol lowi ng season have a h ig h  p ropensity to 

contribute to production of that season 's replacement daughter ti l lers. These 

d e m o g raph ic  co ns iderati o ns are qu ite d ist i nct from q uest i o n s  of t i l l e r  

size/density equi librium.  
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CHAPTER 6:  FOLLOW-UP FIELD STUDY. 

6.1 I ntroduction and overview 

Data from Experi me nt 2 raised a n u mber of questions relat i ng  to root 

behaviour .  Fo r example ,  t he  h igh  root production in November and the 

accompanying fal l in mean root diameter was assumed to be due to new 

root production by new ti l lers produced at the same t ime (Section 4.4.2) but 

t h e re cou l d  a lso be oth e r  poss ib l e  e xp lanat i o ns ,  such as secondary 

branching of existing roots produced earl ier in  the season .  Again ,  there are 

questions on  the be haviou r of root systems of pe renn ial ryegrass which 

remain  u nanswered (Sect ion  2 .4 . 1 ) , and the quest ion of why h igh root 

production i n  summer had not been reported in earl ier New Zealand studies 

was not ful ly resolved (Section 4.4. 1 ) .  

A l s o ,  the o bject ive of  s i m u l taneous  measu re m e nt of above-g ro u nd 

parameters i n  parallel with root measurements (Section 1 .2) was not fully 

met i n  Experi ment 2. Ti l l e r  popu lat io n  de nsit ies and t i l l e r  n atal ity and 

mortality were recorded throughout Experiment 2, but fixed quadrats had to 

be moved twice duri ng the experiment so that ind ividual t i l lers were not 

fol lowed th roughout the ir  l ifespan , and herbage accumu lat ion and tissue 

turnover measurements were not commenced until the experiment had been 

i n  progress for some 9 months. 

For  t hese reasons, it was decided to carry out a fol l ow-up  experiment 

(Experiment 3) to provide data on the origin of new roots formed at different 

times of the year, to provide confi rmation of the seasonality of root and ti l ler 

appearance observed in Experiment 2 and to provide above-ground tissue 

turnover data in conjunction with  refi l led core data for a ful l  1 2  month period. 

Quest ions of t i l ler  dynamics arising from Experime nt 2 were i nvestigated 

further in fol low-up experiments reported i n  Chapter 8. 

6.2 Experimental 

The experimental strategy was to make periodic sets of measurements as 

i n  E xperiment 2 .  I n  order to allow for simi lar measurements to be conducted, 
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but without the very high labour input which had been required in  Experiment 

2 ,  the i nterval between harvests was i ncreased from 6 weeks to 2 months, 

ro o t  m e as u re m e n ts  we re l i m i t e d  to 0 - 2 5 0  m m  s o i l  d e pt h ,  a n d  

measurements were restricted to 3 plots (repl icates) under common grazing 

management. lt was felt that these changes would sti l l  allow the objectives 
stated above to be met, while greatly reducing labour  requirements. 

The site chosen was 400 m distant from that used in Experi ment 1 ,  and 

detai ls of soil and cl imate were therefore as wven in Section 3.2.2,  but the 

cultivar of ryegrass was 'Grasslands Ruanui' , sown i n  1 979, and clover and 

other grasses present in the sward were not sprayed out as they had been in 

Experiment 2 .  The three plots (replicates), were each approximately 1 0  m x 

1 0 m and were established in  November 1 988. 

6.2.1 Field measurements 

Measu rements commenced i n  December 1 988 ,  and we re repeated i n  

February ,  Apri l ,  June ,  August, and October 1 989 for 7 variables. These 

variables were : root mass (2 subsamples of eight 21 mm cores, 0 - 70 mm 

and 70  - 250 mm soil depths, for each plot at each harvest) ; apparent root 

product i o n  (3  refi l l ed c o re samp les  per  pl ot at each h a rvest ) ;  t i l l e r  

appearance and death rates (TAR, TOR) ;  ti l ler population density (30 plugs 

per plot at each harvest) ; and tissue turnover determination of ryegrass leaf 

elongation and leaf appearance i nterval . 

In it ially 20 fixed quadrats (65 mm diameter) per plot were set up, but at each 

harvest two fixed quadrats per plot were used for transplanted cores (see 

be low) , leav i n g  8 fi xed q u adrats per  p lot ma i nta i ned t h roughout the 

experi ment to al low the compilation of a ti l ler age-cohort survival diagram. 

Til lers i n  fixed quad rats were tagged 1 0  times between November 1 988 and 

February 1 990. The more frequent ti l ler tagging was to prevent loss of fixed 

quadrats by burial, as happened in Experiment 2, and ti l ler appearance and 

death values corresponding to the 6 measurement dates were interpolated 

by fitt ing Fou rier equations to the raw ti l ler data (Appendix 6) .  

The t issue tu rnover measurements comprised 3 measure ments (1 week 

i nterval between measurements) of leaf length for all leaves on randomly 

selected tagged t i l lers .  Sixteen t i l lers per plot were so measured at each 

harvest. In Experiment 2 it was evident that herbage production data for 
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different grazing treatments had largely reflected differences in senescence 

resu ltin g  from differences in  herbage mass (Section 5.3.4). Therefore, the 

t issue tu rnover measurements were pri marily to g ive data on g ross leaf 

product ion ,  which would be unconfounded by any seasonal differences in 

senescence, and wou ld be a shoot measurement analogous to the apparent 

root production data from refi l led cores. 

6.2.2 Transplanted cores 

The  t ransp lanted core tec h n i q u e  was devised specif ical l y  to obta i n 

i nformat ion  on the o ri g i n  of roots produced i n  summer, with a v iew to 

c larifyi n g  reasons fo r the seasonal changes i n  root diameter (Sections 

4.3. 1 . 1 ,  4.3. 1 .2 ,  4.4. 1 ) .  However, data was also collected on the location on 

the t i l ler  axis of root i n it iat ion and on the number of l ive roots at different 

t imes of the year. 

Fixed quadrats of which ti l lers had previously been colour coded by date of 

o rig in  were col lected with the 78 mm diameter corer described in Section 

3 .2 .5 ,  severed at 1 00 mm depth, and transplanted into a sandbox. Cores 

were transplanted at each of the 6 measurement periods of Experiment 3 ,  

and grown on in the sandbox for a further 6 weeks. At the end of  each period 

the box was dismantled and sand washed out, taki ng care not to break off 

new roots. After "transplanted cores" had been recovered in this way (Plate 

6 . 1  a), one of the two cores from each plot was clipped and the new roots 

(g rass and clover roots wh ich had g rown out  of the  soi l  mat ri x  of t he  

t ransplanted core into t he  surrounding sand) retained for determination of 

root mass and root length .  Fo r t hese samples, root length by diameter 

categories was also determined by image analysis (Cochrane et al. , 1 990). 

F o r  t he  re m ai n i ng co res,  p rot ru d i n g  n ew roots were stai n ed red by 

i mmersing  the core i n  conga red dye ( 1 % w/v ; G ibbs, 1 986).  Finally the soil 

mat ri x  of the transpl anted core itself was washed away to expose the 

u nstai ned o lder  roots i ns ide .  Cohorts  of t i l le rs connected by stolons ,  

complete with roots, were then extracted using tweezers (Plate 6 . 1  b). 

After washing and dissection of cores as described above, 5 adult ti l lers per 

core were selected, and each root measured in  detai l ,  working basipetally 

fro m  the youngest root. Measurements made on each root included length 

(mm),  a score for vigour and degree of branching ,  and diameter at point of 

attachment to the tiller axis (mm). 
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Plate 6 . 1  a: Transplanted core after washing out from sandbox, showing root 
development after 6 weeks growth into sand. 

P late 6 . 1  b :  C luster of t i l lers and i nter-connecti ng stolons dissected from a 
transplanted core . 
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Root d iameter was m easu red to the nearest 0 . 1  m m ,  us i ng  a b i nocula r  

m icroscope and g raduated eyepiece. S imil ar measurements were made for 

a n y  daughter t i l l e rs o n  the se lected t i l le r  axes. Where possi bl e  the nodal 

p os it i on  of each root was a lso reco rded ,  but after t he  f i rst 3 -4 nodes ,  

recognit ion of i nd ividual nodes often became diff icult so  these records were 

con fined mainly to younger roots. 

6.2.3 Statistical analysis of results 

The design is techn icall y  a spl it plot i n  t ime and as such, repeat observations 

o n  t he  same plots at d i ffe rent t imes can n ot be  treated as i ndependent 

observations and analysed for seasonal effects as if they had come from a 

ran domised complete block design .  

The re is no easy answer to  this problem.  However, as with other  split-plot i n  

t i m e  experi ments (Appendix 1 . 1 ) ,  pai rwise comparison of any two means 

usin g  a pooled standard error is valid .  Accordingly standard e rrors for each 

of t h e  42 means obta ined i n  the experi ment a re g iven i n  F ig u re 6 . 1 , and 

probabi l ities for T-tests between specific pairs of means are given in the text 

as appropri ate to part icu lar points of d iscuss ion .  For s imp l icity, standard 

errors shown i n  Figure 6. 1 are averaged over t ime,  h owever. 

6.3 R esults and d iscussio n  

6.3.1  Field measurements 

The s i x  harvests made on the three plots provided 1 8  observations for each 

of seven variables ( root m ass, kg ha- 1 ; apparent root production , kg ha- 1 

day- 1 ; leaf extensio n  rate, mm t i l ler-1 day-1 ; ryegrass leaf appearance rate, 

l eave s  t i l l e r- 1 day- 1 ; ryeg rass t i l l e r  density, t i l l e rs m-2 ; and ryegrass ti l ler  

appearance and death rates, ti l lers m-2 day-1 ) ,  and the seasonal means and 

S E's f o r these are p resen ted i n  F i g u re 6 . 1  ( page  1 30 ) .  In  add i ti o n  to 

p rov idi n g  values of TAR & TDR, data from f i xed quadrats were used to 

comp i le  a t i l ler  age-cohort survival d iagram, for the period December 1 988 -

February 1 990 (Figure 6 .2 ,  page 1 31 )  
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Figure 6 . 1 : Seasonal means and standard e rrors tor variables representing 

above- and be low-g round activity in Experi ment 3. S E M  i n  pare ntheses 

below bars for each mean. 
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Figure 6 .2 :  Til ler age-cohort survival for a 'Grasslands Ruanu i '  ryegrass sward (Experiment 3 ) .  
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When the fi rst set of measure ments was made i n  November/Decem ber 1 988, 

it was n otabl e  that for swards i n  Experi me nt 3 t i l le r  appearance rates were 

extreme ly  l o w  ( ag e  coh o rt 2 ,  F ig u re 6 . 2 ;  Figu re 6 . 1 ) ,  whe reas for swards 

m e as u re d  ove r  t h e  p rev ious  t h re e  y e a rs i n  Expe ri me nts 1 a n d  2, t i l l e r  

a ppearance h ad peaked i n  early summer (Sect ion 5.3 .4 .3 .2) .  

As measurements progressed other differences between swards monitored in 

E xperi m e nt 3 ,  and those monitored i n  Experiments 1 & 2 became apparent. 

Apparent root g rowth  rate (F igure 6 . 1 )  was lower than expected in the fi rst 

m easure ments, d id not fall to low levels i n  winter, and peaked i n  August. This 

resemb les t h e  seasonal  pattern p rev ious ly  reported by Caradus & Evans 

( 1 977) with a late-winter peak, rather than t he pattern reported in Chapter 4 

( Figure 4.4) .  This period of h igh root g rowth i n  August coi ncided with a period 

of h igh  t i l ler  appearance and with a period when leaf extension rate was even 

l ower than i n  m id-winter and leaf appearance was i nfrequent ( Figu re 6 . 1  ) . 

Th is  raises t h e  questio n as to why the  s easonal i ty of t i l l e r  appearance for 

E x periment 3 shou ld  be d i ffe rent from t h at o bserved i n  Experi me nt 2 (and 

p ro bably also E xperi ment 1 ) .  The most o bvious com mon denominator between 

Experiment 3 and the studies of Jacques ( 1 956) and Caradus & Evans ( 1 977} 

is t h at all three used the same ryegrass cult ivar, 'Grasslands Ruanui ' .  These 

data therefore suggest that the t i l ler  demography of 'Grasslands Ruanui '  used 

i n  E xperiment  3 m i g ht be d i ffe rent from t h at of the 'E I Iett' cult ivar,  used i n  

E xperiments 1 & 2 .  

Further  evide nce i n  support o f  the view that t i l ler  demography differed between 

c u lt iva rs i s  s e e n  i n  t he  t i l l e r  age-co h o rt s u rv iva l  d iag ra m  ( F i g u re 6 .2 ) .  

Comparison o f  t h is d iagram with those o f  J ewiss { 1 966 ) .  Colv i l l  & Marshal! 

( 1 9 84) , or  Korte ( 1 986) ,  shows that one feature of this diagram is the almost 

complete lack of an annual replacement of t i l lers at flowering (Dece m ber) . This 

is not e asi ly  quantifi ed, but q ualitative evidence of the difference i n  behaviour  

i s  that survivin g  N ovem ber  tagged t i l lers i n  late March comprise some 35% of 

t i l lers i n  these swards ( Figure 6 .2) , compared with 1 5% - 30% for E l lett swards 

i n  Expe riment 2 (F igure 5.8, Section 5 .3 .4 .3 .2) .  

The visual impression  g ai ned when tagg ing t i l le rs was that i n  Experiment 3 the 

g e n e ration  turnover tended to occur i n  two phases. At the i ni t ial tag g i n g  i n  

1 988 the re were numbers o f  young t i l lers attach ed to f loweri ng  ti l l e rs (si m ilar  

t i l l e rs appe ared i n  1 989 as co horts 7 & 8 in  F i gure 6 . 2 ) .  In  the fol l owi n g  
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autu m n ,  t h ese daughter  t i l l e rs of  f loweri ng t i l l e rs wh ich h ad formed rather  

earl ier  t han the main f lush of t i l lers i n  Experi ment 2 ,  appeared to  be active i n  

producin g  cohorts 3 & 4 (F igure 6 . 2 ) .  I n  turn,  t i l lers of  age-cohorts 3 and 4 

appeared part icu larl y  active i n  produc ing  t i l lers of age-coh orts 7 and 8 ,  and 

appeared to be an important source of f loweri ng t i l lers i n  1 989. Ti l lers of cohort 

1 ,  u nl ike t i l l ers tagged at about the same t ime of year i n  Experi ment 2 ,  did not 

appear to show a h igh propensity to f lower. Many of them remained vegetative 

through the summer, then simply  lost vigou r  and died of old age i n  autumn or  

winter (Plate 6 .2) .  

As an i l lustration of th is ,  percentage of  t i l lers classified as reproductive i n  late 

N ovember 1 989 was 53% & 66% for age-cohorts 1 & 3, respective ly.  Th is  

d i fference between age-cohorts 1 and 3 was not  statisticall y  s igni ficant, but 

contrasts m arkedly with values of 93% & 45% for corresponding age-cohorts i n  

E xperiment 2 (Table 5. 1 5, Section 5 .3 .4.6 .2) .  Percentages o f  ti l lers f loweri ng i n  

Korte 's ( 1 986)  study were m uch l ower, and never exceeded 38%, although 

Korte's ( 1 986) values apply to t i l lers p roduced in the establ ishme nt year, and 

are probabl y  n ot typical of  t i l l e r  dynam ics i n  s u bseq u e nt y ears ( Sect ion  

5 .3 .4 .6 . 1 ) .  

The fact that t h e  different seasonal patte rn o f  t i l ler appearance for E xperiment 

3 was associated with paral le l  changes in seasonal distribution of root g rowth 

supports t he  conclus ion (Sect ion 4 .4. 1 ) that h i gh  rates of root p roduct ion i n  

summer in  Experiments 1 & 2 probably reflected new root production by newly­

appeared t i l lers. I n  a Brit ish study also, t i l l e r  and root appearance peaks for an 

S23  p e re n n ia l  ryeg rass sward occurred at t he same t i m e  of  year  (Apri l )  

(Garwood , 1 96 9 ,  1 967a ,b ) .  A l lowing for c l i m atic d ifferences between Britain 

and New Zealand, these seasonal peaks observed by Garwood ( 1 967a, 1 969) 

correspond very wel l  with data from Experiment 3 .  

Whi le  the above resu lts suggest that E l lett ryegrass used in  Experiments 1 and 

2 may have different seasonal patterns of ti l le r  demography  from 'Grasslands 

Ruanu i '  ryegrass used in Experi me nt 3, i t  must be emphasized that because 

the resu lts compare d i fferent swards in d i ffere nt years, the possib i l ity that the 

results reflect c l i m at ic or  oth e r  d ifferences betwee n  the two paddocks and 

seasons can not be ru led out .  D i fferent responses of  the same g e notype to 

different e nvironmental surroundings (genotype x e nvironment i nteractions) are 

t he  s ubject of a subst anti al body of l ite rature ,  and a study  of 1 2  ryegrass 

genotypes by Harris ( 1 973) has shown that these effects can be substantial . 
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P lat e  6 . 2 :  N on-floweri n g  ag e-category -1 t i l l e rs (F ig ure 6 .2 )  disserted from 
transplanted cores in May 1 989. Extent of sto len  format ion  suggests these 
t i l lers had been 6 - 1 2  months old when tagged in  November 1 988, and many 
t i l lers of this age lost v igour and died duri ng  winter. 
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H o weve r ,  i f  t hese d i ffe re nces i n  t i l l e r d e m o g raph y  d o  i n  fact re pre s e nt 

genotypic variation, rather than genotype x enviro nment i nteraction,  then they 

a re as s ubstant ia l  as t h e  d i ffere nces between two species ,  t i mothy  and 

m e adow fescue (Jewiss,  1 986) . Th is  rei nforces t h e  conc lusi o n  d rawn i n  

Sect ion 5 .3 .4 .6 ,  that a fu l l  demographic analysis of ryeg rass behaviour would 

be valuab le .  Such an a nalysis wou ld  i nclude data on p ropensity to produce 

daughter t i l lers and parentage of new t i l l e rs for ti l l e rs of d i fferent age classes. 

The particu lar paddock used i n  Experi ment 3 was chosen because it was later 

f lowering than adjacent E l lett paddocks , and therefore more suitable in terms 

of  t im i ng of an i nit ial measure ment when commencement of the experi ment 

was u navoidably delayed u nt i l  November 1 988. lt was not considered at the 

t ime the experi ment was set up,  that different cultivars of ryegrass might have 

s ubstantial d ifferences i n  seasonal behavio u r  for  parameters such as t i l l e r  

appearanc e  and root p ro d u ct i o n ,  and t h e re appears t o  b e  no l i te ratu re 

s u g g e st i n g  s u ch d i ffe re n ce s .  H ad d i ffe re nces b etw e e n  c u l t i va rs b e e n  

e x pe cted, t h e n  t he  exper i m e nt cou l d  have bee n  speci f ical l y  des igned to 

provide contro l led comparisons between cult ivars. This would obviously be a 

reward ing subject for fu rther  stu dy. lt has often been observed i n  evaluations 

of  the Mangere ryegrass ecotype and its derivative cu ltivars 'Grasslands Nu i '  

and ' E i l ett' t hat performance rel ative to  other  cultivars is  bette r  i n  summer­

autum n  than at other times of the year (Cumberland & Honore, 1 970; Harris et 
al. , 1 977). lt may wel l  be that the h igh summer  t i l leri ng observed i n  Experiment 

2 ,  and for N u i  i n  the year fol lowin g  establ ishment (Korte, 1 986) is a consistent 

feature of establ ished swards of th is ryegrass, and is the basis for the h igh  

h e rbage production i n  summer. 

Another  feat u re of the t i l ler  age-cohort survival diagram is the very h igh  ti l ler  

appearance in  summer 1 989/90 (age-cohort 1 0) .  Th is effect may be s imilar to 

the  t i l l e ri ng effect seen on LH plots i n  E xperiment 2 ,  because plots received 

rat h er lax  g razi n g  in spri n g  1 98 9 ,  fo l l owed by a m o re severe g raz ing  after  

m e as urements i n  F igu re 6 . 1  h ad been completed , but  t h e re is n o  data o n  

h e rbage mass to al low a m o re r igorous assessment of t h i s  point. H owever, 

even if the appearance of large n umbers of t i l lers after flowering is paral le l  to 

that o n  LH plots i n  Experiment 2 ,  the t i l l e r  dynamics sti l l  appear to be different 

i n  that the  survival of pre-flowerin g  t i l lers (age-cohorts 7, 8 & 9 ;  Figure 6 .2)  is  

much h ig her than that of  correspo nding t i l lers for Experi ment 2 (Figure 5 .8) .  
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6.3.2 Transplanted cores 

6.3.2.1 Root mass and root length from transplanted cores 

The quantity of root p roduced by transplanted cores was lowest i n  winter (May 

and J uly) and h igh at each of the other 4 harvests, but with some reduction of 

root g rowth i n  January (Table 6 . 1 ) .  

Table 6 . 1 : Root mass (g  Ash -F ree  D M ) ,  total  l e ngth of new root ( km) . mean monthly 
temperature 1 , and mean diamete r2 ( mm)  of nodal roots at point of origin for transplanted 
cores .  

Jan.  March May Ju ly Aug. N ov.  SE 

Root m ass 0.36 0 .6 1  0 .06  0 . 1 6  0 .6 1  0 .60  0 .057 
Root l en gt h  4 .6  1 7. 6  1 . 1 1 .7 1 3. 1  1 4. 2  1 .27 

Temperature 1 9. 1  1 6.8 1 1 .8 8 .7 7 .2 1 6 .2  

Diameter 0.35 0 .56 0 .50 0.64 0 .70 0 .66  0 .0 1 1 
at o ri g i n  

1 .  M onthly mean 1 0  cm depth soi l  temperatures for DSIR, 0.7 k m  from experimental site. 
2. D iameter d ifferences also observed using image analysis , Cochrane et al. ( 1 99 1  } .  

For  a pparent  root product ion  in  ref i l l ed cores t h e re was a s ing le peak i n  

August ,  with moderate root g rowth at other t imes of the year (F igure 6 . 1  b) .  By 

contrast, values for new root m ass for transplanted cores were uniformly h igh  

i n  Marc h ,  Aug ust , and N ovem be r  (Tabl e  6 . 1  ) , although wi th  d i ffe re nces in  

mean d iamete r, and correspondi n g  d ifferences in  root l ength (Table 6 . 1  } .  

Th i s  rai ses  q uest ions a s  to w h at facto rs co ntrol root g rowt h  and w h y  the  

seasonal pattern o f  root growth for refi l led and transplanted cores should d i ffer. 

The root p roduct ion  effects do not appear to correlate with temperature ,  as 

temperatures  in August when root production was h ighest were lower than i n  

M a y  w h e n  root g rowt h  w as l owest , a lt h o u g h  reduced roo t  g rowt h  fo r  

t ransplanted cores i n  January m ight be  a result o f  supra-opt imal temperatures 

and root d iameter effects do show a tendency for a negative correlation with 

temperatu re :  

Mean d ia meter at o rig in  (mm) = 0 .77 - 0 .0 1 5 x Temp.  r2 = 0 .36 P = 0 .2 1 . 

The hypothes is  that h i gh  root g rowth i n  f ie ld  swards i n  spri n g  i s  primari ly  a 

response to loss of root apices i n  winter (Section 4.4. 1 ) , and i s  analogous to a 
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root p ru n i n g  effect (Jacques & E d m o nd ,  1 952) is n ot supported b y  these 

results. If the primary stimu lus for root g rowth had been l oss of existing  roots, 

then h i gh  root g rowth from transplanted cores might have been expected at al l  

6 Harvests, p rov id ing condit ions of  so i l  temperature and so i l  m oisture were 

suitable for  root g rowth .  I nstead, root g rowth was h ighest i n  late  winte r, even 

thou g h  temperatures at this t ime were lower than at any other  measurement 

peri od. There also appeared to be a period of  root dormancy i n  early winter, 

despite relatively mi ld  tem peratu res.  Th is l ow root g rowth i n  early  winte r and 

h i g h  root g rowth i n  August wou l d  seem to i nd icate some s o rt of  season al 

s ignal , possib ly hormonal , with i n  the plant, although this is  not to say that root 

g ro wt h  f ro m t ransp lanted co res cou ld  not h ave bee n  e n ha nced by a root 

p ru ni n g  effect, in addit ion to the s e as onal  e ffect . The a ut h or attempted to 

quant i fy root p run ing  effects in t ransplanted cores and separate these from 

seasonal effects by stain ing roots with tr iazine dyes (Carman,  1 982), but was 

u nable to dupl icate Carman's stain ing  procedu re .  

The measu re ments o n  nodal root d iameter at the  point of attachment to  the 

t i l ler  axis ind icate that there is  seasonal variation in nodal root d iameter. This is 

appare nt l y  a temperatu re e ffect and  a s im i la r  effect has p reviously been 

observed by G arwood ( 1 968).  However there were also seasonal differences 

in the pro port io n  of roots i n  fi ne and coarse diameter categories (Cochrane et 

al. , 1 990} , i nd icating that besides d ifferences in diameter, t here must also have 

been diffe re nces i n  t he  degree of b ra nch i ng .  The s ign i fi cance of seasonal  

differences in root diameter is  not known. 

6.3.2.2 R o ot behaviou r  i n  relation to nodal positio n  on the t i l le r  axis 

For each t ransplanted core ,  adu lt t i l l e rs were sampled randomly  from among 

those dissected o ut ,  and t i l ler  axes exam ined i n  detai l  to obtain i n fo rmatio n  on 

the pattern of  root development i n  rel at ion  to the segmental structure of the 

t i l l er axis (Sect ion 2.4 . 1 ) .  One such t i l ler  ax is is shown in Plate 6 .3 .  

D ata col lected were difficult to  analyse because o f  wide variat ion from ti l l e r  to 

t i l l er ,  h oweve r  t here was a consist e nt pattern i n  that root i n it i at ion  a lm ost 

i nv a ri a b l y  o c c u rred at t h e  s a m e  n o d e  as l e af s e n esce n c e ,  a n d  root  

development was confin ed to  the nex t  4 • 5 nodes o n  the  axis ,  w i th  roots at 

l ower nodes i n  t h e  process of senescence . To i l l ust rate th is ,  a summary of 

statistics for roots at successive posit ions on the t i l ler  axis is g iven i n  Table 6 .2 
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Plate 6 .3 :  Ti l ler  axis of t i l ler dissected from a transplanted core in  August 1 989. 
N ot e  pai ri n g  of roots at e ac h  node , vert ica l  a l i g n m e nt of  root pai rs and 
associated t i l ler  buds, and death and disintegration of roots and phytomers 
lower o n  the axis. 



Table 6 . 2 :  Root length and proportion of roots actively elongating, inactive due to disease, or  severed during transplanting 
for roots at successive posit ions on t i l ler axes. Data are for transplanted cores harvested on 5 April (sample of 1 5  t i l lers) and 
22 September (sample of 9 t i l l ers) .  

Position 
1 2 3 4 5 6 7 8 9 1 0  1 1  1 2  

Harvested 5 Apri l  1 989. 

No.  t i l lers2 1 5  1 5  1 5  1 5  1 4  1 4  1 2  1 i  9 8 8 8 
No .  active roots 1 5  1 0  5 1 0  5 8 4 6 3 2 3 2 
No.  d iseased root� - 5 1 0  5 8 5 4 3 2 2 1 1 
No.  severed roots - - - - 1 1 4 2 4 4 4 5 

Mean length active 
4 29 1 26 1 56 1 68 272 1 60 258 233 365 1 67 255 roots (mm) 

Harvested 22 September 1 989 . 

No.  t i l lers 9 9 9 9 9 8 8 8 8 8 8 8 
No. active roots 9 7 7 9 8 5 3 1 1 0 0 0 
No. diseased roots - 2 2 0 1 0 0 0 0 0 0 0 
No. severed roots - - - - - 3 5 7 7 8 8 8 

Mean length active 
28 86 205 267 332 322 322 345 205 roots (mm) 

Average number of roots per t i l ler with lateral branches: 5 Apri l = 1 .93 ± 0 .03 ; 22 Sept . = 2 .89 ± 0 .40. 

1 .  Position == number of root counting basipetally from youngest root. Position 1 normally at senescent leaf. and usually 2 positions at each node. 
2. Number of ti l lers remaining in sample - younger tillers in sample had less than 1 2  root positions. 
3. Severed roots - cut by corer during transplanting. ..... 

w 
<.0 
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I n  h i nds ight i t  would have been u seful i f  detai l s  of t i l l e r  sites had also been 

rec o rd e d  al o n g  with assoc iated root s ites .  A lso ,  i t  is ve ry poss ib l e  t h at 

severance of m ost ex ist in g  roots at t ransplanting  altered the pattern of root 

g ro wth ,  so t he  data i n  Table 6 . 2  cann ot be taken as typical of behaviour of 

roots i n  f ie ld swards. 

Even  s o ,  it i s  ev ident that t h e  m o rpho log ica l  o rgan isat io n  and pattern of  

turnover  is  rather  d iffe rent from that common ly  i l lustrated in  texts (see e .g .  

Lan ger's ( 1 979) Figure 3 .3 ,  o r  Jewiss' ( 1 981 } F igure 5 .2 ) .  Rather than being 

p roduced at random sites aro u nd a basal c rown, new roots are form ed at a 

certain stage of maturation of the  phytomer to which they are attached. After a 

rel at ively brief period it appears that roots die and decay, and the associated 

segme nt of  the t i l le r  axis also b reaks down . I n  th is study the  l ast active root 

was o n  average on ly  6 - 9 posit ions (approx i mately 3 - 5 n odes) below the 

senescent leaf, and was seldom more than 1 2  positions d istant (Table 6.2) .  

This pattern is consistent with the continued production of roots i n  refi l led cores 

th ro u g hout  the  year ( Fig u re 4 .4 ,  F ig u re 6 . 1 ), although the seasonal pulse of 

root production i n  spring  observed by previous workers (Section  4 .4. 1 )  is also 

confirmed. 

The two roots per node were i n  the A and 8 positions (Kiepper et al. , 1 984) 

and were aligned obl iquely away fro m  the corresponding axi l lary bud and leaf 

scar so as to form 4 rafts of roots, 2 on each side of the axis ( Plate 6 .3) .  The 

fact t h at root i n it iatio n  usua l l y  o ccurred at the  same nodal  posit ion  as the 

senescin g  leaf, suggests a possib le  ut i l isation of products of  leaf senescence 

i n  root i n i t iati o n ,  perh aps cont ro l l ed th ro u g h  a product of leaf senescence 

triggeri ng  the root i n it iat ion.  

P lat e  6 . 3  s hows some evidence of  basipetal re lease of  dormant t i l ler  buds. 

This phenomenon was noted in a relatively small proport ion of t i l le rs ,  and on ly 

i n  the spring .  Even so, th is s hows one mechanism whereby s i te f i l l i ng ratios 

h i gher  than Davies' ( 1 974) theoretical maximum of 0 .49 1 could arise without 

i ni t iat ion  of  t i l lers from prophyl l  buds (Neuteboom & Lant inga ,  1 989) and may 

exp lai n h i g h  site f i l l i ng  rat ios somet imes observed i n  f ie ld  stud ies (see e .g .  

S imon & Lemaire, 1 987) . 

l t  was n otable t hat on ly  2 - 3 nodal  roots pe r axis o n  ave rage b o re l atera l  

branches (Tabl e  6 .2) ,  although th is value might have been h igher if o lder roots 

had n ot been severed at transplant ing .  Lateral b ranching and reg rowth of roots 
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severed d u ri ng the transplantin g  process was see n  on approx im ately 1 0  roots 

o f  m o re t h an 1 000 examin e d ,  s o  i s  a v e ry rare eve n t .  Even  w h e re th i s  

appeared t o  have occurred, the new l ateral was usual ly weak and  short. 

Overall ,  th is  pattern showed l itt le change with season o r  i n  t i l le rs of different 

age classes, apart from a smalle r  number  of developed nodes o n  young t i l lers 

o r  between t ransplanting and harvest i n  winter (presumably  due to l ower winter 

t e m p e ratu res ,  and  h e nce fewe r l eaf appearance i nte rva ls ) .  There a lso 

appeared to be an i ncreased p roport ion of d iseased roots in summe r/autumn 

(Tabl e  6 . 2) but th is was not stat istica l ly  tested. 

6.3 .2.3 The phytomer and root and t i l ler In it iation. 

An approx imatio n  of the 'normal ' sequence of  events at a phytomer can be 

constructed from the above data. The delay between leaf and root appearance 

( d e f i n ed a s  n b y  N e ut e bo o m & L a n t i n g a ,  1 9 8 9 )  i s  a p p ro x i m at e l y  3 

phyl loch ro ns ,  the  number of root sites at e ach node is  2 ,  i ni t iat ion is  i n  strict 

ch ro no log ica l  seque nce, and t h e  n u mber  of phyl l och ro n s  for  which a root 

pers i sts i s  3 - 6 (although the root-prun ing effect of transplant ing may have 

reduced the l ives of severed roots and i ncreased the number of potential root 

sites deve loped) . The proport i on  o f  root sites which d id deve lop roots was 

approximately  95%. 

Site fi l l i ng  rat io  ( Fs) was estimated usi ng  the formula :  

Til l e r  appearance 

(Ti l le rs m-2 day- 1 ) 

X l eaf appearance interval 

(days) 

Ti l l e r  density 

(Ti l l e rs m-2) 

W h e re data u sed are i n stantane o u s  va lues ,  t h i s  form u l a  i s  equivalent to 

equat ion 9 .6 of Davies, ( 1 981 ) .  Values so obtained were 0 .08,  0 . 1 0 , 0 . 1 0 , 0 . 1 8, 

0 .25 and 0 .03 ,  respectively for the s ix  harvests represented i n  Fig u re 6 . 1 .  

These val u es wou ld u nderest i m ate actual s ite f i l l i n g ,  ass u m i ng that f ixed­

quadrat-ti l l e r-density values used i n  the  calculat ion were i nflated (c. f .  Section 

5 .3 .4 .4) .  C h apman et al. ( 1 983) o bserv ed values for site f i l l i ng  in f ield swards 

rang ing from 0 .22 to 0 .43. However, even if the h igher values of C hapman et 
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al. ( 1 983)  are co nsidered to be m o re correct , the  pro p o rt ion  o f  t i l l e r  buds 

producin g  t i l l e rs appears to be rather  l ower than the proport ion  of root sites. 

Th is wou ld  i nd icate that there shou ld  a lways have been dormant t i l ler  buds 

ava i lab le  fo r  rap id  re l ease i f  e nv i ro n me ntal  cond i t io n s  dete rm ined  th i s ,  

whereas the  root system is  i n  a state of  more continuous turnover, with few 

root sites n ot produci ng a root. 

Th is is cons istent with earl ie r  evidence ( Sectio n  5.3.4. 1 )  that swards have a 

capacity t o  vary t i l l e r  dens ity, a lo n g  a - 3/2 power l i ne , i n  o rd e r  t o  optimise 

sward leaf area u nder different g raz ing managements o r  in  response to other  

e nv i ronmental stimu l i .  Responses i nvolv in g  an i ncrease i n  t i l l e r  density cou ld 

not occur qu ickly unless there was always a current surplus of sites available, 

o r  u nin it iated axi l lary buds remain ing on the t i l ler axis. This impl ies l imitation to 

t i l lering in field swards wou ld not l ike ly  arise through lack of avai lable sites. By 

contrast, the h igh  percentage of root sites forming a root i ndicates that there is 

l ittle scope for g razing management to alter the number of new roots produced 

(although l oss of l eaf a rea at g razi ng m i g ht reduce root e longat io n  i nd i rect ly 

through red uced carbohydrate status) .  

Also, these contrast ing  strateg ies of  root and s hoot systems confe r  u n ique 

p roperties on t h e  g rass p lant.  Format ion of roots at the majority of avai lable 

sites and s lower turnover for root t issue than for l eaf t issue,  al lows for continual 

opportu n it y  to  exp lo i t  d i fferi n g  s o i l  dept hs with a response t ime  ref lect ing  

seasonal c h a n g es in  so i l  condit i ons .  O n  the  other  hand ,  t h e  m o re rap id  

turnover of leaf t issue and the fact that there are normally dormant t i l ler  buds 

capable of  rapid release , is p robably a more appropriate strategy for coping 

with sudden rem oval of t issue,  as at g razing .  Even so,  the facil ity to provide a 

rapid response d oes n ot p reclude more g radual responses. Two examples of 

more g radual responses by the shoot system are the seasonal i nc rease of ti l ler  

dens ity which a l l ows exp lo itat ion of  i ncreasing l ight levels i n  spring-summer 

(Section 5.3.4) ,  a nd the t i l ler  density response to changed g raz ing pressure in 

which case a s h i ft a lo ng the -3/2 l i n e  to  a h i ghe r  de nsity of  s m al le r  t i l l e rs 

appears to optim ise l i ght i nterceptio n  for m ore severe grazing ,  and vice versa 

for l axer g razin g  (Sect ion 5 .3 .4 .6 .2) .  

One f u rthe r  poss ib i l ity  wh ich arises fro m  the analysis of t ransplanted core 

resu lts, is that i n  future studies it m ight be possib le to record data i n  such a 

way as t o  a l l ow calcu l at i on  of  rati os  o f  d aug h te r  t i l l e rs :phyto me rs and of 

roots :phytomers for a port ion of the t i l l e r  axis ,  for example the fi rst five n odes 
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be low the  s e n e scent l eaf .  Th ese rat ios  m i g ht be des ig n ated Pt and P r• 

respectively, a nd would n ot be subject to  t he  ambiguit ies of  i nterpretat ion of  

the co rrespo nd i n g  rat ios  Fs and Fr ( Sect i o n  2 . 4 . 1 ) .  Valu e s  o f  Pt and Pr 
calculated i n  t h is way would also be i ntri nsica l ly  more logical .  For example the 

maximum value  of P1 wou ld be un ity, as compared to 0 .69 for Fs (Neuteboom 

& Lant inga, 1 989). Agai n ,  H u nt & Thomas ( 1 9 85) commonly report values for 

F r l  of n e a r  1 . 0 ,  a n d  it is e as y  to over l o o k  t h e  fact t h at t h i s  i nd icates 

approximately two roots per node, but  depe nding on the delay in  p hyl lochrons 

between leaf and root in it iat ion .  

6.4 Summary. 

1 .  Seasonal pattern of change i n  seven above- and below-gro u nd variables 

was different i n  Experiment 3 from that observed i n  Experiments 1 and 2 .  lt is 

thought that these d i fferences in seasonal ity of root and t i l ler  dynamics may be 

a characterist ic of the different ryegrass cultivar ('Grasslands Ruanui ') used i n  

th i s  experiment.  

2 .  Seasonal patterns of ti l le r  age-cohort survival i n  Experiment 3 also appeared 

to d iffer from those i n  Experiment 2, but i n fo rmation on the identity of parent 

t i l l ers p roduci n g  n e w  daughter  t i l l ers wou ld  be n ecessary to defi n e  t h ese 

differences. 

3 .  D ata fro m t ranspl anted cores sho wed t h at seaso na l  changes  i n  root 

d iameter cou ld be only partly explai ned by d i fferences i n  degree of branching ;  

that root in it iat ion i n  ryegrass is i n  strict chrono logical sequence with normal ly 

two roots per n ode produced at the same n ode as the senescing leaf ;  and that 

l ateral branch ing  of severed roots is  ext re mely rare. 

4 .  The tendency i n  fie ld swards for on ly a proportion of avai lab le  t i l ler  sites to 

be used, whi le the proportio n  of root sites used i s  h igh,  and the longer turnover 

t i m e  for roots than  for  leaves, provides a g ro wth strategy whereby root and 

shoot systems can respond to changes i n  the i r  respective e nvironments. 



C HA PTER 7:  TOWAR DS AN I NTEGRATIO N  OF ROOT AND SHOOT 

DYNAMICS. 

7.1  I ntroductio n  a n d  overview 
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I n  th is chapter t h e  extent to which the resu lts o btained i n  E xperi ments 2 & 3 

g ive i nformat ion o n  the  i nteract ion of root and s hoot systems, and o n  the 

potential for mani pu lat ion of swards for i ncreased productivity, is  exami ned. 

T h e  t h e o re t i c a l  i m p l i cat i o n s  o f  t h e  st r i ct s e g me nta l  m o rp h o l o g y  o f  

g ram inaceous p lants ( Sect ions 2 .4 . 1 , 6 . 3 . 2 . 3) are brief ly d iscussed, root­

s h o ot part i t i o n i ng i n  E xper ime nts 2 and 3 i s  exam ined , and a m ul t i ple  

discrim inant analysis ( MDA) is  used to derive a mathematical descri pt ion of 

the data for the fou r  treatments used in the l atter  part of Experi ment 2 .  For 

Experiments 2 & 3, p ri ncipal component analysis (PCA) is  used to provide a 

m at h e m at ical descri pt i o n  of t h e  seasonal  patte rns o f  var iat i on  i n ,  a n d  

relat ionship between above- and below-ground variables. 

A possible strategy for i mprovement of pastu re p roductivity is identif ied. 

7.2 Aspects of the inte r-relationship between root and shoot systems 

7 . 2 . 1  T h e  p hyto m e r  a s  a b a s i s  f o r  i n te g rat i o n  of r o o t  a n d  s h o ot 

dynamics 

Most earl i e r  stud i e s  o f  g rass swards h av e  att e mpted to  defi n e  s wa rd 

behaviour i n  terms of m ass or tissue flow (e .g . B rougham , 1 957; Parsons et 

al. , 1 983ab ;  Bircham & H odgson ,  1 983; G rant, et al., 1 988), and i n  many of 

these studies the t i l ler has been considered to be the basic independent u n it 

o f  p roductio n .  Th is leaves open the quest io n  of  why  a t i l ler behaves as i t  

does,  however, and a few studies have attem pted to defin e  behaviour  of 

g rass swards or  g rass p lants i n  terms of the segmental morp hology of the 

p lant .  Notable examples are the work of  Etter ( 1 9 5 1 ) and Si lsbury ( 1 970 ) ,  

although t h e  approach is also impl icit i n  the work o f  H unt & Hal l igan { 1 981 ) 

and H u nt & Thomas ( 1 985) ,  and i n  the concept of  site fil l i ng ( Davies, 1 974; 

Davies & Thomas, 1 983) .  

Th is a pproach was p u rsued i n  E xperi ment 3 ,  by d etai led examinat ion  of  

axes o f  t i l l e rs d issected f rom t ransp lant ed co res (Sect i o n  6 . 3 . 2 ) .  T h is 
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detai led examination of segmental morphology was helpful  i n  u nderstand ing 

the e co l o g y  of  rye g rass.  For  examp l e ,  cons ideratio n  o f  events at th e 

phytom er level l ed to an understanding of the g rowth strategy of ryeg rass, 

whereby the  pattern o f  ut i l isat ion of  g rowth s i tes ( ro ot and t i l l e r  i n i t ia ls) 

p rov ides f l e x i b i l it y  a n d  a l l ows adj ustment  t o  chang i n g  e nv i ro n me nta l  

condit ions (Section 6 .3 .2 .3 ) .  

Again ,  the ti l ler  does not l ie passively at the so i l  surface, but is an e long at ing 

axis m oving u pwards towards a soi l  surface i ntermittently raised ( in  relat io n  

t o  t h e  g row i n g  p o i n t )  b y  eve nts s u c h  as e a rt h wo rm act iv i ty o r  stock 

t rampl i ng .  Where addition  of phytomers to the axis does not keep  pace with 

the rate of burial, underg round i nternode elongat io n  occurs (Section 5 .3 .2 ) .  

Th is  sto lon formation would , at certain t imes ,  divert considerable substrata 

away from harvestable p roduct io n .  H owever, wh i l e  i t  may be considered 

h e l pf u l  to have deta i l ed  i nfo rmat ion  of th is  type on the  mechanisms of 

particu lar  responses, it is difficult to see how this knowledge cou ld be used 

to  man ipu late root/shoot re l at ions i n  such a way as to  lead to  i nc reased 

shoot p roduction .  

7 . 2 .2 R a t i o  o f  ro ot :sh oot  prod u ct i o n  as a n  e stim ate o f  r o o t/sh oot 

partiti o n i n g  

Control o f  root/shoot al locatio n  is  one of  the  more i mportant means by which 

p lants adapt to envi ro n m enta l  factors such as c hange in n ut rient supply 

(Sectio n  2 .4 .2) .  l t  wou ld have been of i nterest to use data o n  apparent root 

product ion i n  refi l led cores together with above-ground tissue turnover data 

to estim ate root/shoot partition ing .  However for Experi ment 2, data on tissue 

turnover was col l ected for o n ly part of the  e xpe riment .  The refore , i n  t h e  

absence of  m easured data spann ing  t h e  fu l l  peri od of t h e  experi ment,  the 

computer  mode l  G R OW was used to  p redict past u re p roductio n  (G row 

p redict ions  represent net productio n ,  g rowth - senescence) for a ryegrass 

sward g rowin g  under c l i mate and so i l  conditio ns as i n  E xperiment 2 .  The 

G ROW m od e l  was des ig n ed t o  s i m u l at e  past u re product ion  for s i tes at 

vari ous l ocat ions in New Zealand under 1 4  day o r  28 day cutt ing reg imes. 

For many  s ites, measured data match p redict ions to with in  5 kg OM ha·1 

day- 1  (Butler  et al., 1 990) .  The predicted net pasture g rowth rates, together 

wi th  apparent root gro wth rates (averaged over LL & HH treatments, Fig u re 

4.4) for E xperi me nt 2 are p lotted below ( Figure 7. 1 ) .  
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F i g u re 7 . 1 :  H e rbage accu m u l at io n  o bta i ned b y  c o m p u t e r  p red ict i o n  
( ) ,  and apparent root g rowth rates (- - -) averaged for LL 
and HH p lots for Experi ment 2, January 1 987 to January 1 988. 
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Month ( 1 987) 
I n  F igure 7. 1 ,  seasonal peaks of root and shoot product ion i n  spri n g  and i n  

aut u m n  after  summer dro u g ht approx imatel y  coi ncide , but with maximum 

root  p ro d u ct i o n  i n  each case app a re nt ly  p rece d i n g  m a x i m u m  s h oo t  

p roduction b y  4 t o  6 weeks . Apparent root g rowth averaged approx imately 

20% of  computer predicted net shoot production ,  though with som e  seasonal 

f luctuation. S ince the pastu re productio n  values in Figure 7 . 1  do not i nclude 

l eaf formed but lost by senescence, th is value of approximately 20% agrees 

w e l l  w i th  o bse rvat ions of Pars o n s  & R o bson  ( 1 98 1 b ) ,  who  fou n d  t hat 

approximately 1 0% of 1 4c appl ied to shoots was recovered from roots. 

Ratios of root:shoot product ion appear to be lower i n  the early winter months 

of May and June than at other t imes of the year, an effect also consistent 

w i th  observat ions of Parsons & Robson ( 1 98 1  b ) ,  who n oted that percent 

al locat ion of 1 4c to roots fel l s l ightly i n  N ovember/December. Low al location 

to  root g rowth in early winter does not appear to be attr ibutable to stolon 

fo rmat i o n  as t h e  m ajor  i nc rease i n  sto l o n  dens i ty  (Tab le  5 .3 )  occurred 

betwee n  Harvests 7 & 8 (Septem ber) .  H owever, Lambert et al. ( 1 986) have 

rep o rted that ryeg rass (shoot) g rowt h  rates at th is  t ime of year are h igh  

relat ive to  b rowntop and seasona l  vari at ion i n  root/shoot al location  is  one  

poss ib le  explanat i on  fo r  these  i nter-specif ic d i fferen ces i n  seasonal ity of 

pasture g rowth reported by Lam bert et al. ( 1 986) .  
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For E xperi ment 3 ,  the data again all ow only an approximate est imate of root 

shoot partition ing , because the contri bution of species other  than ryegrass to 

root g rowth in ref i l led cores was not known. Apparent root g rowth in refi l led 

cores for  a l l  species ( Fi gu re 6 . 1 b )  was d iv ided by ryeg rass leaf t issue 

accu m u lat ion  calcu lated fro m  rye g rass l eaf extensio n  ( F i g u re 6 . 1  c)  and 

rye g rass t i l l e r  d e n s ity ( Fi g u re 6 . 1 g ) .  Rat ios of root : l e af acc u m u l at ion  

obtain ed in  this way were, for the s ix  harvests respectively, 0 . 07 ,  0 .06 ,  0 .08, 

0 . 1 0, 0 .36 ,  and 0 .08. The seasonal ly h igh rat io of root :sh oot for July/ August 

is n oteworthy,  and would seem to add further  evidence i n  support of the view 

(Sect ion 6 .3 .2) that the seasonal patte rn of root appearance i n  E xperiment 3 

was d i ffere nt fro m  that observed i n  E xperiment 2, but s im i lar to the pattern 

reported by Caradus & Evans ( 1 977) .  

7 . 2 . 3  M u l t i va r i ate a n a l ys i s  a s  a mea n s  o f  d es c r i b i ng r o ot/s h o o t  

relat ionships 

Approx imate coincidence of seasonal peaks i n  root and shoot g rowth (F igure 

7. 1 ) means that ,  when anal ysed over  a l l  seasons , root and shoot g rowth 

variables w i l l  tend  to be corre lated. This is precisely the type of corre lation 

wh ich is assessed in m ult ivari ate analysis ,  and w hich contri butes to the 

canon ical structures i n  a mult ip le discri minant analysis (MDA,  Appendix 1 .3 } ,  

o r  to the  p ri nc ip le  co mponents i n  a pri ncip le  component analysis ( PCA,  

Appendix 1 .4) . I n  addition ,  the  p roportion of the dispersion explained g ives 

an assessment of the overal l  i mportance of an effect with i n  the wider data 

set. Mu ltivariate analysis could therefore be compared to a contour map, i n  

that i t  i s  ab le  to g ive  a descript i on ,  i n  mathematical terms ,  of the  various 

feature s  of the data set , and thei r  size relative to other features i n  the data 

set. 

I n  t h e  f o l l o w i n g  s ect i o n s ,  re s u l ts  o f  t h re e  m u l t ivar iat e  a n a l yses a re 

p re se nt e d .  MDA was used t o  a n a l yse t h e  relat ions h i ps betwee n  f ive 

variab les  fo r Harvests 1 0  & 1 2  o f  Experi me nt 2;  and PCA was used to 

ana lyse data fo r H a rvests 2 t o  1 0  of Experi ment  2 ,  a n d  d ata for the 6 

harvests of Experi ment 3. 

7.2.3.1 Multiple d i scriminant a nalysis 

MDA has an advantage in the present context in that it can take account  of 

the experimental design structure , but a disadvantage in that more than two 
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experimental treatments are requ i red for a meaningfu l analysis (Appendix 

1 .3 ) .  Thus for Experiment 3,  or for the fi rst period of Experiment 2, when only 

LL and H H  treatments were in place , MDA was not applicable. 

One association which could be tested by MDA, however, was the low root 

production on LH plots (Section 4.3 .3)  at a t ime of high herbage production 

(Section 5.3 .4) ,  suggesting that developi ng t i l lers might be relyi ng on roots of 

parent t i l lers as proposed by Garwood ( 1 969) . Variables e ntered into the 

analysis were : ( i )  i ntact co re root mass length ,  0 - 250 mm soi l depth ;  ( i i )  

appare nt root growth ,  0 - 250 mm soi l depth ;  ( i i i )  t i l l e r  dens ity ; ( iv) t i l ler  

appearance ; (v) herbage accumulation. 

The fi rst and second discrimi nant scores accounted for 63% and 29% of the 

dispersion respectively (Table 7. 1 ). Evaluation of grazi ng treatment means 

for  these  two d iscri m i nant sco res ( F i g u re 7 . 2 )  showed t h at the  f i rst 

d iscriminant score contrasted LL and H H  treatments with LH and HL  being 

i ntermediate while the second picked out the LH treatment as being different 

form the other  3 treatments (Figure 7.2) .  

Tab le  7 . 1 :  Canon ical st ruct u re a n d  su m m ary stat ist i cs ,  f o r  mu l t i p le  
discri mi nant analysis of selected variables measu red at Harvests 10  & 1 2, 
Experiment 2 .  

Variable Discriminant 1 Discriminant 2 

Intact core root mass 0.00 -0 .99 
Apparent root g rowth 0.21 -0 .52 
Ti l ler density 0.96 0 .28 
Ti l ler appearance -0.09 0 .99 
Herbage accumulation -0 .71 0. 6 1  

Canonical r2 0.92 0 .83 
p 0.002 0 .0 1 4  
Proportion dispersion (%) 63.5 28.5 
Cumulative proportion 63.5 92.0 

Canonical structure fo r the fi rst discrimi nant function (DF) indicates scores 

for this DF were highly correlated with t i l ler density (r = 0.99 ; Table 7. 1 ), and 

mean values of DF1 for the four  g raz ing managements (Figu re 7.2)  reflect 

t i l ler popu lation densities of Figure 5 .3 .  Therefore , DF1 can be i nterpreted as 

i ndicat ing that ,  statistical ly,  t he effect of the g razi ng treatments o n  t i l ler  

density dwarfed a l l  other effects in  the data set. 
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Fig u re 7 . 2 :  Grazing management means for fi rst and second discriminant 
scores described in Table 7. 1 .  Symbols : (*) = LL, (+) = HH,  (X) = LH, (0) = 

H L. 
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The can o n ical struct u re of DF2 i n d icates an associati on  of h i gh  t i l l e r  

appearance and herbage production with low root mass and root production 

(Tab le  7 . 1 )  a n d ,  fo r t h i s  c h aract e r ist i c ,  separates  t h e  LH g razi ng  

m a n ag e m e nt from t h e  oth e r  t h ree t reatme nts ( F igu re 7 . 2 ) .  Thus  the 

statistical evidence confi rms the association noted intuitively i n  Section 4 .4 .3 

between h igh shoot growth and low root growth .  However, th is does not 

defi ne  cause and effect. The resu lts of the  M DA are consistent with a 

change i n  root/shoot allocation if new ti l lers from flowering t i l lers can uti l ise 

exist ing root systems fo r a t ime, as suggested by Garwood ( 1 969) .  On the 

other hand, these results from MDA do not exclude alternative explanations 

fo r the coincidence of h igh shoot growth and low root growth on LH plots, 

such as an earl ier peak in root growth on these plots (Section 4.4.3) .  

7.2.3.2 Principal component analysis 

For both Experiments 2 & 3,  it was also of interest to obtain a mathematical 

analysis of the seasonal patte rn of i nter- relationships among the variables 

measured. This was done using PCA, and a brief outl i ne of PCA and its 

relationship to MDA is given in Appendix 1 .4. 

In the present context, PCA is of interest because it does not assume any 

expe rime ntal desi gn  st ruct u re ,  and can therefore p rovide a basis for 
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com pari n g  the results from E xperi ment 2 and Experiment 3 ,  despite the very 

d i fferent  des igns of those experi ments. As an aid to i nterp retat ion  of the  

P C ' s  o btai n e d  fro m the  a n al y s i s ,  but  n ot t o  assess t h e i r  stat is t ica l  

s i g n i ficance , a n alysis of  varia nce of PC sco res for part icular PC's was 

performed. 

E xtensive discussion on PCA, i ncluding examples of analysis of time series 

data and d iscussion on the analysis of variance of PC scores ,  is  g iven by 

Jo l iffe ( 1 986). Whi le it would  be strictly more correct to adjust a PCA of t ime 

series d ata for possib le corre lat io n  of successive observations over t ime,  

Jo l iffe ( 1 986) notes that th is is  mathematical l y  complex and the properties of 

the avai l able mathematical so l ut io ns not wel l  u nderstood.  In  many cases 

aut h o rs have s i mply treated t i me series data as if they were i ndependent 

observat ions (Jo l i ffe, 1 986) ,  and results with common sense i nterpretat ions 

have been obtained. One examp le  cited by Jo l i ffe ( 1 986) i s  an analysis of 

t i m e  t re n ds i n  stock market p rices for 30 companies' shares ( Feeney & 

H este r ,  1 96 7 ) .  I n  t h i s  case , 66% of  t h e  vari at i o n  i n  t h e  data set was 

expla i ned by a "size" PC, refl ect i ng g e ne ral i ncrease i n  a lmost all stock 

prices over the  period 1 95 1  - 1 963 .  The second PC accounted for 1 4% of 

the variat ion i n  the data set and i nd icated a contrast between "producer" and 

"co nsumer" stock prices. 

The o bjective of the fol l owi ng sect ion is therefore to provide an analysis of 

the pattern of variation i n  root and shoot data from E xperi ments 2 & 3 simi lar 

to  t hat o btai ned for variat io n  i n  stock market p rices by Feeney & H ester  

( 1 967) . 

7.2.3.2.1  PCA for  t i l ler  a n d  root a ppeara nce for January to Decem ber 

1 987 ( Experim ent 2) 

A comp lete set of variables was n ot avai lab le for t h is analys is .  Data o n  

h e rbage  p roduct ion  was n o t  ava i l ab le ,  and data from i ntact c o re root 

sam p l i n g  was o mitted because the  decrease i n  total root mass over t ime 

(F i gu re 4 .2a) could have m asked seasonal variation .  A lso root and t i l l e r  

densi ty data fo r  Harvest 7 was o mitted because there was not concurrent 

t i l l e r  a p pe a rance  a n d  t i l l e r  d e at h  rate dat a  (Appen d i x  3 ) .  T h us 6 4  

o bservat ions o n  5 variables were used i n  the PCA, as fol lows :  ( i )  root mass 

& ( i i ) root length i n  refi l led cores, ( i i i )  t i l ler  density, (iv} t i l l e r  appearance and 

(v) t i l ler  death rates for periods corresponding  to Harvests 2 to 5 & 7 to 1 0 .  
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Although 5 PC's were available from the analysis, only 3 are reported (Table 

7.2) because the remain ing two accounted for less than 8% of the variation 

in the data set (Table 7.2). Both the PC's which are not reported did contain 

stat i st ica l l y  s i g n i f i cant d i ff e re n ce s  b etwee n harvests a n d/o r g razi ng 

managements, but there was no  obvious i nterpretation for these differences. 

Tab le  7 . 2 :  Correl at ions betwee n  raw data and PC scores ,  and 
p ro p o rt i o n  of  t ot al var iance  e x p l a i ned by PCA of d at a  f ro m 
E xperiment 2 ,  January 1 987 - January 1 988. 

PC 1 PC2 PC3 

Refi l l ed core root l ength 0 . 73 -0 .66 0 . 1 0  
(kg D M  ha-1 ) .  

Appare nt root g rowth 0 .86 -0 .46 0 . 1 4  
(kg D M  ha-1 day-1 ) 

Til l e r  density 0 . 64 0 .55 0 .40 
(Ti l lers m-2) .  

Til l e r  appearance rate 0.60 0 .69 0 .05  
(Ti l lers m-2 day-1 ) 

Til l e r  death rate 0 . 65 0 . 1 7  -0. 74 
(Ti l lers m-2 day-1 ) 

% variance explained 0 . 49 0 .29 0 . 1 4 
Cumulative %.  0 . 49 0 .78 0 .92  

The fi rst PC (Tabl e  7.2) explai ns 49% of  the  variance and i s  h igh ly  correlated 

with a l l  variables. Analysis of variance of the 64 PC scores i nd icated a g razing 

management effect, but showed that th is PC score primari l y  contrasted values 

fo r H a rv e sts 3 ,  9 & 1 0  w i th  v a l u e s  for  t h e  oth e r  harv ests .  Th is  can be 

i nt e rp reted as p ick i ng  out the  approx i mate ly  coi ncident s u mm e r  peaks for 

appare nt root g rowth ,  t i l ler density, t i l ler  appearance, and t i l l e r  death (F igures 

4.4,  5 .4 ,  5 .7a. 5 .7b) ; as the major feature i n  the data set. This PC is therefore 

analogous to  the "s ize" PC i n  the  sto ck market a nalys is  m ent ioned above 

(Jol i ffe , 1 986) .  The difference in g razin g  management means for th is PC score 

probably reflects the  much h igher ti l l e r  densities on H H  than o n  LL plots. 

The second PC (Table 7.2) accounts for 29% of the variance and identifies a 

co n trast be twe e n  apparent  root p ro d u ct i o n  and  t i l l e r  d e ns i ty and t i l l e r  

appearance variab les .  Again ,  analysis o f  variance o f  PC scores i ndicated th is 
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PC conta ins i nformation on both g raz ing management and season al effects i n  

t h e  data. H owever t he  most impo rtant of  these was that P C  scores were low 

for Harvests 8 & 9. This PC is therefore i nterpreted as describ ing  a peri od of 

h i gh  root g rowth , associated with l ow t i l l e r  density and low t i l ler appearance, 

especial l y  for  LL pl ots (F igu res 4 .4 ,  5 .4 ,  5 .  ?a) . lt is probab ly also sig ni fi cant 

t h at t h e  e v e n ts descri bed by t h i s  P C  co i nc ide wi th  peak  re p ro d u ct ive 

development (Table 5 . 1 0) .  

The thi rd PC is strongly correlated with variation i n  t i l ler  death rate and there is  

a weak association between t i l ler  death and t i l l e r  density (Table 7 .2) .  This is  

not  easy to i nterpret, but  seems to indicate that apart from an i ncrease i n  t i l ler  

death associated with  h igh values for a l l  variables in summer (PC1  ) ,  there is 

season al var iat ion  i n  t i l l e r  mortal i ty  w h ich  is  largely i ndependent  of  other 

measured variables. 

l t  is interest i ng  to compare and contrast the in fo rmation obtain ed from MDA 

(Table 7 . 1 )  w i th  that from PCA (Tab le  7 . 2 ) .  In  MDA where the anal ys is  is  

c o n st ra i n e d  m at h e mat i ca l l y  so t h at d i sc r i m i n at i o n  b e tw e e n g raz i n g  

managem e nts m aximised,  g razi ng  management effects o n  t i l l e r  density are 

seen as the major feature in  the data set. I n  PCA where no such const raint is 

placed on t he  analysis,  resu lts of analysis of variance on PC scores suggest 

that g raz ing  managem ent effects on t i l ler  density do i nf luence P C  scores, but 

the g raz ing management effects are dwarfed by seasonal events . 

7.2.3.2.2 Princ ipa l  Component Analysis for Experiment 3 

I n  t h is case data used i n  the analysis were the 1 8  observations (6 harvests x 3 

repl icates) for the 7 variables presented i n  F igure 6 . 1 .  Three of the  7 available 

PC's are reported (Table 7.3) .  

The f i rst PC aga in  descr ibed t h e  seasonal  chang es i n  sward act iv i ty as 

acco u ntin g  for a substantial proportio n  of the vari ation in the data set (Table 

7 .3 ) .  Scores for t his PC were h i gh est for the August harvest, l owest for the 

N ovember h arvest, and i ntermediate for other  harvests (Figu re 7 .3) .  
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Figure 7.3 :  Mean scores for PC1 (Experiment 3 )  at six harvests. 
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Table 7.3 :  Correlations between raw data and pri ncipal component 
scores ,  and p roport ion of variance expl ai ned for PCA analysis of 
data for above- and below-ground variables (Experi ment 3) .  

PC1 PC2 PC3 

I ntact core root mass -0.66 0 . 53 0.25 
(kg OM ha·1 } .  

Apparent root g rowth 0.40 0 .64 0 .57 
(kg OM ha·1 day·1 ) .  

Leaf extension -0.90 0 . 1 7  0 .07 
(mm day-1 ) .  

Leaf appearance -0 .74 -0 .37 -0.02 
(Leaves ti l le r·1 day-1 ) .  

Til le r  appefrancl 0.83 0 .00  -0.23 
(Ti l lers m- day· ) .  

Ti l ler death -0 .66 0 . 23 -0 .4 1  
(Ti l lers m·2 day·1 ) 

Ti l ler density 0 . 1 7  0 .7 1  -0 .60 
(Ti l lers m·2) 

% variance explai ned 44 20 1 4  
Cumulative % 44 64 78 
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E s s e nt i a l l y  PC 1 i de n t i f i e s  a p e ri o d  o f  h i g h  t i l l e r  a nd root a p p earance 

associated with low t i l l e r  death ,  low leaf appearance ,  low leaf extension and 

low root mass occurring  in late winter-early spri ng (Figu re 6 . 1  ) .  This i mpl ies a 

degree of i nternal co-ordinat ion with i n  the plant ,  and d ifferential a l locatio n  of 

ass im ilate to d ifferent o rgans at different times. Such differential al locatio n  has 

recently been reported for tal l fescue .  I n  ta l l  fescue, drymatter deposit ion i n  

reg i o ns o f  ce l l  d iv isi o n  at leaf e longat ion z o n es occu rs du ri n g  t h e  day and 

cont i nues in darkness,  whereas in adjacent ce l l  expansi on zones d rymatter  

depos i t i on  occu rs on ly  i n  l i g ht when  p resumab ly  curre nt photosynthate is  

avai lable (Schnyder & N elson , 1 988) . lt i s  be l ieved that th is  d iurnal difference 

in a l locat io n  to d ifferent reg ions of the expand ing leaf occu rs because the 

different regions of the leaf metabol ise fructans of different cha in  len gth  (C.  J .  

N elson ,  pers .  comm. ) .  l t  is possible that s imi lar mechanisms could accou nt for 

the seasonal differences in g rowth of 'Grasslands Ruanui '  ryegrass described 

in PC 1 ,  if the average chain  length of sto rage compou nds varies at d ifferent 

times of the year. 

The second PC (Table 7.3) was most strong ly associated with t i l ler  density and 

root variables and values for the PC scores were h ighest for rep l icate 3 at 

A u g u st & Nove m b e r  h arvests . Valu es fo r t hese variab les  were l ower for 

repl icate 3 than for the other 2 repl icates for these harvests, and so this PC is 

assumed to reflect sward damage which occurred on repl icate 3 dur ing g razing 

i n  wet condit ions i n  J une .  PC 3 is  assu med to reflect e i ther minor seasonal 

variat ion o r  random variat ion among the data and is not i nterpreted. G iven the 

smal l  number of observations ( 1 8) in the analys is ,  it is not surpris ing that PC's 

without any obvious i nterpretat ion s hould arise i n  th is  way. 

T h e  A u g ust  t i m i n g  o f  t he p e ak fo r  seaso n a l  m ean scores f o r  P C 1  i n  

Expe ri ment 3 ( Fi g u re 7 .3 )  d i ffers fro m the  correspond i n g  peak for  P C 1  i n  

Experiment 2 (Figure 7 .4) .  This different seasonal pattern does not appear to 

be att ributab le to t h e  s ma l l e r  n u mber  of v ar iab l es used for  t h e  PCA for  

Exper iment 2 ,  becau se a PCA for  Experi me nt 3 usi ng on ly  t i l l e r  density , t i l ler 

appearance & deat h , and apparent root g rowth (4 variables) ,  sti l l  produced a 

PC 1 with an Augu st peak and with contrasts betwee n  variables. This appears 

to p rovide furthe r  conf i rmat ion of d i fferences i n  sward behav iour  between 

E xperi m e nts 2 & 3 ;  w h ic h  were t h o u g ht to  b e  m ost l i ke l y  d u e  t o  g e n etic 

differences between cultivars (Section 6 .3 . 1 ) .  
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Figure 7.4 :  Seasonal changes i n  m ean score for PC1 for E xperiments 2 ( 'E I Iett' 
ryegrass, - - -} and 3 ('G rasslands Ruanui '  ryegrass, ) . 
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7.2.4 Functional equ i l i br ium 

J J A s 0 N D J 

T h e  con cept of a fu nct iona l  equ i l i b ri u m  between root and s hoot systems of 

plants h as been presented in a number of forms by different authors,  and the 

l iteratu re on this topic has been reviewed by Wi lson ,  ( 1 988, Sect ion 2 .4 .2) .  A 

recent major study on th is topic is that of de Wil l i gen  & van N oordwijk ( 1 987) 

(Section 2 .4.2) . Those authors used a different approach from that adopted i n  

the present study, i n  that they fi rst constructed a detai led mathematical m odel 

to define nutrient uptake , shoot g rowth ,  and the i nter-relat ionship between the 

two, then proceeded to col lect fie ld data for various parameters specified by 

the i r  model . The complexity of thei r model is i l l ustrated by the fact that some 

1 5  parameters are requ i red to define root adsorpt ion 

By  contrast the experim ents reported above have been designed to mon itor 

events i n  the field such as tissue f lows and changes i n  t i l ler population, i n  the 

e x p ectat i o n  t h at t h e  i n fo r m at i o n  o btai n ed wou ld  a l low deduct ion  about 

q ue stions  of  functio n ,  and about opportu n it ies for  manipulation .  This coarse 

approach can never supply the detai l provided by the approach of de Wil l igen 

& van Noordwijk ( 1 987), but can ensure that the effort o f  detai led i nvestigat ion 

is channeled to answeri ng  actual q uestions of sward behaviour, and can ensure 

that questions  addressed i n  f ie ld studies are i m po rtant i n  f ie ld swards ,  as 
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dist inct f rom the laboratory e nvironment.  Thus the foll owing sect ion does n ot 

seek  t o  p rovide a com pre h ensive synthesis o f  root and s hoot behaviour .  

I nste ad ,  m o re detai l ed wo rk of oth e r  researc h e rs i s  d rawn o n  to identi fy 

specific q uest ions whe re a more deta i led study could p rovide in fo rmation to 

m eet t he  o ri g i na l  o bjective ( Sect i o n  1 . 2 )  of identify in g  possib le  strategi es 

whereby g razi ng manag e ment  manipu lat ion  of  swards m i g ht i ncrease the i r  

p roduct iv ity .  I n  t h i s  co ntext ,  seve ral po in ts can be m ade f ro m  the above 

results. 

F i rst ly ,  previous research on t h is topic such as that by De inum ( 1 985), or de 

W i l l i g e n  & van Noordwijk ( 1 9 87) , h as ten ded to expl o re t h e  o peration  of 

fu nct ional equ i l ib ri um for steady state condit ions ,  whereas i t  seems l i ke ly  

(F igu re 7 . 1 )  that seasonal  change i n  parti t ion ing  between roots and shoots 

occurs, and forms a part of a p lant's g rowth strategy. Such changes could be 

due to a n umber of factors, and for ryegrass g reater root longevity (Garwood, 

1 967b) and consequent l ower root replacement ( Figure 4 .4) p robably play a 

p a rt .  1 t  i s  d o u btfu l  i f  seaso na l  chang e  i n  root/shoot part it i o n i n g  cou ld be 

m a n i p u l ated t h ro u g h  g razi ng manage ment ,  but as noted p rev ious ly ,  such 

effects may wel l  expla in i nter-specific variat ion in seasonal  g rowth patterns 

between ryegrass and browntop identified by Lambert et al. , ( 1 986) .  

Second ly ,  i t  is  possi b le to i dent i fy events ,  fo r  e xampl e sto l o n  format ion  

fo l l owi n g  w i nter  b u rial ( Sect ion 5.3 .2 ) ,  which rep resent a cost to the p lant .  

H owever, there is no obvious avenue for manipulatio n  which would reduce the 

n eed for stolon formation, and al l ow the substrata needed for stolon formation 

to be diverted to above ground g rowth. 

Th i rd ly ,  som e  manipu lat ions wh ich can be achieved do no more than adjust 

com pe nsat i n g  aspects of  sward structu re to  new equ i l i b ri a  reflect ing  the 

changed e nv i ronment .  Thus change in  g razi ng hei g ht resu lted i n  changes in  

t i l l e r  s i ze/d ens ity re l at i ons  ( F i g u re 5 . 6a ,b ,  Tabl e  7 . 1  ) , but  t hese changes 

appear  to l a rg e l y  ref lect equ i l i br ia def i ned by t h e  -3/2 power rel at io nsh ip  

(Sectio n  5 .3 .4 . 1 )  and do not  necessari ly  lead to i ncreased o r  decreased sward 

p rod u ct iv it y .  S i m i l ar l y  d i f fere n t i al g raz i n g  h e i g ht a l s o  res u lted  i n  t h e  

developme nt o f  swards with d ifferent h e rbage masses for pseudostem and 

dead components, but simi lar quantities of leaf (Table 5 .6) .  

Fourt h l y, som e  of  the observatio ns are consistent with (though not proof of) 

evolved resp onses to particular e nvironments. For example ,  the fact that peaks 
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of root g rowth preceded shoot g rowth (Figure 7. 1 )  and occurred independently 

of st im ul i  such as temperatu re (Sect ion  6 .3 .2 ) ,  cou ld be i nterp reted as a n  

'evolved ant ic ipat ion '  o f  seaso nal peri ods w h e n  cond i t ions favou r  g rowth .  

P resumably a p lant having the capacity to supply water and nutrients al ready 

i n  place whe n  conditi ons become favou rable for shoot g rowth would have a 

competit ive advantage over a p lant wh ich d id  n ot .  On the  othe r  hand ,  the 

b e h av iou r  o f  swards of  ' G rassl ands Ruanu i '  ryegrass (Table 7 .3) is  more 

consistent with an evolved strategy for coping with a period of winter dormancy 

fol lowed by a period of rapid spri ng  g rowth .  Such a g rowth strategy cou ld be a 

disadvantage i n  reg ions with mi ld  winters ,  and from the i ncomplete evidence 

available (Section 6 .3. 1 , Tables 7 .2, 7 .3)  there are some i ndications that 'EI Iett' 

ryeg rass may have a different g rowth strategy. 

F inal ly ,  there was one eve nt observed in Experiment 2 wh ich did appear to be 

associated with i ncreased sward productivity. This occurred o n  treatment LH in 

s u m mer  1 987/1 988 where lax g razin g  i n  spri ng  and a consequently g reater 

deg ree of reproductive deve lopme nt was fol lowed by hard g razing .  D aughter 

t i l ler formatio n  from stubs of flowering t i l lers was i nvolved (Section 5 .3 .3.2)  and 

resu lted in t h e  LH p lots h av ing  t i l l e r  s ize/de nsity values s ignificantly g reater 

than  those of H H  and H L  p lots by late s ummer  (F igure 5 .6b) .  At least two 

possib le explanations for this response arise from the data. 

O n e  m echanism cou ld hav e  been a transfer of y ie ld from non-harvestable  

below-ground organs to  shoot production ( Discrimi nant function  2 ,  Table 7. 1 ) .  

l t  h as p reviously bee n  noted (Garwood, 1 969) ,  that such effects appear to 

o cc u r ,  and c o u l d  be e x p l a i n ed by roots of decapitated f lowe ri n g  t i l l ers 

supp ly in g  water  and n ut ri ents to new daug hter  t i l l e rs formed from stubs of 

t hose f lowerin g  t i l l ers .  Such an effect would also paral le l  the case of h igher  

p roduct iv i ty i n  crops with s m al l er root systems cited by de  Wi l l i ge n  & van 

N oo rdwijk ( 1 9 87). 

A n ot h e r  poss i b l e  explanat i o n  cou ld be re-al l ocat i on  to  daughter  t i l l e rs of 

substrata from decapitated reproductive t i l lers on these plots. I n  Experi ment 1 

(Sect ions 3 .4 .3 . 1 ,  3 .4 .3 .2) ,  i ncreased root g rowth was observed i n  conj unct ion 

w i t h  i n c reased  reproduct ive  g ro wth  on R U H E  p lots and t h e re were a lso 

poss ib l e  i ncreases i n  t i l l e ri n g  o n  these p l ots .  I n  E xper iment 2 i nc reased 

reproductive g rowth occurred on LL and LH plots (Table  5 . 1 0 ) ,  and i ncreased 

dau g hter  t i l ler  format ion was a feature of t he  subsequent sward dynamics of 

LH p lots (Sectio n  5.3 .3 .2} .  Also the new ti l lers were m ore productive than n ew 
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t i l lers o n  oth e r  treatments (Table  5 . 1 4) .  I n  E xperiment 3 ,  t i l ler  appearance was 

m uch  g reater i n  the second s u mmer than i n  the f irst summer and th is effect 

m ight have been due to a laxer g razing reg ime i n  the second spring (Section 

6 .3 . 1 ) .  

This second explanation would be consistent with evidence of high ass imi lation 

rates for reproductive swards (Parsons & Robson ,  1 982) ;  and also with reports 

that daughter t i l ler formation fro m  stubs of flowering t i l lers was reduced where 

stu bs were cut short (Davies, 1 977, 1 988 ; Davies et al. , 1 98 1  ) .  

7.3 A h ypothesis for further i n vestigation 

F ro m  the above it was con cluded that man ipu lat ion o f  root g rowth per se. 

w o u ld n ot p rov ide a strategy  for  i ncreased h e rbage p roduct ion ,  and that 

funct io n al equ i l ibr ium responses are only u seful if they resul t  i n  a transfer of 

yield from non-harvestable components to harvestable compo nents. 

Alternative ly, a hypothesis was developed that it might be possible to capitalise 

o n  the  h i gh  g ro ss photosynthesis of reproductive swards in spri ng ,  and devise 

a g razi n g  st rategy  wh ich w o u l d  resu lt  i n  p re- fl owe ri n g  assi m i l ate  b e i ng 

e x p re s s ed m o re as post f l o we ri n g  d au g h t e r  t i l l e rs t h a n  as see d heads.  

Accord i n g ly ,  a more detai led i nvestigatio n  of  factors i ncreas ing  o r  reducing 

d a u g ht e r  t i l l e r  f o r m at i o n  f ro m f l owe r i n g  t i l l ers was u n d e rtake n .  Th i s  

i nvest igat ion is  reported in  Chapter B. 

7.4 S u mmary 

1 .  C o m p u t e r  s i m u l at i o n  o f  n e t  p astu re g rowt h rat e s  s u g g ests t h at i n  

Experi m e nt 2 ,  seasonal peaks o f  h e rbage product ion i n  sp ri n g  and autumn 

were p re ceded by i ncreased root p roduct io n ;  and also that ryeg rass may 

mainta in h i g h  s h oot g rowth i n  wi nter ( re lative to other s pecies) by reduced 

al locat ion to roots. 

2. M ult ivariate analysis was u sed to derive mathematical descript ions of the 

salient features of  the data. PCA for data fro m  Experiment 2 i ndicated that the 

main feat u re of t his data was a general i ncrease in summer for al l  variables 

measured, whereas M DA i ndicated that greatest effect of g razing  management 

treatm ents was the  effect on t i l ler density of swards. 
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3 .  PCA was also  used to describe  data from E xperi m e nt 3 ,  and seasonal 

patterns of variation  for this Experiment (using 'Grasslands Ruanui '  ryegrass) 

appeared to  be di fferent from those for Experiment 2 (us ing 'E I Iett' ryeg rass) .  

These d iffe rences i n  seasonal patte rn might reflect eithe r  year to  year variation 

o r  fundame ntal d i fferences in t i l l e r  dynamics between 'E I Iett' and 'Grasslands 

Ruanui '  cultivars of ryegrass, but more probably the latter. 

4. Att e m pts  to man ipu late root/s h o ot bal ance to t he  advantage of s hoot  

product ion are l i kely to be defeated by internal · compensations within the plant, 

but it may be possib le ,  through g raz ing management simi lar to that used on LH 

plots in Experiment 2 ,  to stimulate t i l lering in spring ,  with consequent i ncrease 

i n  past u re p roduct ion .  Specifica l ly  it appears that h igh  assim i l at ion rates of 

reproductive t i l lers may provide substrata for daughter ti l l e r  formation.  Further 

i nvestig ation of th is possib i l ity is  reported i n  Chapter 8. 
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CHAPTER 8 :  EFFECT OF MANI PULATION OF REPRODUCTIVE 

GROWTH ON THE POTENTIAL FOR TILLER INITIATION 

IN THE LATE-SPRING SWARD. 

8.1  Introduction and overview 

The fie ld studies reported i n  Chapters 3 to 7 . i ndicated that al lowing some 

re prod uctive deve l o p m e nt to occur  in late s pri ng enhanced both root 

fo rmat ion  and t i l l e r producti on ,  as compared to swards mai ntai ned i n  a 

vegetative state through g reater g razi ng pressu re .  From these observations 

the hypothesis was deve loped that transfer of assimi late from floweri ng to 

daughte r t i l lers is important in st imu lat ing the development of late-spring 

ti l l ers in ryegrass swards. (Section 7.3, Matthew et al. , 1 989) . These ti l lers 

can be i mportant for summer  productivity (Section  5 .3 .3 . 1 ) , and probably 

also for sward persistence , because t i l ler death and replacement is h igh at 

th is  ti me  (F igures 5 . 7ab) . This chapter reports  studies designed to g ive 

i n f o r m at i o n  on t h e  p o ss i b l e sco pe f o r  u s i n g  g raz i n g  m a n ag e m e n t  

manipu lation to enhance ti l ler  appearance rates of the late-spri ng sward. 

Th ree e xperiments were des igned .  I n  the f i rst of these (Exper iment 4 ,  
N ov e m b e r  1 9 88 - F e b ru a ry 1 989 )  i nd iv i d u a l f l oweri ng  t i l l e rs i n  t h e  

'Grasslands Ruanui' ryeg rass sward used previously for Experiment 3 were 

tagged, and the effect of various cutting regimes on the num ber and weight 

of daughter t i l l ers formed by each tagged floweri ng ti l ler  determined. The 

fi nal two experiments involved measurements s imi lar to those performed i n  

E x pe ri m e nt 4 ,  but o n  p l u g s  o f  t i l l e rs t ransp lanted fro m t h e  f ie ld  t o  a 

g l assho u se .  Transp lant i n g  was carr ied ou t  i n  Septe m b e r  1 989 ,  and 

m e as u re m ents made in  Nove m b e r  - Dece m be r, 1 9 89 .  E xpe ri ment 5 

d ete rm i n ed the  effect o f  4 cutt i ng  reg imes o n  n u mbers and weight  of  

daug hter t i l lers formed by flowering t i l lers of 'G rasslands Ruanui '  ryegrass, 

and Experiment 6 used 1 4co2 to determine the extent of translocation from 

parent to daughter ti l lers in  flowering ti l lers of ' EI Iett' ryegrass u nder different 

cutt ing reg imes. Number and weight of daughter ti l lers formed per flowering 

t i l ler  were also determined i n  this experiment. 
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8 . 2  N u mbers and wei gh t  o f  dau ghte r  t i l le rs formed i n  early-summer 

after decapitation of  f l owerin g  t i l lers i n  a ,Grasslands Ruanui'  ryegrass 

sward on d ifferent dates or at differing heights ( Exper iment 4) 

8.2.1 Experimental 

In o rder to make a prel i minary evaluat ion of the hypothesis that reproductive 

development of a t i l ler p ro motes daughter t i l le r  formation ,  a fie ld experiment 

( E xperi m e nt 4 )  was set u p  o n  an area adjacent to and with i n  the same 

paddock as that used for Experiment 3.  Site details  were therefore the same 

as for Experiment 3. 

For Experi ment 4, three plots were div ided i nto 4 mowing strips (defol iatio n  

t reatments) ,  l a i d  o ut i n  a co mp lete l y  random ised desi g n .  Wit h i n  each 

mowing stri p  20 i ndividual t i l lers in  the process of stem e longat ion (a total of 

240 t i l l e rs)  were p re-tagged for later analysis of  daug hter t i l l e r  formation .  

Treatments applied to  the  mowing strips and to  the  tagged t i l lers with in them 

were : 

( 1 )  Mown to 50 mm height o n  1 6  November 1 988, and individua l  tagged t i l lers cut at 
ground level also on 1 6  November (pre-head emergence) .  

(2) Mown to 75 mm height on  1 6  November 1 988, and individual tagged t i l lers cut at 
ground leve l on  3 December 1 988 (head emergence-anthesis) .  

(3) Mown to 75 mm height on 1 6  November 1 988, and individua l  tagged t i l lers cut at 
50 mm height on 3 December 1 988 (head emergence-anthesis) . 

(4) Not mown between 1 6  November 1 988 and 1 7  January 1 989. Al l  tagged t i l lers left 
u ncut a nd a llowed to set seed. 

For treatments 1 ,  2 ,  and 4 the t h ree cutt ing he ights were designed to result 

i n  a g radatio n  in the extent to which reproductive development occurred, so 

as to e xamine  differences i n  daughter t i l ler  format ion from flowering  ti l le rs for 

s w a rd s  u nd e rg o i n g  d i ffe ren t  d e g re es of re p ro d u ct iv e deve l o p me n t .  

Treatment 3 was i ncluded t o  evaluate t h e  effects o n  daughter t i l ler  formation 

of an i ncrease i n  stubble he ight ,  when decapitat ion o ccurred at about head 

emergence. The cutting he ight comparison (Treatments 2 & 3) was i ncluded 

b e cause  Dav ies  ( 1 977,  1 988)  had n oted t h at red u ce d  stu b b l e  h e i g ht 

reduced daug hter t i l ler formation from cut stubs of reproductive t i l lers .  
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Fo r ease  of relocat ion  at the  end of the  expe ri ment,  tag g ed t i l l e rs were 

placed on fixed transacts. The transacts were at right angles to the mowing 

str ips with 2 tagg ed t i l lers per mowing strip in each transect (8 ti l lers per 

transect) .  Treatments 1 -3 were mown at regular intervals to maintain sward 

he ights close to those i n i t ia l ly  establ ished on 1 6  November 1 988, and al l 

tagged t i l lers were harvested on 1 7  - 1 9  January 1 989. Plate 8. 1 shows one 

re p l i cate on 1 8  J a n uary 1 989 . H arvested t i l l e rs were re moved to the 

laboratory where measurements made included the number of l ive and dead 

daughter t i l lers per tagged t i l ler and the total number of roots i n itiated on al l 

daughter t i l lers of a tagged t i l ler. 

P late  8 . 1 : Layout of mowi ng  st ri ps and f i xed transacts fo r rep l i cate 3 ,  
Experi ment 4 .  Treatment 1 at left ,  Treatment 4 at right, Treatments 2 & 3 
centre. 

For statistical analysis,  each of the 1 2  mowing  strips was treated as a plot, 

and means for the 20 t i l l ers w ith in  each stri p analysed for treatment and 

repl icate effects (1 1 d.f . ) .  

8.2.2 Results 

Stati st ical s i gn if icance of t he  resu lts was marg i nal , i n  that even where 

s igni f icant d i fferences occurred ,  these general ly i nvolved on ly the highest 

and lowest values for the measure ment i n  question .  However, some trends 

can be identified. 
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The n u m be r  of  daug hter t i l l e rs formed per f loweri ng t i l l e r  w as h i g h e r  for  

t reatments 3 & 4 than for  t reatments 1 & 2 ,  though the  h igher  daughter t i l ler 

format i o n  w as part ly  offset by h i g h e r  ti l l e r  deat h  (Tab le  8 . 1 ) .  The total 

number  of  daug hter ti l le r  roots and the mean number of roots per t i l ler  are 

g iven as a m easure of the degree of t i l ler  development and s how that t i l lers 

formed were less developed for the  u ncut treatment 4 (Table  8 . 1 ) .  Treatment 

4 also h ad t h e  g re atest death  and lowest m ean weight for daughter t i l lers 

(Table 8 . 1 ) ,  b ut t hese effects were n ot statist ical l y  sig ni f icant at the  5% 

probabi l ity level .  

Table  8 . 1 :  N u mbers of daughter t i l l e rs ,  roots, and average daug hter t i l ler 
weig ht for f loweri ng  t i l le rs subjected to four  defoliation treatments from 1 6  
N ovember 1 988 and harvested January 1 989. 

Treatment 1 
p2 1 2 3 4 SEM 

Til ler numbe r: 

live 1 .8 1 .7 2 .3  1 .9 0 .25 NS 
D ead 0 .6 0 .9  1 .2 1 .3 0 . 1 7  * 

Total 2 .4 2 .6 3 .5 3 .2 0.33 * 

Root number 6 .8 6 .6  8 .2 5 .6  0 .6  * 

Roots/t i l ler  2 .9 2.5 2 . 6  1 .8 0 .35 * 

live ti l le r  37 39 37 30 1 0. 9  NS 
weig ht (mg)  

1 .  For details o f  treatments see text. 
2. For Table 8 . 1  and following Tables , + = P < 0 . 1  0, • = P < 0.05 . .  = P < 0 .01 , . . .  = P < 

0.00 1 )  

8.2.3 Discussio n  

Co-eff ic ie nts o f  variat ion  were n o t  u n d u ly h i g h  (approx imatel y  1 0% for 

daug hter t i l l e r  n u m ber) ,  so the  fact t hat o nly t reatments with h i ghest and 

l owest m e an s  d i ffe red s ig n i fi cant ly  i nd icates t h at effects o n  n u m bers of 

daughter t i l lers formed were fai rl y  smal l .  

These res ults are consiste nt with the  hypothes is that photosynthate from 

rep roduct ive t i l le rs m ay p romote dau g hter  t i l l e r  formation and the re does 
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appear t o  b e  an i ncrease i n  daughter t i l l e r  format ion wi th  t h e  i ncre ased 

stubb le  h ei g ht for t re at ment 3 ,  alth o u g h the degree of  e nhancem e nt of 

t i l le ri ng  was smal l .  The reasons for t h is smal l  response are n ot known, but 

t h e  swards  became c lover dom inant  afte r mowi ng ( P l ate  8 . 1 ) , and the 

resultant shading might have suppressed t i l lering .  The results do show that 

reproductive g rowth  must be removed to faci l i tate devel opment of the  new 

daughter t i l lers p roduced by flowering  t i l lers ,  and do not support the popular 

view (as reflected by Hughes ( 1 983) ,  for example) that removal of f lowering 

t i l le rs at  g ro u nd l evel  b efore h ead e m e rg ence p romotes dau g hter t i l ler  

formation. 

8.3 Effects on d a ughter t i l ler formatio n  of height and date of c utt ing of 

f l o we r i n g  t i l l e rs i n  p l u g s  t r a n s p l a n t e d  to a g l ass h o u s e  f r o m  a 

'Grasslands R uanui '  ryegrass sward (Experiment 5) 

8.3.1 Background 

To gai n fu rt h e r  i nformat ion  on  the effect of d i ffe rent spri n g  de fo l i at i on 

reg i mes o n  daughter t i l l e r  format ion by over-wi ntering reproductive ti l l e rs, 

two further experi ments were set up i n  earl y  spring (September) 1 989. Both 

of  these experi m ents i nvolved use of cores col lected i n  exactly  the same 

way as transplanted cores (Section 6 .2 .2 ) ,  but potted in plastic planter bags 

a n d  g rown o n  i n  a g lass h o us e  fo r  c l o s e  o bs e rvat i o n .  O n e  o f  t hese  

(Experiment 5 )  used cores col lected from the  ' Grasslands Ruanui '  ryegrass 

p lots used i n  Experi ments 3 & 4 ;  wh i l e  t he  other, reported i n  Sect ion 8 .4, 

used cores fro m  an 'E IIett' ryegrass sward (Experiment 6). 

8.3.2 Experimental 

Cores were col lected in Septe mber 1 989 , and  stored under  refri g e rat io n  

( 7  °C) for u p  to  1 week unt i l  potted. At potting  each o f  32 cores was packed 

f irmly with sand i nto an 8 l it re plastic plant ing bag and 20 g "Osmocote" slow 

release fert i l iser ( N :P :K = 1 4: 1 6 : 1 2 )  placed beneath the core. 

Cores were then al lowed to g row on  undefo l iated u nt i l  early November when 

a 2 x 2 factorial reg i me of 2 cutting heights and 2 cutt ing dates was applied 

to 28 pots, 7 rep l icates (4 pots being rejected because of uneven g rowth ) . 
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The cutt ing  heights were 20 mm or  1 00 m m  (LO o r  H I ,  respectively) and the 

cutt ing dates ( 1  o r  1 7  N ovember, early (E)  or  late ( L) ,  respectively) . After the 

i ni t ia l  cutt i ng ,  pots were trimmed fortn ight ly  to the  ori g i nal cutt i ng  he ight .  

P late 8 .2a (page 1 67) shows trimmed pots in late N ovember. 

Short ly after pott ing i n  September, all l ive ryegrass t i l lers were tagged with 

spl it p lastic rings. In earl y  November pots were re-examined ,  and new t i l lers 

formed s ince the f i rst tagg i ng  ident ifi ed with a tag of a second col o u r. In  

addit ion, three randomly selected flowering t i l lers per pot were marked with 

tag of  a th i rd calo r  fo r l ater evaluation of n u m bers and weight of daughter  

t i l lers formed per  parent t i l l er. 

The 3 marked floweri ng t i l lers per pot were harvested on 2 1  December. At 

harvest ,  n u mb e r  a n d  we ig ht of t i l l e rs formed b y  marked t i l l e rs d u ri n g  

Novem ber/December ( i . e .  after the second tagg ing )  was determi ned for the 

fol lowing categories of daughter t i l ler :  

( 1 )  Primary t i llers formed during the interval between the September and November 
taggings. ( Existing daughter ti l lers, EDT) 

(2) Secondary ti l lers formed from EDT during November/December. 
( Existing daughter secondary t i llers, EDST) . 

(3 )  Primary ti l lers and their secondary ti l lers formed on the main axis at ground level o r  
below ground duri ng November/December. (New daughter ti l lers, NOT). These NOT 
were almost al l  primary t i l lers,  and secondary til lers, if present, were usually smal l .  

(4) Primary aerial t i l lers a nd thei r  secondary t i l lers formed f rom the main axis duri ng 
November/December. (Aerial t il lers, AT.) 

These 4 categories are i l l ustrated diagrammatical l y  i n  Figure 8. 1 (page 1 66) .  

In  Experi me nt 5 ,  t i l ler  n u mber and t i l ler  size data t ended to be posit ively 

skewed, and so was log transformed before performing  analysis of variance .  

Stan d a rd e rro rs a r e  t he refo re prese nted as t h e  l east s i g n i ficant rat i o  

betwee n  two treatment means (Steel & Torrie ,  1 98 1  ) ,  but means presented 

are those for the u ntransformed data. Data analysed were the means for the 

t h ree m arked t i l lers i n  each pot. 
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Figure 8 . 1 : Schematic d iag ram of posit ion on parent reproductive t i l ler  axi s  
o f  t i l ler  categories reported i n  Table 8 .2 .  

8.3.3 Results 

N um be rs of dau g hter t i l l e rs produced by the tagged f lowering  t i l lers were 

fewest f o r  pots  cut t o  2 0  m m  h e i g ht o n  1 N ov e m b e r  ( LO/E cutt i n g  

t re atments) ,  and i n  pots with eith e r  i ncreased cutt in g  heig ht ( H I ) o r  l ater  

cutt i n g  ( L) the  tagged f lowe ri n g  t i l l e rs p roduced i ncreased n u m bers of  

daughter t i l lers (Table 8.2 ,  P late 8.2b). For  the two most extreme treatments, 

(ExLO and LxH I )  there was a more t han fou r-fold d ifference i n  numbers of 

daughter t i l lers formed betwee n  early November and mid Decem be r. 
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Plate 8.2a: Experiment 5 - view of pots after  imposing LO or  H I  and E or  L 
cutt i ng treatments, November 1 989. 

Plate 8 .2b :  Experiment 5 - tagged flowe ri n g  t i l l e rs d issected from pots at 
harvest on  2 1  December, and showing extent of daughter t i l lor formation for 
4 cutt ing treatments, f irst cut on  1 or 1 7  November (E or L, respectively) to 
20 m m  or 1 00 mm height (L or H, respectively) .  

E L 
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Table 8.2 : N umbers and weights (mg O M  t i l le( 1 )of daug hter t i l lers formed 
pe r  parent  t i l l e r  f rom rep roductive t i l l e rs of 'Grasslands Ruanu i '  ryegrass 
under  differi ng  spri ng defo l iat io n  regimes. 

C ategory
1
of 

daug hter 

2 EOST Number  
Total Wt.2 

3 N OT Number 
Total Wt. 

4 AT Number  
Total Wt. 

Cut 1 N ovember (E)  
LO H I  

1 . 5 6 . 7  
1 0. 4  5 1 .8  

0 .76 1 .9 
9 .0 22 

0 .33 1 .0 
0 .67 8. 1 

Cut 1 7  Novem ber  (L) 
LO H I  

6 .3  7 . 1 
1 08  1 25 

2 .2  2 . 1  
62 58 

0 . 56 1 .2 
5 .8  24 

LSR 5% 

1 .8 1  
2 .33 

1 .40 
1 .50 

1 .50 
2 .26 

1 .  Category 1 data (EDT) did not show treatment effects and so are not presented. 
2 .  Mean individual t i l ler wt. = total wt (mg) for category divided by number. 

8.3.4 Discussion 

Til le r  weight data (Table 8 .2 )  n eed to be i nterpreted with caution , because 

t h e  f o rt n i g ht l y  t ri m mi ng of pots wo u l d  h ave rem ov e d  m at e ri a l f rom 

deve lop i ng t i l l e rs as wel l as  the i r  parents. Numbers of t i l l e rs formed would 

n ot h ave been affected i n  th is way by t rimming ,  except for the possible loss 

of a smal l  n umber  of AT bud sites i n  the LO cutt ing he ight ,  however.  

These results thus confirm the fi nd ings from Expe ri ment 4 ,  that defo l iat ion 

reg i me s  wh ich  a l l ow opportu n i t y  for reprodu ct ive devel opment of ove r­

w interi n g  t i l le rs are l i kely to i ncrease daughter t i l ler  formatio n  by those t i l le rs .  

Th is  response i nvolves both an i ncrease in  the number of  t i l le rs formed and 

a n  i ncrease i n  the i r wei ght .  lt seems l ike l y  that t ransfer of substrate from 

pare nt  to daug hter t i l l e rs cou ld  account  for the e n hancement of t i l l e ri ng  

observed with l ater o r  l axer defo l iat ion o f  reproductive t i l l e rs ,  as suggested 

b y  O av i es ( 1 9 88 ) .  l t  wou l d  a p pear  a l so ,  t hat co n t ro l  o f  l ate ra l  b u d  

deve lopment o n  reproductive t i l l e rs of pere n nia l  ryegrass i s  different from 

that i n  L. multiflorum where the re is evidence of both  an apical dominance 

e ffect,  and  a n  i n h ib ito ry e ffect exerted by t h e  u pp e r l eaves (C i i fford & 

Langer ,  1 975; Cl i fford , 1 977) . 
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8.4 Translocation of 1 4c fro m  f lowering t i l lers to daughter ti l lers 

8 .4.1 I ntrod uction 

This experiment (Experi ment 6 )  aimed to use 1 4co2 to o btain i nformation 

about the quantity of photosynthate t rans located f rom parent (floweri ng )  to 

d aughter ti l l e rs and to test whether d i fferent cutt ing regimes would result i n  

d i fferin g  recove ries from daughte r  t i l l e rs of radiocarbon fed to reproductive 

t i l le rs.  E l lett ryegrass was chosen because this had been the cultivar used i n  

E xp e r i m e nt s  1 - 3 .  I n fo r mat i o n  o n  t rans l ocat i o n  between deve lop i ng  

seedheads a nd t he i r  dau g hter  t i l l e rs wou ld  test t he  hypothesis (Sect ions 

5 .3 . 4 . 6 . 3, 7 .3 ,  8 . 1 ) that e nhanced daughter t i l l er format io n  under  certai n 

management condit ions was due  to i ncreased transfer of ass im i late, and 

a lso  p rov ide a basi s  for  deve lopmen t  of o bject ive c ri te r ia fo r g raz i ng  

management decisions i n  o rder to  maxim ise late-spring  herbage production ,  

i f  t he  hypothesis were confi rmed. 

8.4.2 Experimental 

Potted plants were prepared i n  Septembe r  1 989 in a s imi lar  way to those for 

Expe ri m e nt 5 (Section  8 .3 .2 ) .  Two mai n  d i fferences were that the sward 

fro m wh ich t he  cores were col lected had bee n sown i n  'E I I ett' pere n n ial 

ryeg rass (no other  species i nc luded at sowing )  approx imate ly  1 5 months 

prev ious l y ,  and that cutt ing t reatments were appl ied to s i ng le  t i l l e rs,  with 

surround ing t i l l e rs remain ing  u ncut (Plate 8 .3a) . As before, al l l ive ryegrass 

t i l l e rs were tagged i n  September, short ly  after transplant in g ,  and a l l  n ew 

ti l le rs i n  l ate October. I n itial ly ,  64 pots were prepared. 

I n  ea rl y  Novem be r  24 pots (6 repl i cates of 4 treatments, see below) were 

selected for un i fo rm ity of g rowth ,  and two randomly selected flowering  t i l lers 

per  pot were e ach fed 740 kBq 1 ( 20 j.!C i )  1 4co2 t racer ,  us i ng a method 

adapted f rom t h at of Pasumarty ( 1 987) .  The techn ique is  shown in Plate 

8 .3b .  B rief ly ,  t he  port ions of f loweri ng t i l l e rs to be fed radioca rbon ( i n  th is 

case the emerg ing  seedhead ,  the f lag leaf, and the two penu lt imate l eaves) 

were e nclosed i n  a plastic bag, sealed around the stem with p lastic seal i ng  

compound, 1 4c-tabel led Na2co3 i njected i nto a pocket i n  the bag by  means 

of a hypodermic syri nge, and 1 4co2 l iberated by further i nject ion of excess 

20% v/v lactic acid. 

1 .  Note:  1 kBq = 1 000 radioactive disintegrations per second. 
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Plate 8 .3a :  E xperi ment 6 - v iew of pots sho rt ly afte r feed ing  rad iocarbon 
tracer and applying cutti ng treatments to selected i ndividual f lowering ti l l e rs 
(November 1 989) .  

P late 8 . 3 b :  E x per i m e nt 6 - i n ject i o n  of rad iocarbon  t race r  i nto p last ic 
envelope surround ing i nflo rescence , f lag leaf ,  and 2 penu lt imate leaves of 
se lected floweri ng ti l lers. 
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Needle holes were sealed with petroleum jel ly after the hypodermic syringe 

had been withdrawn.  Release of 1 4co2 was not immediate and bags were 

left i n  place u nt i l  Ge iger counter readings showed that radioactivity had 

transferred from the solution in  the pocket of the bag to the ti l l er being 

label led, usually 2 to 3 hours. The tracer was appl ied in three appl ications of 

1 85 ,  1 85 and 370 kBq over  a 4 day per iod.  lt was hoped that mu lt ip le 

app l icat i ons of  rad ioact ive t race r m ig ht red uce vari abi l i ty of  u ptake 

com monly noted in  studies using 1 4co2 trace�. 

Radiocarbon was not 'chased' with 1 2co2 • a practice often used to 

overcome the difficulty that C3 plants such as ryegrass are unable to remove 

C02 below concentrations of approximately 50 ppm, and therefore not al l 

radiocarbon fed to plants is taken u p  (Parsons, 1 981 ) .  However, g iven the 

small volume of ai r enclosed in  the bags themselves, and that the label l ing 

pe ri od of seve ral hours wou ld probably have a l lowed some diffusion of 
1 2co2 into bags during label l ing via the cl ip seal at the bottom of the bag , it 

is u nl ikely that not chasing radiocarbon with non-radioactive C02 resulted in 

any significant loss of appl ied tracer. 

The design was a 2 x 2 factorial and treatments applied were : 

( 1 ) Cutting treatments - Seedheads of radioactively- label led t i l lers either 
l eft u ndecapitated or  removed at the f lag l eaf node . I n  contrast to 
Experiment 5 where all t i l lers in a pot were cut, in this experiment t i l lers 
other than the two label led ti l lers per pot, were left uncut. 

(2) Shade treatments - Pots either left in ful l sunl ight or placed inside an 
i nverted bag made from plastic shade-cloth .  Tests with a l ight meter 
showed that l i ght l evels i nside these shade-bags were about 50% of 
l ight levels a few cm above the bags. 

On the  day fol lowing the last appl ication of 1 4co2 (7 November) ,  shade 

treatments as above were applied and cutt ing treatments were imposed on 

the i nd ividual label led t i l lers fo r 24 pots (6  repl icates) . I n  addition to the 

above treatments, 2 t i l lers per pot not label led with radioactive tracer were 

re m oved as near  to g round l evel  as pract icab le .  This was to p rovide 

i nfo rmation on the level of  daughte r t i l ler  formation wh ich wou ld  occur if 

there was effectively no possibi l ity of further translocation from flowering 

ti l lers to daughter t i l lers after radioactive label l ing had taken place. 

The 2 marked t i l lers per pot and any t i l lers basally attached to them were 

harvested 3'r2 weeks l ate r  on 30 Novembe r, and dissected i nto the fou r  
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categories as i n  Experiment 5 (Sect ion 8 .3 .2) .  Labe l led t i l lers themselves 

were also dissected to g ive a fu rthe r 4 dissection categories - parent t i l ler  
l ive leaves (PT-LLF) , dead leaves (PT-DLF) , basal stem (PT-STM),  and ( if 

sti l l  present) parent ti l ler seedhead (SHD).  A 9th category was parent t i l ler 

seedhead removed 24 hou rs after complet ion of labe l l ing . The 2 t i l lers per 

pot removed at g round leve l were also harvested i n  this way, but fo r these 
t i l le rs o n ly daug hter  t i l l e r  categ o ries  E DT,  E DST and N OT cou ld be 

determined because sites fo r AT t i l lers and the parent t i l ler  itself  had been 

removed when cutt ing treatments were imposed. 

Samples dissected as above were d ried 24 hours at 65 °C, weighed and 

sto red i n  a d e e p  f reeze .  Samp les  w e re l at e r  g ro u n d ,  ox id ised and 
sci nti l lat ion counts made to quantify 1 4c dist ribution with in  the p lants four 

weeks after labe l l ing .  The method used fol lowed close ly that described by 
J e ffay & A l v a re z  ( 1 9 6 1  ) ,  a n d  t h e  sc i n t i l lat i o n  cockta i l used  was 

ethano lam i ne :methyl  ce l loso lve :to luene in the rat io 1 :7 : 1 0 with 6 . 0  g r 1 

PPO. The sample oxidiser used was a Harvey OX600 which typically g ives 

recoveries of radioactivity from test samples of approximately 95% (D. H.  

Greer, pers. com m. )  and the sci nt i l lation counter was a Beckman LS380 1 . 

For each category of daughte r t i l ler a subsample of approximately 1 00 mg 

was oxidised and counted in  t h is way to dete rmine specific act ivity (Bq 

m g- 1 ) ,  and total act ivity calcu lated by s imple proportion. Where less than 

1 00 mg tissue was avai lable,  the ent i re sample was oxidi sed . For some 
categories such as AT, samples we re freque nt ly as smal l  as 1 0  m g ,  so 

checks were carried out to co nfi rm l i nearity and repeatabi l ity of resu lts 

o btai ned by t h e  above procedu re (Appendix  7. 1 ) .  Dupl icate analysis of 

samples was ruled out because of cost. 

At the t ime samples were processed, no radioactive standard was avai lable 

to determine quench ing coefficients for the  samples in this experiment so 

cou nts per mi nute were converted to disintegrations per minute (DPM) using 

a counti ng program me for the Beckman LS3801 supplied by another user of 
the machine.  Subsequently 3 Amersham CFR.1  0 1  calibration discs with a 

known activity of 5000 DPM were obtained and were oxidised and cou nted 

usi ng  the  same p rocedure .  Th is provided a check, both of recovery of 

radioactivity and on the accuracy of results from counti ng programme which 

had been used for l iquid scinti l lation counting (Appendix 7.2) .  
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Data for weight and number of daughter t i l lers formed per label led t i l ler and 

data on 1 4c recovery were averaged for the two labelled ti l lers in each pot 

and analysed for decapitation and shade effects as a 2 x 2 factorial design. 

Data were not markedly skewed, and log transformation was not used. For 

t i l lers cut to g round leve l ,  means and standard errors were derived by one­

way analysis of variance. Because ti l l e rs cut to ground level were from the 

same pots as label led til lers, a 3 x 2 factorial analysis of 3 cutting heights x 2 

l i g ht l evels wou ld  have art i ficia l ly i ncreased deg rees of freedom in  the 

analysis, and would have been inva l id .  Assumptions of i ndependence 

between observations mig ht also have been violated. 

Ti l lers from a further four spare pots were label led as above and pressed for 

autoradiography at five and twelve days after label l ing with radiocarbon. This 

provided qual itative information on radiocarbon distribution within label led 

plants, but after autoradiography these additional t i l lers were dissected so as 

to isolate particular leaf segments identified in the autoradiographs as having 

h igh  concentrat ions of radiocarbon. Specific activities (Bq mg- 1 ) for these 

leaf segments were then quantified by oxidation and scintil lation counting as 

above. 

8.4.3 Results 

8.4.3.1 Til ler number and ti l ler size 

The weight and number of NOT formed from floweri ng t i l lers was greatest 

when t i l lers were decapitated at the flag leaf node. Both leaving seedheads 

i ntact and removing t hem at g round level reduced daughter t i l ler formation 

(Tab le  8 .3 ) .  R e m ov ing  seedheads at g round  level appeared to affect 

daughter t i l ler formation  more severely than leaving seedheads i ntact (Table 

8 . 3 ) .  P laci ng pots i n  50% shade did n ot cause statisti cal l y  s ign i f icant 

reductions in weight or  numbers of daughter t i l lers formed, although values 

for the 50% shade treatment were consistently lower than those for the ful l  

l ight treatment (Table 8.3) .  For  EDST similar trends were noted, but were not 

statistical ly significant (Table 1 ). No treatment differences in weight of EDTs 

were observed. 



Table 8.3 : Effects of cutt ing height and l ight or  shade treatment on total weight and number of new 
daughter ti l lers (NOT) and exist ing daughter secondary ti l lers (EOST) formed from flowering ti l lers. 

Cutting height 

Ground Flag leaf Seed head 
level node uncut 

Ti l ler category NOT EOST NOT EOST NOT EOST 

Total weight (mg) 

Ful l sunl ight 38.3 32.4 1 30 62.2 49.0 45.5 
50% shade 25.5 20.0 1 1 4 54.5 47.8 33.3 

SEM 23.0 27.9 38.3 42.5 38.3 42.5 

Number of ti l lers 

Ful l  sunlight 1 .83 3.25 5.00 6.50 2.40 4.40 
50% shade 1 .65 1 .83 3.20 4.60 2.20 1 .70 

SEM 0 .68 2.22 0 .54 2.77 0.54 2.77 

Note: average individual tiller weight can be computed as weight of new tillers/number of new tillers. 

...... 
...... .l:lo 
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8.4.3.2 Recovery and distribution of radiocarbon 

Seedheads decapitated at the flag leaf node immediately after the label l ing 

period were found to contai n approximately 5% of the applied radiocarbon.  

U ndecapitated seedheads contained about 1 /2 th is amount when harvested 

approximately 3 weeks later, with a further 1 0% of appl ied radiocarbon sti l l  

p resent in  the lower stem and leaves (Table 8 .4 ) .  Translocation to  daughter 

t i l l e rs ( E OT,  E OST, N OT, and AT) accounted fo r on ly  3 .5% of t racer 

recovered (Table 8.4) .  

Treatment effects on  the d istribut ion of  rad iocarbon with in  label led t i l ler 

hierarchies were fou nd (Table 8.5) . Removal of the seedhead at the flag leaf 

node increased the recovery (kBq) of t racer from new daughter t i l lers but 
decreased the  recovery from parent t i l l e r  leaves (Table 8 . 5) .  The shade 

treatment yielded higher recovery values than the l ight treatment for all plant 

parts, though the differences were not always significant (Table 8.5) .  

There were paral lel d ifferences in specific activity (Bq mg- 1 ) of plant parts 

from the various dissection categories, although paradoxical ly i ncreased 

total radioactivity (3.99 kBq cf. 2 .21 kBq) of NOT + AT daughter t i l lers formed 

by decapitated seedheads was associated with lower specific act ivity (24.5 

Bq mg- 1  cf. 36.2 Bq mg-1 ) for these same ti l lers. Specific activity of NOT + 

AT was i ncreased when plants were placed i n  50% shade (P  < 0.00 1 ) .  

Shading also resulted in  h igher specific activity values for most dissection 

categories,  althoug h these differences were again not always sig nificant 

(Table 8.5) .  



Table 8 .4 :  Total activity per t i l ler (kBq), specific activity (Bq mg- 1 ) and % recovery (% tracer applied 
and % tracer recovered) for 9 dissection categor,es. Data are means for 48 label led t i l lers from 24 
pots. Quantity of tracer applied was 7 40 kBq ti l ler- . 

Dissection category Recovery Specific act-
1 

% of tracer % of tracer 
(kBq) ivity (Bq mg- ) applied recovered 

1 .  + 2. EDT + EDST 1 .73 2.91  0.23 1 .25 
3. NOT 1 .91  1 1 .8 0.26 1 .39 
4. AT 1 . 1 3  1 6.7  0. 1 5  0.82 
5. PT-LLF 29.9 1 1 7 4.04 2 1 .7 
6. PT-DLF 1 .53 36.3 0 .21  1 . 1 1 
7. PT-STM 48.7 1 06 6.58 1 3.08 
8. SHD (uncut) 35.7 21 4 2.41 35.32 
9. SHD (cut day 1 )  69.8 743 4.72 25.32 

Total 1 1 37.6 NA 1 8.6  1 00 

1 .  Note: Failure to sum because categories 8 & 9 each apply to 1 2  pots, only. These values averaged to calculate totals. 

.... 
...... 0) 



Table 8 .5 :  Effects of sledhead removal and l ight o r  shade treatments on total activity (kBq) and 
specific activity (Bq mg- ) for selected dissection categories of label led ti l lers. 

Uncut Cut Sign if. Light Shaded Sign if. 

Total activity recovered from 740 kBq/ti l ler applied as 1 4co2 

EOT + EOST 1 .95 1 .50 NS 1 .56 1 .99 NS 
NOT + AT 2.21 3.99 * *  2.77 3.32 NS 
PT-LLF 38.7 21 . 1  * * *  25.3 34.5 * *  

PT-TOTAL 1 04 56.6 * * *  71 . 1  89.2 * 

Specific activity (Bq mg- 1 ) 

EOT + EOST 9.01 5.58 + 5.73 8.86 NS 
NOT + AT 36.2 24.5 * *  23. 1 37.6 *** 

PT-LLF 332 1 75 * 203 304 NS 
PT-TOTAL 283 1 70 + 1 90 263 NS 

TOTAL = LLF + DLF + STM. 

...... 

� 
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8.4.3.3 Autoradiography 

Autoradiog raphy of 1 labe l led t i l l e r  5 days after labe l l i ng  showed obvious 
t rans locat ion to daughter ti l le rs (P late 8.4) . lt was noted that radiocarbon 
was not evenly distributed in daug hter t i l lers,  with some leaves showi ng very 
l ittle uptake (A2 , A3; Plate 8.4) and others showi ng localised bands of h igher 
s p e c i f ic  act iv i ty  ( 8 1 , 8 2 ,  8 3 ;  P l ate  8 . 4 ) .  S u bseque nt o x i dat i o n  and 
quant itative 1 4c determ ination  of  leaf seg m e nts from these h igh-activity 
bands revealed specific activity values rang ing from 63 to 1 93 8q/mg (Table 
8 .6 ) .  These valu es were on average 3.6 ti mes g reater than those found i n  
adjacent leaf segments (C1 , C2 , C 3 ;  P late 8 . 4 ;  Table 8.6 ) ,  and were simi lar 
to va lues obse rved late r for pare nt t i l l e r  leaves which were actual ly fed 
radiocarbon (PT-LLF, Table 8.4) .  

Table 8.6:  Specific activity values (Bq mg-1 ) for  leaf segments dissected from 3 individual 
til lers after autoradiography to identify reg ions of higher uptake (see Plate 8.4).  

Ti l ler number 
1 2 3 Mean (SE) 

High uptake seg ments 
(8,  P late 8.4) 1 93 63 1 1 5 1 24 (53) 

Adjacent seg ments 
(C, Plate 8 .4) 5 1  22 29 34 ( 1 2) 

Auto rad iog raphy of 1 labe l led t i l l e r  afte r 1 2  days also s h owed u n even 
dist ribution of 1 4c in daughter ti l lers, with a clear impression that successive 
nodal daug hter t i l l e r  cl usters down t h e  axis had each had lowe r specific 
activity than the ti l ler  or cluster above . This was confi rmed by oxidation and 
sci nti l lat ion counting  (Table 8.7) , although total activity of the youngest t i l ler 
was low due to its small size (Table 8.7).  

Table 8 .7 :  Specific activity (8q mg-1 ) and total activity (kBq/t i l ler) for t i l lers at 
successive nodal posit ions of one f lowe ri ng ti l ler ,  cou nting basipetal ly and 
beg inn ing with node of attachment of you ngest daughter ti l ler. 

Specif ic activity (8q mg-
1 ) 

Total activity (kBq ti l ler-1 ) 

Nodal position 
1 2 3 

25.4 1 4.6 
0.629 1 .26 

5.85 
1 . 1 9  

4 

2 . 1 6  
0 .729 
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Plate 8.4 : Autoradiograph of labelled ti ller harvested 5 days after radiocarbon application. 
(A)  daughter  t i l ler  leaf showing min imal uptake, (B) high specific activity bands located 
contiguously at the base of the second leaf and tip of emerg ing leaves. (The position of this 
band coincides with the expected location of cell expansion during the 4 days of radiocarbon 
appl ication ) .  (C) Lower specific activity bands i nd icating leaf formed after radiocarbon 
application. (D) Point at which plastic envelope was sealed around parent tiller during tracer 
application. 1 ,2,3 - three tillers for which specific activities of leaf segments were determined 
(Table 8.6) .  

---- 63 
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8.4.4 Discussion 

8.4.4.1 Experimental strategy and radiocarbon recovery 

The different cutti ng treatments were expected to result in differing quantities 
of ass i m i late be i n g  t ra n s locat e d  f ro m  parent  to d a u g hter  t i l l e rs .  I n  
u n d ecapi tat e d  t i l l e rs t h e  d eve l o p i ng seedhead wou ld  l i ke ly act as a 
co m peti ng  s ink ,  and l imit translocation to daughter t i l lers ,  whi le removal of 
the parent ti l ler at g round leve l wou ld clearly preclude further  translocation 
from parent ti l ler to daughter t i l lers. 

The shade treatment was expected to reduce carbohydrate status of parent 
t i l lers and so reduce avai labi lity of assimi late for export to daughters. In the 
shade treatment, effects of reduced carbohydrate status, and effects of l ig ht 
f l u x  and q ual ity (Dereg ibus et al. , 1 983) would be confou nded , but th is  
artificial stress would provide a measure by which to asses the magnitude of 
diffe rences i n  t i l ler  in it iat ion resu lt ing fro m di fferent cutti ng he ights of the 
rep roductive ti l lers. 

P rev ious expe ri me nts us ing rad iocarbo n to measu re tran s locat ion have 
usual ly been concerned with measurements over much shorter t ime periods, 
often 24 hours or less, althoug h  Colvi l l  & Marshal !  ( 1 984) did measure 1 4c 
distribution in ryegrass ti l lers 40 days after labe l l ing. The reason for a 28 day 
period between labe l l ing and quantification of radiocarbon d istribution in  this 
experi ment was to al low time for re mobi l isation from cut stems as suggested 
by Davies ( 1 977).  A re latively large amount of radioactivity (740 kBq per 
t i l ler) was used to compensate for anticipated respiration losses over the � 
weeks between application of radiocarbon and harvest of label led t i l lers. 

Rad i ocarbon was not appl ied to t i l l e rs t o  be  re moved at g round level  
becau se the res u lts of Colvi l l  & Marshal !  ( 1 984) suggest redi stribution  of 
carb o n  from sto rag e i n  the reproductive stu bble is the major  source of 
substrata exported from reproductive to daug hte r t i l lers. lt was therefo re 
pre s u med that removal  of t h e  t i l l e r  at g rou nd  leve l would re move the  
pote nt ia l  s o u rce of  rad iocarb o n  and  t h at recovery of tracer  i n  such a 
treat ment wou ld be very low. However, if radiocarbon had been applied to 
these t i l lers some information on  how rapidly assimi late from parent ti l lers is 
passed to daughters would have bee n obtai ned. In this case there would 
have bee n no opport u n ity for re- mob i l i sat i o n  and d ist ri but i o n  of stored 
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assi m i late from previous p h otosynthesis and any radiocarbon recove red 
cou ld have been assumed to be al located from current photosynthesis at the 
tim e  of label l i ng .  

l t  was e x p e c t e d  f ro m  t h e  re s u lt s  of  e a r l i e r  st u d i e s  ( C i e m e nce & 

H ebblethwaite , 1 984 ; Hampton et al. , 1 987) that the seed head would retain 
the bu lk  of the assi mi late and the cu rrent experiment was not desig ned to 
different iate between assi m i late fixed i n  leaves· and exported from there to 
the seedhead, and assimi late fixed in the seedhead itself. Nor was there any 
atte m pt to measu re movement of carbon i nto or out of temporally different 
si nks i n  the deve lopi ng seed head , such as ste m e lo ngat ion and spike let 
fo rmati o n .  Rather ,  it was i ntended to capture total rad iocarbon reach i ng 
daughter t i l lers by translocation from all sources over a period of ti me and to 
look for d iffere nces in the amount of radiocarbon recovered from daughter 
t i l l e rs as a re s u lt of di ffe re nces i n  cutt i ng  treatme nts appl ied to parent 
reproductive ti l lers. 

T h e  ove ra l l  recovery of 1 8 . 6 %  appl ied rad iocarbon (Table 8 .4) reflects 
resp i ratio n  losses, translocat ion to organs not harvested (e.g. roots) , and 
poss ib le  leakag e of some rad iocarbon fro m the  c l i p seals of the  p lastic 
e nc l o su re s ,  before assi m i lat io n .  No atte m pt was made to quant i fy t h e  
mag n itude of these different losses. The reason for a hig her recovery of 
radiocarbon from shaded plants than from plants in fu l l  sunl ight (Table 8.5) is 
u nce rtai n but m ight be due to reduced photo respi rat ion losses of current 
photosynthate. 

One issue not addressed by th is  experi ment is the possibi l ity of reciprocal 
translocation from daughter ti l lers to parents (Ciifford et al. , 1 973) .  Hampton 
et al. ( 1 987) fou nd that less than 1 0% of carbon fixed i n  daughter t i l lers was 
exported , however, so reciprocal t ranslocation is un li ke ly to have se riously 
affected conclusions reached be low. 

8.4.4.2 Translocation to daug hter t i llers 

The hypothesis that translocat ion f rom f lowering  t i l le rs is important to the 
i nitial establishment of daughter ti l lers from the flowering  ti l lers is supported 
by t h e  above resu lts. Where the opportunity for translocation from the parent 
t i l l e r  t o  daughters was l i m ited by re moval of t h e  parent t i l ler, or by the 
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pre se nce of a competing sink  ( ie .  the seedhead) , both the total weight and 
t h e  n u m b e r  of d au g h t e r t i l l e rs f o r m ed we re re d u ced (Tab l e  8 . 3 ) .  
Furthermore ,  shadi ng of p lants, which presumably also wou ld have reduced 
t h e  ass i m i late  su pp ly ,  a l s o  a ppears to h ave red uced daug hter  t i l le r  
formation ,  although less strong ly than removal of the parent t i l ler. 

I n  addit ion the fact that more t race r was recove red from dau g hter t i l lers 
w h e re the  seedhead of t h e  parent t i l l e r  had bee n  re moved t h an fro m 
daug hter ti l lers where the seedhead of the parent remained intact confi rms 
that reduct ion in the absolute amou nt of substrata translocated from parent 
ti l lers to daughters was involved in the reduction i n  daughter t i l ler formation 
w h e re seed h eads re m a i n e d  i n tact . l t  is true t h at the  a m o u nt of label  
transferred to daug hter t i l lers was smal l  in  perce ntage terms (Table 8.4) ,  
however, the specific activity of some daug hter t i l ler  tissues was h igh (Table 
8 .6) .  Locali sed zones of daug hter  t i l lers were found to have specific activity 
values up to 1 93 Bq mg-1 5 days after labe l l ing (Table 8.6). 

By  co mpari son the mean s pecif ic act ivity value for  leaves actual ly fed 
radi ocarbo n and harvested approxi mate ly 3 weeks later was 1 1 7 Bq mg- 1 

and  judg ing  by re lative ly low l o ng term respirat ion losses measured by 
Oanckwerts & Gordon ( 1 987) wou ld not have been appreciably higher than 
1 1 7 Bq mg- 1 when the autoradiographed t i l lers were harvested 5 days after 
l abe l l i n g .  Th is  wou ld i n d icate t h at t h e  h ig h  specif ic act ivity reg i o ns of 
daug hte r ti l l e rs were themselves strong si nks, and that due to their small 
size , even the small percentage allocation of substrata of 3.5% (Table 8.4) 
from the larg e  parent ti l ler was relatively important to thei r carbon economy. 

T h e  lower  spec i fi c  act iv i ty va l u e s  for N OT of cut pare nt t i l l e rs is not 
necessari ly i nconsistent with the hypothesis because absolute recovery of 
radi ocarbo n in N OT was h igher  in daughter t i l lers of cut than in  daughter 
t i l lers of uncut pare nt t i l lers and because localised reg ions of the daughter 
t i l lers did have high specific activity values (Table 8 .6) .  These observations 
are consistent with the i nterpretat ion that emerg i ng daughter t i l lers which 
rece ived an i ncreased carbo n s upply fro m  the i r  pare nt t i l ler  uti l ised th is  
carbon for cel l  elongation , so attain ing photosynthetic self sufficiency more 
quickly. After th is ,  i ncreased g rowth rates on  these more rapidly establ ishing 
t i l lers cou ld resu lt in a g reate r d i lut ion of the radiocarbon in itially received 
f ro m t h e  parent t i l ler. This would explai n  the lowe r speci f ic activit ies for 
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whole d aughter t i l lers ,  despite h igher abso lute quantities of radioactivity in  
daughter t i l lers of decapitated flowering t i l lers. 

8.4.4.3 Location of sin ks 

The obse rvation that several daughter ti l lers on the p lant autoradiographed 
afte r 5 d ays (P late 8 .4 )  showed bands of h igh  specific activity located at 
contiguous elongation reg ions at the base of the 2nd leaf and the tip of the 
eme rg ing  leaf is cons istent with prefe re ntia l  uptake of trans located 1 4c 

tracer by ce lls in the leaf expansion zone of NDT. Leaf elongation rate was 
not measu red during the experi ment ,  but as the h ig h  specific activity band 
on the emerg ing leaf was approximately 1 00 mm from the t i l ler base on each 
t i l ler, a leaf extension rate of approximately 20 m m  per day wou ld have been 
requi red for the high specific activity bands to have been located at the cel l  
e longati o n  reg ion  over the four  day period of tracer appl icat ion .  As leaf 
exten sion rates of 20 m m  per day are easi ly attained (Davies et al. ( 1 989) 
reported values rang ing from 1 3 .7 to 39.9 mm/day . )  it would seem h igh ly 
l i kely that a major deposition  reg ion for tracer i mported by daughter t i l lers 
f ro m  pare nt f loweri n g  t i l l e rs was t h e  ce l l  e longat ion zo ne of expanding 
leaves ,  and that photosynthate from parent t i l lers reached th is  destination 
with i n  hou rs of fixation .  Fo r Lolium multiflorum Cliffo rd et al. ( 1 973) fou nd 
evide nce for such translocat ion di rectly betwee n vegetative ti l lers without 
i nvolving roots , and Be l l  ( 1 976)  has described i n  detai l vascu lar pathways 
which wou ld al low such t ransport of cu rrent ass i m i late by diffus ion fro m 
parent  ti l l e r  leaves to daug hter ti l lers .  lt is  probably safe to assume that 
s i m i l a r  t ra n sp o rt occ u rs i n  pere n n ia l  ryegrass,  but furt h e r  re search to 
determine the physiological reasons for s ink strength would be worthwhi le .  
As  noted i n  Chapter 7 ,  i t  is  suggested that for tall fescue,  tissues o f  different 
o rgans metabolise fructans of different chai n lengths,  and that th is can result 
i n  differential g rowth of particular organs (C. J. Nelson ,  pers. comm.) .  lt may 
be that a s im i lar mechanism operates for ryegrass. 

Two p revious studies (Ciemence & Hebblethwaite , 1 984; Colvi l l  & Marshal ! ,  
1 984) have noted that smaller daughter t i l lers tended to have higher specific 
act ivity than  larg e r  daug hte r t i l l e rs , and althoug h these authors did not 
consider nodal positions of ti l lers, it is l ikely that thei r smaller t i l lers were also 
younge r. Thus the fi nd ing (Table 8. 7) of lower specific activity values for 
t i l lers o rig i n at ing from successive ly lower  nodes on the parent t i l ler  axis  



1 84 

he lps explain  the earl ier results. A possible mechanism is that photosynthate 
movi n g  down the stem towards the root system is able to be withdrawn by 
daug hter t i l lers at each node with successive ly smal ler amounts passing on  
towards t i l lers at the next node. The fact that the youngest daughter t i l ler had 
the  h ig hest specific activity, wh i le the next youngest ti l ler had the highest 
total activity , suggests that the smal l  size of the younger ti l le r  (the t i l le rs 
weig hed 25 mg and 86 mg respectively) l imited the quantity of radiocarbon 
taken up by the younger t i l ler. 

An incidental observation also of interest is that on ly some 6 roots show any 
appreciable radiocarbon uptake (Plate 8.4) ,  whereas the ti l ler 
autoradiographed had some 1 7  apparently live roots attached. A future study 
to provide information on the uptake of assi mi late by roots at differing poi nts 
of attachment on the ti l ler axis cou ld we ll aid u nderstanding of the cycle of 
root  format ion  and death and o n  root-t i l le r  i nte ract ions (Sect ion  6 . 3 .2 ;  

Matthew et al. , 1 991 ) .  

8.4.4.4 Evidence for remobi lisation 

Davies ( 1 977, 1 988) has suggested that remobi l isation  from dying tissue of 
cut t i l l e rs may provide substrata to promote daug hter  ti l le r formation. The 
extent  to wh ich remobi l i sation of assi m i late f rom dying t issues of parent 
ti l lers could occur is demonstrated by the different specific activity values of 
1 1 7  and 36.3 Bq mg-1 for l ive and dead leaves respectively (Table 8 .4) .  
Whi le specific leaf weig ht measurements (mg m m-1 ) would also be needed 
to q uantify carbo n f luxes fu l ly ,  the  dead leaves at the end of November 
wou ld have been l ive when label led,  so the above values can perhaps be 
taken to est imate the proportion of radiocarbon recovered from live leaves 
one  month afte r fixat ion which cou ld be available for remobi l isation on the 
death of those leaves. 

There was also evidence of remobi l isation from seedheads. Comparison of 
radiocarbon recovery for seedheads re moved i m mediate ly after label l i ng 
(69 .8  kBq) and for seedheads removed a month later (35.7 kBq, Table 8 .4) 
g ives some i ndication of the amount of labe l lost from seedheads between 
labe l l i ng  and harvest . The fact that recovery from parts of the p lant other 
than the seedhead was g reater where seedheads re mained i ntact (Table 
8 .5 )  suggests that some of th is loss occu rred throug h remobi l isation and 
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tra n s locat ion  out  of t h e  seedhead rather  than  as respi rat io n ,  a lt hough 
whether  tracer leavi ng the seedhead was fixed there or fi rst i mported from 
the leaves is  u nknown. Hampton et al. ( 1 987) did detect export of carbon 
fixed in stems immediately below the ear to other  parts of the plant , i ncluding 
basa l  daughter ti l lers, however. 

lt is evident fro m earl i e r  stud ies that the carbo n economy of f loweri ng 
perennial  ryeg rass t i l lers is co mplex and not yet wel l  understood (Hampton 
et al. ,  1 987) . I n  view of the l ikely re mobi l isation  and re-export of carbon from 
vario u s  organs of parent ti l lers at differe nt t imes it wou ld be of interest to 
obtai n more detai led information on  the locat ion of sinks at different stages 
in seedhead formation , and on the extent to wh ich deposit ion i n  particu lar 
si nks is reversible at later times. Another area requiring investigation is the 
exte nt  of re mobi l i sati o n  of carbo n from se nesci n g  t issue ,  and whether 
carb o n  retai ned by mat u re leaves i s  m o re avai lable on leaf death than 
carbon deposited i n  expanding ce lls at leaf elongation and stem elongation.  

8 .4 .4 .5  Co mpari s o n  between t i l l e ri n g  respo nses in Experiment 5 

( 'Grasslands Ruanul' ryegrass) and In  Experiment 6 ('EIIett' ryegrass) 

Given that Experi ment 3 had i ndicated possible genetic differences in t i l ler 
dynamics between Ruanui and El lett ryegrass , comparison was also made 
of resu lts from Experi ments 5 & 6. 

Ratios of ti l ler weights and t i l ler numbers for categories NOT and E DST were 
derived from data i n  Tables 8 .2  and 8 .3 ,  and are prese nted in  Table 8.8. 
Whi le t i l leri ng responses from both Experiments 5 & 6 were consistent with 
the hypothesis that substrata from parent f lowering t i l lers is  i mportant for 
daug hter  t i l ler  fo rmat ion  (Sect ions  8 .3 .4 ,  8 .4 .4 .2 ) ,  the data i n  Table 8 .8 
suggest that different categories of  ti l ler were more strongly involved i n  the 
respon ses i n  respective experiments. In Experiment 5 responses were more 
strong ly  expressed by the format ion of E DST and i n  Experiment 6 by the 
format i o n  of  N OT. W h i le these d i ffere nce s can n ot be i nterp reted with 
certainty because of the lack of appropriate experimental controls,  the above 
d i ffere nces wo u ld be expected i f ,  at t i l l e r  i n it iati o n ,  t i l ler  buds i n  'E I Iett' 
ryegrass (Experiment 6) were able to develop the i r  vascu lar connection to 
the i r  parent t i l ler  (Be l l ,  1 976) more quickly than t i l le r  buds in 'Grasslands 
Ruanui '  ryegrass (Experiment 5). 



Table 8.8:  Ratios of NDT:EDST for ti l ler weight and ti l ler number in  Experiments 5 & 6. 

Experiment 5 Experiment 6 

Treatment LOxE LOxL H lxE H lxl Ground Flag Uncut. 
level .  leaf 

node. 

Ti ller weight 0.87 0.62 0.53 0.66 1 .67 2.09 0 .87 
Ti l ler Number 0.51 0.28 0.35 0 .30 0.95 0.75 0.97 

..r. '  
Q) 
en 
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I n  the case of a vascular connection occurring more quickly, relatively less 
assimilate would be available for t i l lers developing lower on the parent t i l ler 
ax is .  T h i s  v iew t h at t i l l e r  d y n a mi cs of  a re p rod uct ive sward can be 
u nd e rstood in te rms of  export of assi m i l ate fro m flowe ri n g  t i l l e rs ,  with 
p rog ressive withdrawal of assimi late at successive nodes down the axis, 
supports that obtained from co nsideration of distribution of radiocarbon in  
t i l lers at successive nodal positions (Table 8.  7 & Section 8.4.4.3).  However, 
because the resu lts in Table 8. 7 are based �>n a single t i l ler and those in  
Table 8 .8  are for two separate Experi ments with no com mon t reatments, 
further research is needed for confi rmation of these findings. 

8.5 Implications for farm practice 

The results from E xperi ments 4, 5, & 6 reported in th is chapter al l  support 
t h e  hypothes is  (Secti ons 7 .3 ,  8 . 1 ; Matthew et al. , 1 989) that assi mi late 
exported from f lowering  t i l lers is an i m portant factor in determi n ing  t i l ler  
i nitiation in  late-spri ng swards. Given that t i l lers formed from flowering t i l lers 
were a large proport ion of the total t i l l e r  p o pu lat ion by mid Dece mber  
(Section 5 .3 .4 .6 . 1 )  and that these t i l lers had a greater propensity to flower 
and  produce new t i l l e rs i n  the fol l owi ng year (Section 5.3 .4 .6 .2 ) ,  these 
results do suggest that del iberate encouragement of reproductive growth in  
rye g rass swards m ig ht be  a way to  i m p rove s u m m e r-autu m n  pastu re 
productivity, p rovid ing  that seedheads were not al lowed to develop to the 
sta g e  w h e re daug hter  t i l l e rs were s u p p ressed , as in Treat m e nt 4 of 
E xperi ment 4 ( Sect ion 8 .2 .3 ) .  This contrasts with popular  v iews he ld by 
many in  the i ndustry and expressed by, for example, Hughes ( 1 983) who 
h as reco m m e nded a "botto ming"  or g razi n g  as close to the g ro und as 
possible in October to remove seed heads and promote vegetative g rowth. 

The question of the appl ication of these resu lts to farm practice is further 
discussed in C hapter 9. 

8.6 Summary 

1 . In a field sward, there was evidence that i ndividual flowering t i l lers formed 
more daughter t i l lers when cut to 50 mm height near anthesis. Earlier, later, 
o r  lower  cutt i n g  appeared to have red uced n u mbers of daug hter t i l lers 
formed between mid November and mid January. 
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2 .  Translocation of substrata from parent flowering to young daughter t i l lers 
was verif ied by rad ioactive tracer.  Trans locati on  to daug hter t i l l e rs was 
approxi m ately 3% of tracer recovered, and was g reater where the parent 
t i l le r  seedhead had been removed than where the parent t i l l e r  seedhead 
remained i ntact. 

3. Radiocarbon translocated to daughter ti l lers was largely local ised in leaf 
reg ions wh ich had probably been zones of ce l l  e lo ngat ion at the  t ime of 
t race r appl icati o n .  Data suggested t h at rad iocarbon fro m pare n t  t i l lers 
reached cel l  e longation zones of daughter t i l lers with in  hours of assim i lation 
and was deposited there in concentrations almost equal to those remain ing 
i n  labelled leaves of  parent t i l lers. 

4. These fi nd i ngs confirm that a period of reproductive g rowth i n  spri ng  
swards cou ld  b e  exp ected to  resu lt i n  i ncreased ti l l e r  fo rmat i o n ,  and  
presumably a lso root formatio n ,  as  observed i n  Experime nts 1 & 2 .  This 
would be contrary to popular belief, and suggests that current 
recommendations for late spring-early summer pasture grazing management 
i n  New Zealand should be revised. 



CHAPTER 9 :  OVERVIEW AND CONCLUSIONS. 

9.1 Synthesis of resu lts 

9.1 .1 Root g rowth of ryegrass swards 
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The underlyi ng aim at the commencement of this study (Objective i i i ,  Section 
1 .2 )  was to identify possible ways to increase production from f ield swards of 
perennial ryeg rass, through manipulation by grazing management. I n itial ly it 
was felt that the most l ikely way to achieve this objective would be throug h 
greater u nderstanding of the dynamics of the root system , and of the inter­
re lationsh ip  between root and shoot systems. I nformation on tissue turnover 
of t i l lers and leaves has greatly increased understanding of sward dynamics 
(Section 2 .2 . 1  ) ,  yet paral lel data has not been avai lable for roots, especial ly 
not fo r fie ld conditions ,  because of diff icu lties i n  accessing roots for non­
destructive measurement. Fu rther, because col lecting data on any one facet 
of sward dynamics (ti l ler dynamics, tissue turnover or  root behaviour) tends 
to be h ig h ly labour-i ntensive , most studies have been confi ned to one of 
these areas,  and there have been few p revious attempts to i ntegrate root 
and shoot data from fie ld swards. 

The in iti al experiment (Experi ment 1 )  and subsequent cal ibration  studies 
(Appendix 2 .6)  established that a variation of the mesh bag , or refi l led core 
tech n ique recently adapted from forestry research by Steen ( 1 983,  1 984) for 
study of root growth in grass swards i n  the field was able to provide data on 
seasonal p roduct ion  of new roots in  terms of m ass flow, and was also 
sensitive e no u g h  to detect d iffere nces in root growth arising fro m  g razing 
management manipulat ion. Experiment 1 also established that root turnover 
i n  ryegrass swards in early su mmer was m uch higher than expected on the 
basis of previous studies (Jacques 1 956 , Caradus & Evans, 1 977) , and was 
enhanced where seedheads were allowed to develop to head emergence or 
anthesis, as compared to where seedheads were removed earl ier or  allowed 
to m ature.  

The second f ie ld study (Expe ri ment 2)  was then set up to provide data on 
seasonal pattern s  of  root formation and on differences in  root production 
u n d e r  c o n t rast i n g  lax and hard g raz i n g  manag e m e nts. Resu lts fro m  
Exper iment 2 confi rm the hig h tu rnover i n  root mass i n  su m m e r  (Section 
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4.4. 1 ) as observed i n  Experiment 1 ,  and provide a picture of root behaviour 
which suggests continual replacement of roots throughout the year with dry 
m att e r  accu m u lat ion  below g ro u n d  typical ly be ing  about  1 0  to 20% of 
he rbage accumu lat ion above ground (Sect ions 4 .3 . 1 .2) but with seasonal 
increases in root p roduction after summer drought or after wi nter preceding 
corresponding increases in  above ground production (Section 7.2.2) .  

The fact t h at appare nt root producti on  was as l itt le  as 1 0  to 20% of net 
he rbage p roduct ion whi le root mass was approximately s im i lar to or even 
greater than shoot mass indicates a difference in  turnover tim e  for root and 
shoot t issue. The estimate of a 650 day root tu rnover ti me (Section 4.4. 1 )  
wou ld have been i nflated because refi l led core data underesti mated actual 
root product ion (Appendix 2.6) and because intact core samples would have 
i ncluded dying roots ,  but eve n if actual  root turnover were o n ly th i rd th is 
value,  the turnover t ime is sti l l  much longer than for leaf tissue .  Leaf turnover 
t i m e  can be est i m ated by m u lt i p l y i ng  t h e  reci p rocal of va lues for leaf 
appearance rate ( leaves ti l ler - 1 week- 1 ) by the number of leaves per t i l ler. 
Based on  data of Davies ( 1 977) ,  leaf tu rnover ti me ranges fro m  25 days in  
May , t o  9 0  d ays in  J a n u ary , i n  B r i ta i n .  For  d at a  in  F i g u re 6 . 1 , t h e  
corresponding range of turnover t imes i s  34 days in  December to 63  days in 
August. 

This i ndicates one way in  wh ich root and shoot systems are adapted to their 
respective e nvironments (Section 7.2.2). The faster tu rnover ti me for leaves 
wou ld allow for rapid recovery after grazi ng . Root systems are not normal ly 
subjected to sudden losses of tissue ,  but a slower rate of turnover a l lows for 
t h e  z o n e  of  exp lo i tat i o n  wit h i n  t h e  so i l profi le t o  move , d e p e nd ing  o n  
seasonal changes i n  soi l moisture level at different depths i n  the soi l  profi le 
(Sect ion 4 .4 . 1  ) .  For example, in Experiment 2 root mass at depth i ncreased 
during dry condit ions in sum mer, but the reverse occu rred i n  w inter as the 
water table rose and soi l  conditions became anaerobic at depth (Sections 
4 .3. 1 . 1 , 4 .4 . 1 ) .  Another difference betwee n  shoot and root system behaviour 
which also al lows a relatively fast response by shoots after loss of tissue by 
g razing is that a hig h proportion of root pri mordia, but a lower proportion of 
t i l ler p ri mordia normal ly develop (Section 6 .4.3).  This means that when t i l ler 
size is  reduced by i ncreased grazi ng pressure ,  it is possible for numbers of 
new t i l le rs to develop very rapidly, resu lt ing in a new equi libri u m  size/density 
combination (Sections 5.3.4. 1 , 5.3.4.6.2) .  
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I ncreased grazi ng pressu re (more frequent and more severe defol i at ion)  
reduced root p roduction (Sect ion 4 .4 .2) ,  as expected from earl ier research 
(Evans, 1 971 a, 1 976). However, the magnitude of the g razi ng management 
effect on establ ished swards was much smal ler  than expected fro m the  
earl ie r  work on seedl i ng plants. Root dry matter accu m ulation on  the LL 

t reat m e n t  ave raged ove r t i m e  w as on ly  1 5% g reater  t h an on t h e  H H  
treatment (Table 4 .4). This relatively smal l reduction i n  root growth for the 
H H  treat ment  in E xperi m e nt 2 (and also for the V E G H  t reat me nt i n  
Experi ment 1 ) ,  can be attributed partly to the fact that the grazi ng regime for 
H H  p lots i m posed rather  l ess severe defo l iat ion than , for example ,  the 
experi me ntal cutt ing treatments applied by Evans ( 1 971 a) .  Another factor 
contributing to the smal ler than expected differences in  root growth between 
LL and H H  plots would be the morpholog ical adaptation to cutting height, 
which was evidenced by si milar before-g raz ing leaf mass (Table 5.6) .  S imilar 
morphological adaptaion of swards has previously been reported by Jackson 
( 1 976), who fou nd that swards cut repeatedly at 60, 90 or 1 20 mm height al l 
developed a simi lar leaf mass of approximately 1 500 kg OM ha-1 . 

lt has also been suggested that reduct ion of root growth at depth u nder 
i ncreased g razi ng pressure may reduce abil ity of swards to take up  water 
and n utr ie nts (Evans, 1 976) . In this study there was so me evide nce of a 
transi e nt d iffere nce between  root ing patterns of LL plots and of HH plots, 
d u ri ng su m mer mo istu re st ress (Sect ion  4 . 4 . 4 ) ,  but no evide nce that 
increased grazing pressure, as i n  the HH grazing management, reduced root 
growth at depth disproportionately. 

S i n ce t h e  dominant feature of root system behaviour was the  seasonal 
patte rn of change ,  which refl ects i nfluences outside a farmer's control , and 
responses of the root system to grazing management for establ ished swards 
were much smal ler than expected , it was concluded that manipulation of root 
g ro wt h  per se. wou ld  not offer an  effect ive way to ac h i eve pastu re 
production efficiencies. 

9.1 .2 Above-ground growth of ryegrass swards 

9.1 .2.1 Ti l ler dynamics 

When m ultivariate analysis max imised discri m ination between treatments, 
t i l ler  popu lat ion density responses to the contrasti ng LL and H H  g razing 
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managements i n  Experime nt 2 were fou nd to be the outstanding statistical 
feature of the resu lts from that experiment (Table 5.9).  Such responses are 
well  known from numerous previous studies and can be explai ned in  terms 
of t h e  so-cal led -3/2 powe r ru le (Sect ions 2 .2 .3 ,  5 .3 .4 . 1 ), wh ich for grass 
sward s  appears to o perate so as to o pt im ise leaf area u nd e r  d i ffe r ing 
g razi ng reg imes (Section 5.3.4 .6.3).  However, i n  this study t i l ler size/density 
p lots (on a log/log scale) freque ntly had a slope more negative than -3/2 
(Figu re 5 .6 ) .  This steep slope cou ld be part ly due to there being a h igher 
percentage of leaf in  herbage on HH plots than i n  herbage on  LL p lots, but 
probably a lso reflects some l im iti ng factor preventing ful l expression of the 
environmental potential fo r ti l leri ng on  the harder-g razed p lots to the lower 
rig ht of the diag rams. One such l im iting factor may wel l  have been reduced 
su bst rata supp ly  o n  H H  p lots ,  and  to t h e  e xtent  t h at t h i s  was so t h e  
i ncreased neg ative s lope o f  t h e  t i l le r  s ize/dens ity l i n e  (Figu re 5 .6)  is  an 
above-g ro u nd para l l e l  to t h e  effect of the H H  g razi ng m a nag e me n t  i n  
reducing apparent root growth rates. 

O n e  of t h e  reas o n s  for ch o os i n g  t h e  cont rast i ng  LL and  H H  g razi ng 
treatments was to create del iberately,  swards with d ifferent ti l ler population 
densit ies, and hence different mean t i l ler size, to test the possibi lity that t i l ler 
popu lations with different s ize/dens ity re lat ionships m ight have i nhere ntly 
d i fferent rates of root product ion ( Sect ion 4 .2 . 1 ) .  However, there was no 
evidence of any such effect , and i n  h indsight it might have been realised that 
t i l le r  s ize/density responses are sh ifts of equ i l ibria i n  response to external 
factors such as change in g razing pressure or l ight levels. Such responses 
do not necessari ly shift t issue deposition fro m  u n-harvestable organs such 
as roots to harvestable organs such as leaves (Sect ion 7.2 . 4) , and even 
where manipu lat ion of one sward characteri stic is  possible,  compensatory 
changes often occur in  other sward characteristics. For example differences 
i n  l e af mass and  leaf area i ndex between LL and H H  p lots had larg e ly 
d isappeared with in  6 - 8 months of the start of the experiment,  as a result of 
i ncreases i n  t h e  proport ion of ste m  and dead compone nts i n  the  sward 
(Table 5 .6) .  

Another facet of t i l ler  dynamics is  the way i n  which patterns of t i l ler  natal ity, 
ti l ler  mortality, and propensity to produce daughter t i l lers for t i l lers of d ifferent 
ag e s  def i ne  t h e  t i l l e r  demog raphy of peren nat ion i n  grass swards. Th is  
aspect of  t i l ler dynamics appears to be independent of  the -3/2 power effect, 
and wou ld l ike ly be under genetic rather than environmental contro l  (Section 
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5 . 3 . 4 . 6 ) ,  a ltho u g h  it i s  cl early possi ble t h roug h grazing management to 
i nf luence the proportions of ti l lers flowering (Table 5. 1 0). This presumably i n  
turn affects the t i l ler age structure o f  the post-flowering sward (Figure 5.8) .  

T h e  p re s e nt s t u d y  was n ot d e s i g n e d  to a n sw e r  q u e st i o n s  of  t i l l e r  
demography, because the sign ificance of such effects was not appreciated 
at the  outset. lt was possi ble to recover some pre l iminary i nformation of a 
demographic n ature and this i nfo rmation showed that o lder flowering t i l lers 
are i mportant for perennation because they produce disproportionately large 
numbers of sum mer daughter t i l lers (Tables 5 . 1 4 , 5 . 1 5). An exami nation of 
earlier  literature shows that this point has bee n  largely overlooked by most 
authors writing o n  t i l ler dynamics, but has been previously noted by Si lsbury 
( 1 964) , Langer ( 1 979) ,  Jewiss ( 1 981 ) ,  & Colvi l l  & Marshal! ,  ( 1 984) who were 
not able to present supporting data, because even laborious fixed quadrat 
observations do not provide such data. The provision of this type of data wi l l  
req u i re d e struct ive ha rvest i n g  of  f i xed q u ad rats ,  and t h i s  w i l l  p rese nt 
formidable logistical problems. 

However, if avai lable , i nformation on ti l ler demog raphy wou ld be extremely 
usefu l ,  because it can be i nfe rred from t i l le r  age-cohort su rvival diagrams 
(Figures 5 .8 ,  6 .2)  and from more detai led i nformation on the  orig in of new 
ti l lers (Table  8.8) , that 'E I Iett' and 'Grasslands Ruanui '  cu ltivars of ryegrass 
have d ifferent demographic patterns of perennation (Section 6 .3 . 1 ) , and may 
therefore respond to different managements appropriate to the ir  respective 
d e m o g raphy .  F o r  ' E I Iett '  rye g rass t h e re was e n hanced daughter  t i l l e r  
formation  o n  the LH treatment (Sect ion 5.3.3.2) in  Experiment 2 ,  which was 
associated with h igh  product ivity o n  these p lots, both on  a per u nit area 
basis (Section 5.3 .3.2) and on a per ti l ler basis (Table 5. 1 2) .  

This t i l l e ri ng response on  LH p lots in Expe ri ment 2 appeared to i nvolve a 
n u m ber  of factors , i ncluding an avai labi l ity of substrata for t i l ler formation 
because of h igh photosynthesic rates in  parent flowering ti l lers (Table 3 .6) ,  
e nvi ro n m e ntal potential for h ig h t i l ler  formation due to the -3/2 equi l ibriu m  
movi ng t o  the  rig ht i n  summer ( Figure 5 .6b) ,  an i ncreased percentage of 
f lowe r i n g  t i l l e rs u n d e r  laxer  g raz i n g  manag e m e nt (Tab le  5 . 1 0 ) ,  and 
demographic pattern which resu lted i n  naturally h igh  levels o f  daug hter t i l ler 
formation from floweri ng ti l lers (Tables 5 . 1 4, 5 . 1 5) .  
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From these fou r  factors apparently involved i n  the t i l lering event on LH p lots, 
the fi rst was chosen as a subject for detai led follow up study. Experiments 4 ,  

5 ,  & 6 confirm that export o f  assimi late from reproductive t i l lers i s  a factor i n  
determin ing ti l ler in itiation and deve lopment from flowering t i l lers. Moreover, 
t h e  2 - 5 fo ld i ncreases i n  t i l l e r  n u mbers formed from tagged t i l l e rs i n  
E xperiments 5 & 6 where oppo rtu nity for daug hter  t i l lers to receive such 
assimi late was optimised, i nd icate that this effect is large enough to explai n ,  
at the sward leve l ,  two observations associated with increased reproductive 
g rowth i n  Experi m ents 1 & 2. These e ffects w e re the i ncrease i n  root 
formati o n  u nd e r  t h e  RU H E  and RUAN treatm e nts and t h e  associ ated 
i ncrease in t i l ler density (Experiment 1 ,  Section 3.4.3) , and the high herbage 
accu mulation associated with h igh leve ls of daug hter t i l ler format ion on LH 
plots (Sectio n 5 .3 .3 .2) .  The high t i l ler appearance in the second season of 
Experiment 3 (Figure 6 .2) might also be such an effect. This i nformation on 
the way in  which tim ing or heig ht of decapitation of  reproductive t i l lers affects 
daug hter t i l ler formation from the flowering ti l lers should therefore be useful 
i n  f o rm u l at i n g  g raz i n g  m a n ag e m e nt st rate g i e s  to opt i m i se h e rbag e 
production in  sum mer. 

9.1 .2.2 Herbage accumulation 

I n  Experi me nt 1 o n ly l i m ited he rbag e accum u lation  data was co l lected .  
H o w e v e r ,  t h e  d at a  do s h o w  a s u bsta n t i a l  d i f fere n c e  i n  h e rbag e 
accumulation ,  and in  the balance between g rass leaf, grass stem and clover 
product io n ,  depe ndi ng on the  t im ing  of removal of reproductive g rowth .  
Duri ng a 30 day period com mencing mid November, herbage accumulation 
was m o re than  doubled  on plots where seedheads remained i ntact, as 
compared to mown plots (Matthew, et al. , 1 986 ; Table 3.6).  

Herbage accumulation and t issue turnover measurements for Experiment 2 
did not com mence u nti l part way throug h  the experiment due to the heavy 
workload of root and t i l le r  measu rements , and when they d id com me nce 
formed part of a study reported i n  more detai l e lsewhere (Xia, 1 99 1  ). The 
principal fi nding to emerge fro m these measurements was that h ighest net 
herbag e  accum u lat ion  occu rred i n  p lots switched from t h e  lax g razin g  
regime i n  spri ng t o  the hard g razing regime in  early summer (LH plots).  As 
noted above , the data indicate that this h igh herbage accum ulation on the 
LH plots was associated with h igh rates of daughter t i l ler production .  
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Exploitat ion of this response does appear to offer a means for meeting the 
object ive (Sect ion 1 .2) of vary ing g razi ng manag e ment in o rder to obtain 
pasture production advantages on  a farm scale. The seasonal ti ming of th is 
effect i s  such that i mple mentat ion by farmers of such grazi ng management 
p lans shou ld be feasible. This is because farmers tend to face a surplus of 
pastu re growth over ani mal requirements in spri ng ,  and therefore have some 
degree of flexibi l ity in g razi ng management during reproductive growth.  (By 
contrast , winter g razing  manag e ment i s  co nstrained by the need to ration 
feed at a t i m e  w h e n  a n i ma l  d e m a n d  exc e e d s  pastu re g rowth . )  T h e  
i mplicat ions for farming practice i n  New Zealand are briefly discussed below 
(Sectio n  9.3) .  

9.1 .3 Root-shoot relations 

Apart from l imited mu ltivariate analysis of root and shoot data (Section 7.2.2) 

and a s i mple descriptio n  of the seasonal patterns of  change  in root and 
shoot parameters using PCA analysis (Section 7.2.3) ,  more detai led analysis 
of root/shoot re lations was largely precluded by the rather coarse time frame 
of some of the expe rimental measure ments i n  Experi ment 2. For example,  
t h e  co m p l ete harvest seque nce of  g razi n g , h e rbage m ass sam p l i n g ,  
extract ing refi l led cores and setting up new cores, i ntact core sampl ing,  and 
t i l le r  tagg ing  occupied seve ral man-weeks. lt was therefore impossible to 
synchro nise fu l ly all the measurements, and even if that had been possible, 
reductions of root growth fol lowi ng grazing probably lasted only a few days 
(Section 4.4.2) , and hence would not have been evident in refi l led core data 
co l lected  on  a six-weekly basis .  Experi ment 3 represented an attempt to 
sy nchro n i s e  t h e  vari o u s  root and sh oot m easu re ments m o re c lose ly .  
H owever, i n  h indsig ht there was an experimental design error in  locating the 
experi m e nt on a sward with  su bstant ia l  co nte nt of spec ies  oth e r  than  
ryegrass. This meant that measured root g rowth could not be 
u nambiguously attributed to the ryegrass component of the sward on which 
the til ler and tissue turnover measure ments were made. 

Because of lack of t ime for col lection of fu l l  herbage accumulation data, a 
computer model was used to provide estimates of herbage accumulation to 
compare with apparent root g rowth  data from Experi ment 2 (F igure 7. 1 ). 
This comparison is approximate in  the sense that the herbage accumulation 
values est imate net productio n ,  whereas the root g rowth rates approximate 
g ross production estimates. H owever despite this,  the comparison suggests 
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va l u es f o r  root/s h o ot part i t i on i n g  s i m i l ar to  t h o se o btai ned by d i rect 
measure ment of 1 4c d ist ribut ion i n  labe l led p lants (Parsons & Robson ,  
1 98 1  b) , but rather d i fferent f rom t hose obtai ned by De i n u m  ( 1 985) who 
based his calculations o n  change over t ime of  total root mass. 

Sto rag e of d ry matter i n  the root syste m and subsequent ut i l izat ion is  a 
featu re of the season a l  behavi o u r  of  some p lants ,  for example  Lotus 
pedunculatus (Sheath ,  1 98 1  ) . One early study has clai med evidence for 
such  be hav iour  in rye g rass (Roberts  & H unt , 1 9 36) but t h e re was no 
i nd ication  fro m root mass data in  the present study of this type of effect 
(Table 4. 1 ). Simi larly, seasonal variation in carbohydrate leve ls in ryegrass 
roots do n ot i ndicate storage and late r re-uti l isat ion either  (Thorn et al. , 
1 989). 

Howeve r, t here was ev ide nce that rye g rass m ay be ab le  to  m ai nta in  
relatively h igh  herbage accumulation rates i n  early winter through reduction 
in allocation to roots at this t ime (Figure 7. 1 ) .  There was also evidence that 
i n  late  wi nter su bstant ia l  q u antit ies  of t ru e  ste m o r  sto l o n  are fo rmed 
underground. Where ti l ler burial during winter dictates stolon formation there 
m ust certa i n l y  be a co rrespond ing  loss i n  potential herbage production  
(Section 5.3.2) .  

Also,  the p revale nce of sto l o n s  among root samples led to the idea of 
e x a m i n i n g  n ew ro ot a n d  t i l l e r  p ro d uct i on  i n  t e rm s  of t h e  seg m e ntal 
morphology of the grass plant. The transplanted core technique developed 
fo r t h i s  pu rpose was t i m e  co n su m i n g  and so o n ly  l i mited n u m bers of 
samples were processed (Section 6.3.2 ). However, the data do show that it 
is possible to define the number of potential sites for root production and the 
l i fe e x pectancy of  an i n d iv i d u al root as a fu nct io n  of the t u rnove r of 
phytomers on the t i l ler  axis ,  as i ndicated by leaf appearance i nte rval . In 
future ,  i ntegrated models of root/shoot dynamics might wel l be based on this 
pri nciple. 

9.2 Further work. 

I n  the above discussio n ,  and also in the preceding chapters, a number of 
questio ns have been raised which could not be followed up during the study, 
but which would merit further i nvestigation .  
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I n  Experime nt 2 ,  there was evidence that soi l moistu re withdrawal profi les in  
summer differed between HH- and LL-g razed plots, and that root formation 
was g reatest at depths where moisture was most abundant (Section 4.4.4) .  

I f  th is  was confi rmed it m i g ht be  possi b le to some exte nt to manipu late 
rooting depth to anticipate seasonal changes in soi l moistu re status. Again in  
Experi ment 2 ,  some observations of  t i l ler population change over time (such 
as the appare nt osci l lat ion arou nd  an equi l ibri um popu lat ion density after 
d i stu rbance o f  swards at harvesti n g )  o r  i n  res ponse to  g razi n g , raise 
q ue st io n s  on how s ignals for  re lease of axi l lary buds o n  t i l ler  axes are 
g e n e rated a n d  o n  p reci s e l y  h o w  t h e  -3/2 powe r ru le  app l ies  to t i l le r  
popu lati ons.  More detai led study o f  t i l l e r  s ize/de nsity equ i l ibria i n  g rass 
swards could be rewardi ng. 

In  Experi ment 3 ,  data suggested the operation of some mechanism for co­
ord inat ion between organs, and for determin ing priority growth of particu lar 
organs at particu lar t imes (Section 7.2.3.2) .  More i nformation on this aspect 
of sward behaviour may he lp i n  identify ing "t ime windows" when particu lar 
g razi ng managements might be beneficial or  detrimental . There were also a 
n u m be r  of  res u lts which d id  not match th ose fro m  Experi m e nt 2 .  PCA 
analysis (Sect ion 7.2.3) suggested a different seasonal patte rn of root and 
t i l le r  fo rmation for the two experi m ents, and the ti l ler  age-co hort survival 
d iagram for Experiment 3 (Fig u re 6 .2) i ndicated a g reater survival of pre­
flowering t i l lers than in Experiment 2 (Figure 5.8). Plugs of ti l lers taken from 
the respective swards appeared to have different sites of new t i l ler formation 
in a common g lasshouse envi ronment (Section Table 8.8). These effects are 
assu med to be at least partly due to genetic differences between the two 
cu ltivars used ( 'E I Iett' i n  Experiment 2 ,  'Grasslands Ruanui' i n  Experiment 3) .  
Fu rther  i nvest igat ion to confi rm that different ryegrass cu ltivars do in  fact 
exh i bit d ifferent demog raphic patterns ,  to quantify these patterns (Section 
9 . 1 .2. 1 , above) , and to model the effect of variation in  demographic pattern 
on t i l ler popu lation stabi lity over time wou ld be valuable. 

F i n a l ly ,  t h e  observat ion  t h at there are seaso n al changes i n  the mean 
diameter of ryeg rass roots , and that such changes involve both differences 
i n  the deg ree of branching,  and differences in diameter at the orig in on the 
t i l l e r  ax is  (Sect ion  6 . 3 .2)  i nvite s t h e  questio n s  of why t hese seasonal 
c h a n g es o ccu r ,  and of  whet h e r  o r  not t h e  d i a m et e r  d i ffe rences are 
associated with any seasonal differences in root uptake characteristics. This 
aspect of ryegrass root dynamics wou ld also be worth further study. 
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9.3 Implications for farm practice In  New Zealand 

Th is  study h as ident i f i ed a st rategy fo r m a n i p u lat ing sward s  so as to 
opti mise he rbage product ion.  In Experi m e nt 2 the LH treatment produced 
some 0.5 t DM ha- 1 more herbage than other treatments duri ng December ­
Apri l  (Section 5.3.3 .2). Subsequently, a paddock-scale experiment designed 
to  i n vest i g at e  t h i s  re s po n se f u rt h e r  h as b e e n  conducted at Massey 
University No.  4 Dairy Un it. I n  this Experi ment, .a  g radation in  the degree of 
reproductive deve lopment in spring swards was achieved by mowing to 40 
mm height in late October (early contro l ) ,  m id November ( late contro l ) ,  or  
early December (ve ry late co ntro l) .  Herbage accu mu lation for the period 9 
October to 1 8  December was 4400, 5000, and 5700 kg DM ha- 1 for early, 
late and very late control t reatments, respective ly. Herbage accum ulation 
from 1 8  December to 1 1  Apri l  was 3300, 4900, and 4500 kg DM ha-1 for the 
same treatments (P .N .P. Matthews, pe rs . comm. ) . The increased herbage 
accumu lation o n  late and very late contro l  plots, compared to early control 
p lo ts ,  was acco m pan ied  by stat i st i ca l ly s i g n i f i cant i ncreases i n  t i l l e r  
population density ( C .  Matthew, unpubl ished data). These resu lts therefore 
appear to confi rm that ti l le ring responses i nvestigated at the i ndividual ti l ler 
l evel  in Expe ri me nts 5 & 6 (Chapte r 8)  can lead to pasture p roduct ion 
responses in  f ie ld swards. 

H owever, withi n the constraints of a farm system ,  it is another th ing to exploit 
such an i ncrease in pasture production ,  so as to increase animal production .  
The  fo l lowi n g  d i scussi o n  i s  specif ic to  t h e  New Zealand situatio n .  I n  a 
d iffe rent context d ifferent constrai nts m i g ht apply .  For exam p le ,  i n  New 
Zealand , g razi ng management h i nges around strategies to overcome the 
deficit between pasture growth and ani mal demand in  the winter months of 
J u ne and J u ly ;  whereas i n  B ritai n t h e  key e lement in seaso nal  g razi ng 
management is the summer conservation strategy i n  order to  provide winter 
feed for animals housed indoors. 

In New Zealand, current industry practice favou rs removal of seedheads as 
e arly as poss ib le  and as low to the g ro u n d  as possi ble.  For e xampl e ,  
H ug hes (1 983) recommends mowi ng pastures t o  2 5  m m  height in  October,  
and clai ms that such management does n ot reduce pasture g rowth. Such 
views probably arise from a concern to avoid the decl ine in herbage quality 
(Browse et al. , 1 981 ) associated with reproductive g rowth and from a belief 
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that deve lopi ng ryeg rass seedheads exert apical domi nance and prevent 
daughter t i l ler  formation.  Also , it is considered be neficial to reduce pasture 
g rowth i n  order to reduce accu mulation of ungrazed pasture at a ti me when 
pasture g rowth exceeds ani mal de mand (Sheath et al. 1 987). Because of 
these facto rs a recommendat ion to farmers that seedhead development in 
November be encouraged is  l ikely to meet some resistance. 

T h e re i s  i n  fact l i tt le  sci ent i f ic  e vide nce fo r su ppress i o n  of t i l le ri ng i n  
perenn ial ryegrass due to apical domi nance , as. much of the research which 
has been carri ed out has been fo r Ital ian ryeg rasses (see e .g .  Cl i fford ,  
1 977) .  I n  Experiments 4 ,  5 ,  & 6 i t  was found that t i l leri n g  fro m  flowe ring  
cu l m s  co nti nues  freely t h ro u g h  t h e  ste m e l o ngat ion  p hase ,  and  th is  is  
supported by i nformation from seed production studies, where the daughter 
t i l l e r  deve l op m e nt at th is  t i m e  is cons idered d etri menta l  to seed y ie ld  
(Hampton et al. , 1 987). However, although suppression of  t i l lering does not 
appear to be a l im itation in reproductive swards, there are situations where 
i ncreased herbage accu mu lation  and reduced herbage quality associated 
with re pro ducti ve g rowth l i m i t  a n i mal  i ntake , if not past u re productio n .  
I ndeed ,  o n  more exte ns ive h i l l -cou ntry sheep/beef pro pert ies ,  pastu re 
g rowt h  rates often swing fro m less t han 1 0  kg DM ha-1 day-1 in winter to 
more than 50 kg DM ha-1 day- 1 in late spring ,  a ratio of winter:spring growth 
of arou nd 1 :5 to 1 : 1 0. For example , pasture g rowth rate averaged over 1 0  
years for h i l l  country near Palmersto n  North was 8 kg OM ha- 1 day-1 for July 
and 4 7 kg DM ha- 1 day-1 fo r N ovember (J. Me Crone,  unpubl ished data) . 
Stocking rate tends to be l imited by the low winter growth,  so that the need 
to prevent accumu lation of ungrazed herbage in late spring is  an overriding 
consideratio n .  On a property of this type , Clark et al. ( 1 982) demonstrated 
that rotat i o n al g raz ing manag e m e nt which reduced herbage i ntake by 
ani mals i n  late spring (compared with continuous grazing management) and 
i ncreased accumu lation of u ngrazed he rbage,  resu lted in lower ani mal l ive 
weight through summer/autum n ,  presumably due to decl in ing digestibi lity of 
the u ng razed herbage. 

By contrast ,  on lowland dairy farm pro perties the ratio between winter and 
spring peak pasture growth is much narrower, the ten year average g rowth 
rates for lowland pasture near Palmerston North (mean of 5 sites) being 1 6  
and 48 kg DM ha-1 day-1 for Ju ly and November, respectively (J Me Crone, 
u n pub l i s hed data) . With the rati o of w i nter :spr ing past u re g rowth rate 
typical ly  about 1 : 3  or 1 :4 ,  ut i l i satio n  of additional herbag e produced by 
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enco u rag ing  reproductive g rowth  may be feasib le .  lt is therefo re possible 
that e xtra herbage g rown throug h e ncou rag ement of reproductive growth 
co u ld b e  co nve rted to m i l k  p roduct i o n  o n  dai ry farms ,  p rovid ing  t h at 
management was such as· to remove seed heads rapidly in  late November or  
early December, before any marked decline i n  herbage quality , and before 
death of newly formed daughter t i l lers due to shadi ng . Manag e ment which 
i ncreased t i l ler  rep lace me nt in  su mmer wou ld l ikely also have i mplications 
fo r longer  te rm pastu re persiste nce , because survivors of t i l lers formed at 
this tim e  are very active in  produci ng daug hter t i l lers when they themselves 
flower in the fo llowing season (Table 5. 1 4) .  

Thus i t  should be feasible, in New Zealand dai ry farm systems,  to develop a 
g razing management strategy which wi l l  potential ly i ncrease spring/summer 
pastu re p roduct io n ,  re lat ive to cu rre nt  i ndustry practice . The i ncreased 
p roduct i o n  i nvolves e n hanced dau g hter  t i l le r  appearance from stubs of 
flowering ti l lers ,  and appears to be based on i ncreased supply of assim i late 
for daug hter t i l l e r  i n it iat ion and leaf e longation  when seed h eads are not 
removed before head emergence , but al lowed to conti nue development u nt i l  
about anthesis. l t  is suggested that the next stage in  this research should be 
to investigate how best to implement th is " late control" grazing management 
strategy with in  the context of a farming system .  lt needs to be confi rmed that 
the h igher summer pasture production can be obtained in a systems context 
(as d i st i n ct f ro m  co ntro l led experi m e nts) , and also conve rted to animal 
product. 
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APPENDIX 1 :  NOTES ON STATISTICAL ANALYSES. 

A 1 .1 Measurements repeated over time 

I n  Experi ments 1 ,  2 and 3 a number of measurements were repeated over 
t i m e  o n  t h e  s a m e  p l ots .  I n  s u c h  cas e s  t h e  data  f ro m s u cc e s s i ve 
observations are not strictly i ndependent. 

Many authors (e .g.  Barry, 1 976 ; Matthew et al. ,  1 991 ) have analysed such 
data as if it came from a sp l it-plot experiment with t ime as the spl i t-plot 
effect . Another approach (Steel & Torrie ,  1 981 ) is  to treat t ime as a split­
block effect , and the analysis is si m i lar to that for the  spl i t-p lot analysis, 
except that the sum of squares for the repl icate x ti me i nteraction is  used as 
an e rro r term to test t ime effects ,  wh i le the t reatment x t ime i nteraction is 
tested against t he treatment x t ime  x rep l icate sum of squares. However, 
Ste e l  & To rrie ( 1 98 1  ) ,  and a n u m be r  of oth er  authors, i nc luding Cole & 
Grizzle ( 1 966) and Rowell & Waiters (1 976) , note that both these analyses 
may be invalid if there is heterogeneity or corre lation of error variance across 
sampl ing t imes, and that in such cases mu ltivariate analysis is required. 

On the other  hand, mu ltivariate analysis raises problems also. For example, 
i n  Experi ment 2 resu lts are for 8 plots (2 repl icates of two treatments) over 9 
h a rve st d ates  ( S ect i o n  4 . 3) , a n d  i n  t h i s  case t h e re are m o re t i m e s  
(mu ltivariate  variables) than there are plots (deg rees of freedom),  so that 
mu ltivariate analysis is  i mpossib le .  A simi lar problem applies to resu lts for 
Experi m e nt 3 (Section  6 .3) , where 6 observat ions we re made on 3 p lots. 
A lso , w h i le  m u lt i variate analyses co rrect for heterog ene ity o r  u n equa l  
corre lat ion of e rror variance across sampling times (Cole & G rizzle, 1 966; 
LaTou r & M i n iard , 1 983) , there are some types of error which can not be 
co rrected by any analysi s ,  un ivariate or m u ltivariate. For e xample, i n  this 
study there was evide nce that there was a tendency for the 21  mm corer 
used i n  the later part of Experi ment 2 to push ryegrass stolons aside,  rather 
than  cut t h e m ,  w h e n  soi l was m o i st (eve n thoug h t h e  quant ity of root 
col lected by two different diameter corers agreed wel l ,  (Table A2. 1  ), and so 
the lower stolen lengths for Harvest 1 2  (Section 5.3.2) may be an artifact of 
the change i n  measu rement tech nique ,  rather  than a seaso nal effect , as 
i mplied by the analysis of treatment effects over t ime. 



202 

For  these reasons, the analyses of repeated measurements i n  this thesis 
were carried out using the u n ivariate spl it-plot in t ime approach , but with 
att e n t i o n  t o  t h e  d etect i o n  o f  c o n d i t i o n s  w h i c h  m i g h t  i nva l idate the  
conclus ions drawn . I n  th is  respect the sp lit-plot i n  t ime  analysis does not 
present as many difficu lt ies as some advocates of mu ltivariate procedures 
have led their readers to bel ieve . 

Analyses were normal ly carried out using the "repeated measures" option of 
t h e  SAS g e n e ral l i near mode ls  procedu re .  Th is  SAS p rocedure i n  fact 
calcu lates u n ivariate sums of squares as for a split-p lot i n  ti me mode l ,  but 
also g ives resu lts of certain m u ltivariate tests of hypotheses where there are 
sufficient error deg rees of freedom .  There are three types of effect tested in  
the  sp l it-plot i n  t ime analys is ;  ( i )  tests of treatment effects averaged over 
t imes ,  (i i )  tests of diffe rences between t imes, and ( i i i )  tests for treatment x 
ti me i nteractions. 

Taki ng these 3 cases in turn , tests of treatment effects averaged over ti mes 
us ing  e rror (a) of the spl it-p lot i n  t ime analysis are valid (Cole & G rizzle , 
1 966 ; Rowel l  and Waiters, 1 976) and such tests are used to determine the 
statistical sig n ificance of grazing management effects in Experiments 1 & 2 
(Sections 3.3 , 4.3, & 5.3). 

The second and th ird cases ,  test ing of significance of differences between 
t imes or of treatment x time i nteractions, require closest attention here. I n  
these cases it is necessary to asce rtai n that the  statistical s ign ificance has 
not been i nflated by heteroge neity of error variance across times. This can 
happen i f  a large  "with in  h a rvest"  standard e rro r at a particular t ime is 
artfic ia l ly redu ced by averag i ng over oth er  harvests with s mal ler  "with i n  
harvest" standard errors. Si m i larly , t h e  error (b) mean square i n  a split plot 
analysis is a function of the correlation across t ime (Gi l l ,  1 986) and there can 
be o pti m istic est imates of s ig nif icance where the correlation  over times of 
data from the same plots is o n  average quite h ig h ,  but for two particu lar 
harvests being compared is rather  lower. 

lt fo l lows f rom the above that unequal co rrelation  across ti m es is not an 
issue when there are only two times in the analysis,  and in this special case 
t h e  u se of the conventiona l  s p l i t -p lot i n  t ime  mode l i s  val i d  ( LaTour  & 
Min iard , 1 983). This applies to the spl it-p lot analyses for sand fi l led cores 
harvested on  Days 56 & 80 i n  E xperiment 1 (Section 3.3. 1 .3) .  
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I n  Expe ri m e nts 2 & 3 ,  where there are respectively 9 and 6 t imes i n  the 
an alys i s ,  t e sts  of d i ffere n ces betw e e n  t imes and of t reatm e nt x t ime 
i nteract ions  were handled i n  two ste ps .  Fi rst ly ,  an in i t ia l  analys is was 
performed for the ent ire data set, (and tests of g razing mai n-effects carried 
out where applicable) .  Secondly, where t ime effects or interactio n  effects of 
i nterest were identified , the statistical sig nificance of these was confi rmed by 
re-analys i ng  data but i nc luding i n  the analys is just two harvest dates of 
i nterest. This procedu re is logically equivalent to., but computationally simpler 
than the method recom mended by Rowe l l  & Waiters (1 976 ) ,  of extracting 
o rthogona l  com pariso ns of two m eans of  i nterest from the a n alysi s  of 
variance of the entire data set. 

Finally, in order to provide a mathematical description of seasonal variatio n  
for measu red variab les ,  pri ncipal  co mponent analysis was used and i s  
described fu rther below (Section A 1 .4) .  

A 1 .2 Measu rements repeated over successive depths of the same sol i 

cores 

Analysis of samples from different depths of soi l  cores on the same plots (or 
the analysis of data from sand fi l led and si lt f i l led cores as if the core type 
had been a spl it-plot effect) raises problems closely parallel to those of split­
plot i n  time analyses. One approach has been  to use a multivariate analysis 
based on coeffic ients of polynomial reg ressions of variation with depth of 
t reatment effects (Robe rts & Raison , 1 983) .  However, these authors had 
divided soi l  cores i nto 1 0  segments, and with only 2 depths considered in 
Section 3.3. 1 .3 ,  the split-plot analysis is not inval id .  Alternative ly , where 3 

depth categ o ri e s  are ana lysed i n  t h e  p re sent study,  it has bee n more 
convenient to compute statistics which can be val idly analysed, for example 
the ratio root m ass for 0 - 70 mm depth : root mass for 250 - 600 m m  depth 
(Section 4.3. 1 . 1  ) . 

A 1 .3 Multiple d iscriminant analysis 

Multiple discri m i nant analysis (MDA) is a form of mu ltivariate analysis, and 
as such , allows several variables to be analysed simu ltaneously for common 
t reatment effects.  MDA was used in th is  study to gai n  an overview of the 
e ffects  of t h e  4 g raz i n g  m a n ag e m e nt s  o n  co m p o n e nts  of h e rbag e 
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accum ulation i n  the respective swards (Section 5.3.3) ;  and again in  C hapter 
7 to examine aspects of the  re lat ionship betwee n  measured root (Sections 
4.3. 1 , 4.3.2,  and 4.4) and shoot (Section 5.4. 1 )  parameters. 

A number  of i ntroductory texts on  mu ltivariate analysis are now avai lable, 
among these Cooley & Lohnes ( 1 971 ) , Chatfie ld & Col l ins ( 1 980), and Man ly 
( 1 986). Manly ( 1 986) considers that where a number  of variables are to be 
analysed in concert m u ltivariate analysis is more appropriate than univariate 
ana lysi s because it n ot o n ly takes p roper  acco u nt of t h e  corre lat io n s  
between the data, but also reduces the risk of type I statistical e rror where 
the  treatment differe nces fo r one variable are declared significant by pure 
chance. 

Analyses we re performed us ing the MANOVA optio n  of the  SAS general 
l i near mode ls proced ure.  Th is procedure uses the  co rre lat ions between 
variables i n  a data set  to co mpute a number  of  'composite' variables or  
m u lt ip le  d i scri m i nant fu nct ions (ca l led "cano n ical variables" in  the SAS 
prog ramme output).  Often one or two of these discrim inant fu nctions accou nt 
for much of the variation i n  a larger data set. The discri minant functions have 
the form : 

Where :  
Xn denotes the standardised value of the n t h  observation from a data 
set of N observations, for each of the 1 . . p variables i n  the analysis. 
(The use of standardised data removes t h e  effects of scale when 
analysing a nu mber of  d ifferent variables tog ether, and prevents a 
n u m e rica l ly  large va ri able ( e . g .  t i l l e r  d e n sity)  fro m swam pi ng a 
numerically smal ler one (e .g .  herbage accum ulation rate). 

a1 . .  ap are co nstants , cal led canon ical co-efficients by SAS. For 
each discriminant function ,  the analysis derives a unique constant for 
each  of t h e  P variab les  i nc luded i n  t h e  a n alys is .  The nu mber of 
discrim inant functions (i) determined in the analysis is i = T - 1 , where 
T is the number of experi mental treatments. 

DSi n  is the  "sco re" obta ined by evaluat i n g  t h e  i th  d i scri m i nant 
function  for the n th g roup of P observations. 
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The corre lat ions between the  n d iscri mi nant scores i n  the i th  set and the 
orig i nal variables is often te rm ed the canonical structure and can be used to 
interpret the canonical variate. One property of these correlation co-efficients is 
that when squared and summed accross the i discriminant functions, they sum 
to un ity for each of the P variables in the analysis (Chatfield & Coll ins, 1 980). 

This means that if the  above analysis is app l ied where there are o n ly two 
treatme nts,  only one discrimi nant function is determined and al l the corre lation 
co-efficients are positive or negative 1 .  More than .two experi mental treatments 
are therefore required for a meaningfu l MDA. 

Unde r the  above procedure the matrix algebra equations which provide the 
canonical co-efficients are constrained so that scores for the fi rst discriminant 
functi o n  possess the  maxi m u m  possib le diffe re nce betwee n  experimental 
t reatments ,  and the N sco res for each discrim inant function have a mean of 
zero and u nit variance . Also , each of the i successive sets of N discriminant 
sco re s  i s  u nco rre lated with , and accou nts for  a smal ler p roportion of the 
mu ltivariate dispe rsion than the  previous set. Mu ltivariate analysis therefore 
reduces a set of  i nter-co rre lated observat ions  to  a n u m b e r  of u n re lated 
feat u res  o r  d i m e nsio ns .  Fo r each of these d i me nsions ,  a measu re of the 
re lat i ve s i z e  or  i m porta nce w i th i n  the overa l l  data set is g i ve n by t h e  
percentage o f  the mu ltivariate dispersion explained.  

As mentioned above , th is  statistical technique was used to examine patterns of 
herbage accumulation (Section 5.3.3.2) ,  and the relationship between above­
and be low-g round variables (Sect ion 7.2. 3. 1 ). To display resu lts , tables of 
corre lat ions (canon ical structure) between orig i nal variables and the fi rst two 
d i scri m i nant  sco res are prese nted , and treat m e nt means for the fi rst two 
canon ical variates are evaluated and plotted g raphically on opposing axes, a 
procedure described by Chatfie ld and Col l ins ( 1 980). 

A1 .4 Principal component analysis (PCA) 

Superf ic ia l ly ,  PCA is s imi lar to MDA,  and the mathematical basis of PCA is 
discussed by many authors ,  includi ng Cooley & Lohnes ( 1 971 ) ,  Man ly ( 1 986) 
and Jo l l i ffe ( 1 986) .  Like MDA, PCA also generates new variables (principal 
co mpo n ent scores) which are a l i near funct ion of the orig inal variables, and 
which h ave a mean of zero.  Each set of N pri ncipal co mponent  scores is  
referred to as a pri ncipal component ( PC).  As in  MDA, successive PC's are 
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uncorrelated with each other, and so express different features or dimensions 
with in  the data. The number of PC's determined is the same as the number of 
variables, and th is is different from the T - 1 discri minant fu nctions i n  a MDA 
(See sect ion A1 .3,  above).  

The essential diffe re nce betwee n  M DA and PCA is that PCA does not take 
acco u nt of any experimental design  structu re . Instead , PCA maxi mises the 
proportion of the overall variance in the enti re data set of P variables which is 
expressed by each successive PC. 

For examp le ,  where P standardised variables are entered i nto a data set the 
total variance of a l l the variables is  by defi n it ion 1 x P ,  or P. On performi ng 
PCA,  t h e  variance of t h e  f i rst P C  i s  the  maxi m u m  possi b l e  for a l i near  
co mbi n at io n  of t h e  orig inal variables,  and is  usual ly much g reater than 1 .  
Successive PC's h ave successive ly smal ler variances, the last one or more 
PC's often having a variance near zero .  PC's which have a low variance can 
be d iscarded where the objective of t h e  analysis is to reduce the number of 
variables i n  the data set without major loss of i nformation ,  and the fi rst few 
PC's which e xplai n most of the variat ion can then be interpreted in terms of 
correlations or contrasts between the P variables of the orig inal data set. 

The fact that PCA does not specifical ly analyse for effects of experimental 
t reat m e nts n eeds to be take n i nto account  w h e n  i nterpret i ng  PC's.  Fo r 
example ,  i n  the present study, if grazi ng management and season effects had 
both contributed to variation in particu lar variables for particu lar observations i n  
t he data set , then t hese g razi ng management and season effects would be 
confounded in a single PC. One method of interpretation of PC's in such cases 
is to perform analysis of variance on the PC scores for particu lar PC's (Jol l iffe, 
1 986) .  C o m pariso n  of the  t reat m e nt m eans and F-statist ic values for the 
various experi mental design effects then gives i nformation on the  extent to 
w h i c h  var iat i o n  i n  t h e  scores for  a part icu la r  PC is due to a part icu lar 
experimental design effect such as grazing management. 

T h e  part i cu l a r  i nt e rest i n  PCA i n  t h e  pre s e nt  study is  t h at d ata fro m 
Experi m e nts 2 & 3 can be reduced to a simi lar format for comparison of the 
seasona l  pattern of behaviour  of  the  two swards studied in the respective 
experi ments ( Figure 7 .4) ,  despite the  radical ly d ifferent design structures of 
those two experiments (Section 7.2.3.2) .  lt is emphasised, however, that whi le 
the PCA's presented in Chapter 7 do i nd icate d iffe re nces in be haviour  of 
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swards of two different ryegrass cultivars i n  two different years at two adjacent 
sites; it is not possible to separate statistically the effects of cu ltivar, site , year, 
o r  of i nteract i o n s  betwee n  t h o se fact o rs .  F o r  t h i s  a fu rther  experi me nt ,  
appropriately desig ned, wou ld be required. 

Another issue is the use i n  a PCA of data collected from repeated harvests of 
the same plots. This is  discussed in  Section 7.2 .3 .2 .  
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APPENDIX 2 :  REFINEMENT OF ROOT SAMPLING TECHNIQU ES. 

Although the pre l im inary experi ment succeeded i n  identifying an effective 
root sampl ing strategy, a number of problems of root measure ment identified 
in Sections 3 .3  and 3.4 were addressed as the experimental p rogramme 
continued . One concern was to reduce the sampl ing t ime of approximately 2 
hours per core (Section 3.4.1 ) ,  and the rather high coefficients of variation of 
30% - 50% in Experiment 1 .  A second concern was to determine the effect 
of refi l l ed co res o n  root g rowt h  wit h i n  the co re , and to  check for other  
potential e rrors such as possible loss of root dry weight through respi ration, 
when samples could not be washed i mmediately or leaching of solids from 
roots during storage in alcohol prior to root length determination .  

A2.1 Root sampling time 

Because t ime taken for root washing was roug hly proportional to the amount 
of soil to be removed it was real ised that smal ler volumes of soil would wash 
fast e r. T h e refore a seco nd c o re r  of reduced d i amet e r  ( 6 1 m m )  was 
constructed for Experi ment 2. On the other hand to reduce co-efficients of 
variat ion,  four cores per plot were col lected and bulked. As a result of this 
sampl ing strategy data from Expe ri ment 2 did not require log transformation. 

I n  addition ,  sampl ing  depths were changed to 250-600 m m  for the lower 
dept h .  Th is  was because 250 mm was the approxi mate depth of the A 
horizon and therefore a more logical deli neation between sampl i ng depths; 
and l ittle  root was found below 600 m m  yet s ignificant time  savings were 
made by sampl i ng to the shallower depth.  

For the later harvests i n  Experime nt 2 and in  Experiment 3 core diameter 
was fu rther  reduced to 21 m m ,  and the number of cores increased to two 
i ndepe nde nt samp les of ten  cores.  R o ot m ass de nsitie s  (t . O M  ha- 1 ) 
obtained fro m  2 1  mm cores compared wel l  with those obtained from 61 m m  
cores (Table A2. 1  ) , but there was some i ndication that amounts o f  ryegrass 
stolen (Section  5.3 .2) detected were reduced when a 21  mm core was used. 
This could have been due to stolons bei ng pushed aside by the 21 mm corer 
more than by the 61 m m  corer, and such effects are also more l ikely to have 
occurred when soi l  moisture levels were high, than when soi l was drier and 
firmer. 
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For E xperi ments 2 and 3, root length determi nat ion was speeded up by 
using a 4 cm grid. This reduced counts per subsample to approximately 500. 
(Conve rs ion  factor to convert i ntersects to cm root le ngth = 3. 1 428) . The 
combined effect of changing to 21 mm cores and a 4 cm counting  grid was 
to reduce total t ime for sampl ing and sample processing to less than 1 hour 
per plot, and coefficients of variation for root mass to close to 1 0%. 

In Experi ment 3 the 250-650 mm soil depth was not sampled to further save 
sampl i ng time.  

Table A2. 1 : Compa�son of  results for (A) root mass (kg ha- 1 AFDW) and (B) 
root length (km m- ) for two soil depths sam pled using 21  mm or 61 mm 
diameter corers .  

Sampl ing Core Grazing management 1 SEM 
depth diameter LL HH LH HL 

A. AFDW (kg ha-1 ) 

0 - 70 m m  21  mm 2230 2200 1 800 1 91 0  246 
61 mm 26 1 0  2200 1 840 2 1 70 32 1 

70 - 250 mm 21 mm 730 650 700 750 1 1 9 
61 mm 71 0 540 620 720 87 

B. Root length (km m-2) 

0 - 70 m m  21 mm 35.4 36.5 32.1  33.5 5.2 
61 mm 37.9 37.7 36. 1 36.3 5.5 

70 - 250 m m  21  m m  1 3 .2 1 6 .5  1 8.7 1 9.8 2.3 
61 mm 1 6 .8 1 5.2 1 8.0  1 5.7 2.4 

1 .  For explanation of treatment codes see Section 4.2.3 

A2.2 Root extraction from cores 

For Experi m e nt 2 a "hydropneumatic e l utriat ion system" or  root wash ing 
machine (Smucker et al. 1 982) was used for  recovering root samples from 
soil cores. This avoided the double cou nti ng of picked and washed samples 
from the same so i l  core (Sect ion 3 . 2 . 5) although  i n  some c i rcum stances 
useful i n format ion  on d i fferent types of roots could be derived fro m the 
p roport i o n  of root in each category w h e n  two categories  of root we re 
determined separately (Mwebaze , 1 986). 
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The hydropneumatic elutriation system had some design faults. In  particular, 
s ieves designed to retain roots tended to block with the large quantities of 
roots from pasture samples. Therefore a machine described by Smucker et 
al. ( 1 982) was redesigned at Massey University and used for samples from 
Experiment 3.  

The major design modifications made were : 

i) Open s ieves of large surface area to reduce blockage.  

i i )  Root wash ing manifolds al ig ned a long a wall i nstead of around a 
central pi l lar to save floor space, and allow for easier washing. 

i i i )  On/off control of ind ivid ual jets  to  vary the was h i ng acti on  for 
different soi l  textures. 

lt was found that the diameter and operating pressure of the jets was critical 
to t h e  performance of the mach ine .  If t h e  p ressu re was too low o r  the 
diameter too smal l  samples took too long to wash. If the jets were too large,  
o r  the circular current too fast, smal l  fragments of soil were carried out of the 
manifold and col lected with the root sample ,  necessitating re-washing.  and 
The completed machine is shown in Plate A2. 1 . 

A2.3 Determination of sample root length 

Determination of root length using the grid intercept method was found to be 
critical ly dependent on the rules applied when counting root-grid intercepts, 
and i n it ia l ly ,  cou nts of the  same sam p l e  m ad e  by d i ffe re nt o p e rato rs 
frequently varied by 30% or more.  For example, Figure A2. 1  a shows a case 
where a decis ion is required whether to cou nt 0 or 1 ,  and F igure A2. 1  b,  
shows a situation where a decision must be made between a value of 0 or  2 .  
These ambiguities largely arise from the fact that both the g rid-l ine and the 
root have a fi nite thickness. Thus, the rule adopted for  processing samples 
was that i n  ambiguous cases the number of i ntercepts was determined by 
whether o r  not an  i mag inary centre l ine of the root crossed an i maginary 
centre l ine of the g rid.  To ensure consistency, different individuals assisting 
with root length d etermination  we re asked to re-count samples a l ready 
cou nted by the author u ntil values agreed to with in 5%. lt is worth noting that 
whi le  automatic cou nt ing devices would p roduce consistent resu lts,  t hey 
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would sti l l  be subject to biases arisi ng from the fact that roots being counted 
have f i n ite th ickness, and such effects wou ld  need to be co rrected by 
appropriate cal ibration.  

A2.4 Effects of sto rage under  refri gerati o n  after sampl i ng and of 

storage In alcohol on subsequent root AFDW determination 

An experiment to determine the effect of storage under refrigeration and of 
storage in 95% ethanol on  root mass recov e red was conducted at the 
conclusion of Experiment 3.  Thirty samples of ten 21 mm diameter cores for 
the 70 mm to 250 mm soi l depth were harvested on 1 7  January 1 990 (Day 
0) .  6 samples were washed on Days 0,7, 1 4,21  and 28 (Times 1 - 5) .  In each 
case 3 of the six samples we re dri ed and we ig hed immediately, and the 
other 3 stored 7 days in  95% ethanol ,  then dried and weig hed. After storage 
of roots, ethanol was recovered and evaporated to dryness to determine 
d issolved sol ids. Data for the 30 samples was analysed as a factorial design .  
The effects of storage t ime and storage i n  alcohol on recovered root ash-free 
d ry weight were both non-significant at P = 0.05 (Table A2.2) .  Co-efficient of 
variat ion for root AFDW was 1 2.4% and recovery of d issolved solids for 1 5  
samples sto red i n  alco h ol ave raged 1 1  mg (<3% sam pl e  ash-free d ry 
weight) .  

Table A2.2: Effect of storage under refrigeration and storage i n  alcohol on 
recovery of root (sample ash-free dry weight ,  mg).  

Storage 
method 

Stored i n  
alcohol 7 days 

Dried i mmediately 
after washing.  

0 
Storage time (days) 
7 1 4  2 1  28 

0.22 0 .36 0.27 0 .23 0.29 

0.26 0 .29 0.26 0 .31  0.29 

Co-efficient of variat ion (2 samples of 1 0  cores) : 1 2.4% 
Significance : Times NS, Storage method NS, P = 0.05. 

Mean 

0.273 

0.283 

These data show that respi rat ion losses prior to washing,  and leaching of 
alcohol soluble dry matter during storage i n  alcohol should not have had any 
major effect on root mass results. E rrors from these sou rces would have 
been smal ler  than sampling error associated with with in plot variat ion. 
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Plate A2. 1 : Modified root washing machine (Section  A2.2) 

Plate A2. 2 :  Method of mount ing f ibre-opt ic endoscope for count ing of roots 

i n  m in i rhizotron tubes. 
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A2.5 Root length determination using image analysis 

Rece nt ly  the  aut h o r  has part ic ipated i n  t h e  developm e nt of an i mag e 
analysis system for root l ength determination .  This system is based on  the 
th inn i ng of a binary image of a root sample down to a skeleton of one pixel 
widt h .  The n umber of  pixels i n  the skeleton image estimates the total root 
length of the sample,  and information on distance of pixels from the edge of 
the image recorded during the th inn ing process is used to subdivide the total 
root l ength i nto diameter categories (Cochrane 1 989, Cochrane et al. , 1 990) . 

The i mage analys is  syste m has t h e  advantag e s ,  compared with hand  
c o u n t i n g ,  o f  c o n s i st e n c y  b e tw e e n s a m p l e s a n d  o f  n ot b e i n g  as 
psychologically demanding for the operator. H owever, in order to  provide the 
mag n i ficat ion requ i red to image fi ne grass roots for diameter analysis, as 
opposed to simple root length determination.  the fie ld of view of the camera 
had to be reduced to approximately 50 m m  x 50 mm al lowing a maximum 
sam ple size o f  some 600 m m  of root. Therefore , i n  co m mon with ot her  
automated root counting machines avai lable commercially, care is needed i n  
plan n ing  an expe ri ment ,  to stay with in  the capacities of the  machine. The 
syste m  was not avai lable when samples from E xperiments 2 and 3 were 
processed, but was used for diameter determi nations on preserved samples 
from transplant cores in Experi ment 3 (Section 6.3.4. 1 )  

A2.6  Eva l uat ion of ref i l led core data i n  relat ion to root g rowth in  

surrounding soil 

Mi n i rh izotro n tubes were used to co mpare t h e  number  of  root apices 
appearing i n  refi l led cores with that i n  undisturbed soi l .  The apparatus used 
was a fibre-optic endoscope mou nted on a camera tripod as i l lustrated in  
P late A2.2. 

On 1 0  May 1 988 3 sand-fi l led cores we re i nstal led as described in Sect ion 
3 .2 .4,  but with a 2 1  mm internal d iameter perspex tube at the centre of the 
core.  A second perspex tube was i nsta l led  i n  undistu rbed soi l  500 m m  
distant from each refi l led core. A 20 mm hole was dril led with a hand auger, 
and the perspex tube gently tapped into this hole with a mal let. Tubes were 
ve rtical , sealed top and bottom with rubbe r bungs, and prior to i nstal lat ion 
were scribed with a vertical reference l i ne and with 3 mm wide cou nt ing 
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windows spaced every 20 mm to  200 mm depth , then every 40 mm to 450 
m m  depth .  No roots were seen in one of the tubes checked short ly  after 
i nstal lation,  so all roots seen later at the counting windows were considered 
to be new roots. Total nu mbers of roots visible in  the counting windows were 
recorded on 1 0  June,  27 June and 21  July (Table A2.3) 

This data suggests that refi l led cores underestimate root appearance in  the 
0-7 0  mm soi l  depth ,  and overestimate root appearance in the 70-250 mm 
soi l  depth ,  however ne ither of these resu lts was significant at P=0.05. I n  
ord e r  to obtain further data comparing refi l led core root appearance with that 
i n  u ndisturbed soi l ,  the 3 perspex tubes were i nstal led as above for each of 
the six measurement periods in Experiment 3 (Section 6.2. 1 ). 

D at a  was analysed as a factorial design with a nested factor. Sam pl i ng 
m ethod (refi l led core or undisturbed soi l )  and t ime (measurement periods 1 -
6)  were analysed as main factors and soil depth was nested within sampling 
m ethod . Block effects were also removed. Valu es for the 250-450 mm soi l  
d e pth were omitted fro m the analysis of vari ance, and are not presented 
because there was a large  proportion  of zero cou nts, which would have 
i nval idated statistical assumptions. 

I n  t h is e x pe ri m e nt root co u nts ave rag ed ove r  6 sam p l i n g  t i m e s  were 
s ignificantly lower i n  refi l led cores than i n  u ndisturbed soil (P<0.001 ) for both 
0-70 mm and 70-250 mm soi l depths (Table A2.4) .  

In  additio n  to the s ig n ificantly  lower cou nts i n  refi l led co res there was a 
s i g n if icant sam p l i n g  method  x t ime i nte racti o n .  This i n te ract ion  arises  
b ecause o f  seasonal  diffe re nces i n  t h e  RC:US rati o (Table A2.4) .  The  
g reatest difference between refi l led core and u ndisturbed soil cou nts was at 
Ti me 4 when large numbers of f ine lateral branches from new nodal roots 
were visible at the soil surface in undisturbed soi l ,  but not i n  refi l led cores. 

F rom t h ese d ata i t  is co ncluded that refi l led cores did not substantial ly 
overest i mate root product ion as some observers predicted would be t he 
case (Section 3.4. 1 ) . To the contrary there is good evidence that estimates 
of root product ion o btain ed by the refi l led co re method in th is  study may 
actually underesti mate root production and turnover. 



Table A2.3 :  Comparison between refi l led cores (RC) and undistu rbed soi l (US) for numbers of roots seen in  
m ini rhizotron tubes for three soi l  depths. 

-

Soil Depth 
0-70 mm 70-250 mm 50-450 mm 

Date 1 0/6 27/6 2 1 /7 1 0/6 27/6 2 1 /7 1 0/6 27/6 2 1 /7 

RC 9 42 47 8 37 60 0 0 2 

us 26 64 90 5 1 5  35 0 0 1 

RC:US 0.35 0.66 0 .52 1 .60 2.46 1 .71  

N 
• 
01 



Table A2.4 : Comparison between ref i l led cores (RC) and u nd istu rbed soi l  (US)  for root 
numbers seen in min i rh izotron tubes duri ng Experiment 3. 

Time Mean 
Core Soil 1 2 3 4 5 6 
type depth 

(mm) 

RC 0-70 1 0.7 37.7 1 4.3 8.7 1 3 .3 9 .0 1 5.6 
70-250 1 3.7 3.3 2.0 5.0 1 3 .3 1 6.7  9.0 

Total 24.4 41 .0 1 6 .3 1 3. 7  26.6 25.7 24.6 

u s  0-70 23.0 40.7 1 1 .3 83.0  49 .3 24.3 38.6 
70-250 26.0 21 .7 3.0 1 7.0 39 .3 26.7 22.4 

Total 46.0  62.4 1 4.3  1 00.0 88.6 51 .0  6 1 .0 

RC:US 0 .53 0.65 1 . 1 4  0 . 1 4 0.30 0.50 0.40 

Significance : RC vs. US ***, Time **, Depth **, Ti mexRC/US * .  
SEM:  Times 1 -6 = 6 .3 ,  overall mean RC or US = 3.6.  

Ill) 
• 
en 



A2.7 Derivation  of mean diameter formula 

Si nce volu me of a cyl inder = }4no2L 

Where :  
L = length (cm) 
D = mean diameter (cm) 

Then, assuming : ( i )  mass (g) = volume (eo) 
( i i )  root dry weight = 8% root fresh weight. 

g . m-2/0.08 = �.no2. km.m-2. 1  oS (convert km. m-2 to cm) 

g/0.08 = �.no2. km. 1 os 

D2
(cm) = 4g/0.08TI.km . 1  oS 

D2
(cm) = 4/Il * 0.08 * 1 oS * g/km 

D(cm) = v41TI * 0.08 * 1 oS * vg/km 

D(mm) = 1 0  * V4/Il *0.08 * 1 oS * vg/km 

D(mm) = 0. 1 262 vg/km (Section 3.2.6) 
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Appendix 3 :  Schedule of g razing dates, measurements and urea appl ication for Experiment 2. 

G razing 

LL 

LH 

H H  

H L  

1986 
s 0 N D J 

1 9 87 
F M  A M J J A S  0 N D J 

1 9 8 8  
F M A M 

I I I 1I � y 1I 1I � y I ' I y I y I y 1Y � Y1 I1Y � I� y I I I I � I 
I I y 1I I1 I 1Y I y , y I � I y I y I y 1' � '1 Y1 Y I1 y I� Y � I � y 1Y I 
I' y I y ly yl I I' IJ , ' I y T ' I y I y I I ly 11' yl yly � '� y ly y ly y I' I 
I y I1 y 1' I1 I 1Y 1Y � y I y f I I y I y I y 1Y Y1Y � Y1 1Y I �  I I ' I  y � I 

Refi l led cores 

� .._ �� 1 Placed 1 1 er-......JI-14--t --=Jt--............ k,Jr-__..., 1--...1 ._� -=Jr 1-...._ I I Harvested 1 2 3 4 5 6 7 8 9 10 1 1  1 2  
I ntact 1 1 1 j+ 1 + 1 •1 j+ I +1 !* I •1 I + I 1• I + I I + I � I cores 

Ti l ler 
density 

Ti l ler fixed 
quad rats 

U rea 1 
appl ication 

I I I IT I • I y I jY I y I IY I Yl I y I y I y � y I I .I jY I 
S er i e s 1 2 3 
I I I 11. I • I ., r"' I �I. 1• 1• I 11• I • I • I • 1• 1• I I ' I I 

I • I • I •1• •1• •1• •1• • � • ' • ., • 'I • I 4 1• � •1 • I • 1• • � •1 • 1• •1 I 
1 .  Urea: (e) 200 g per plot, (•) 300 9 per plot, (.&) 400 9 per plot. N 

.. 
(X) 



Appendix 4: Summary of results of split-plot in time analysis of variance for root data from Experiment 2 ,  see Chapter 4. 

Text Loc- Core Soil 
at ion type Depth 

Table 4 . 1  lnt Upper 
Table 4 . 1  lnt Middle 
Table 4 . 1  lnt Lower 

Table 4.2 lnt Upper 
Table 4.2 lnt Middle 
Table 4.2 lnt Lower 

Table 4.3 lnt Upper 
Table 4.3 lnt Middle 
Table 4.3 lnt Lower 

Table 4.4 Ref Upper 
Table 4.4 Ref Middle 
Table 4.4 Ref Lower 

Ref Upper 
Ref M iddle 
Ref Lower 

Fig .  4 .2a lnt Up+Mid 
Fig .  4 .2b lnt Up+Mid 
Fig. 4.4 Ref Up+Mid 

Ref Up+Mid 
Fig. 4.5 Ref Up+Mid 

Data 

AFDW 
AFDW 
AFDW 

Length 
Length 
Length 

M . diam 
M . diam 
M . diam 

AFDW 
AFDW 
AFDW 

Length 
Length 
Length 

AFDW 
Length 
AFDW 
Length 
M. diam 

Grazing (LL v. HH) 
F Sig. 

6.3 + 
20.6 • 

0.0 NS 

7.9 + 
26.4 • 

0.0 NS 

0.0 NS 
1 .6 NS 
2.8 NS 

0.0 NS 
0.2 NS 
3.8 NS 

0.5 NS 
0.6 NS 
0.3 NS 

1 0.7 • 

1 3.9 • 

0. 1  NS 
4.0 NS 
0.7 NS 

Harvests (2 - 1 O) 1 
F Si g.  

1 3 .7 •• •  

9.2 • • •  

4.0 •• 

8.3 ••• 

8.2 . .. 

2.9 • 

21 .2 •• •  

26.8 ... 

1 . 1 NS 

1 3.0 •• •  

8.4 .. .  

7.5 ••• 

20. 1  ••• 

9.4 .. .  

1 2.4 ••• 

1 9 .8 • •• 

1 3.8 . .. 

1 3. 1  ... 

26.3 •• •  

28.9 ••• 

Grazing x time 1 
F Si g .  

0.3 NS 
1 .2 NS 
0.9 NS 

0.8 NS 
0.3 NS 
0.4 NS 

1 .4 NS 
1 .5 NS 
1 .8 NS 

0.8 NS 
0.6 NS 
1 .5 NS 

1 .2 NS 
0.5 NS 
0.5 NS 

0.5 NS 
0.8 NS 
0.5 NS 
0.7 NS 
0.9 NS 

SEM SEM 
Grazing Time 1 

247 1 68  
40 38 
73 30 

4.8 3.4 
0.5 1 .3 
1 .9 0.8 

0.01 3 0.007 
0.0 10  0 .006 
0.009 0.01 2 

0.4 0.6 
0.3 0.4 
0.3 0.3 

1 .2 0 .8 
0.9 0 .9 
0.2 0.4 

278 1 09 
4.6 2.8 
0.5 0.3 
1 .5 1 .2 
0.01 0 0.01 5 

lnt = Intact, Ref = refi l led, Upper = 0 - 70 mm soil depth, Middle = 70 - 250 mm soil depth,  Lower = 250 - 600 mm soil depth . 
1 .  Used as a prel iminary estimate of significance only, significance of effects confirmed by further testing, See Appendix 1 . 1 & 
Section 4.2.3. 1\) 

� 
CD 



Appendix 4 - continued. 

Text Loc- Core Soi l Data Grazing (LL v. HH) 
at ion type Depth F Si g.  

Table 4.5 Ref Upper M . diam 0.4 NS 
Table 4.5 Ref Middle M . diam 0.5 NS 
Table 4.5 Ref Lower M . diam 0.0 NS 

Table 4.7 I :R  Middle Turnover 2.4 NS 

Til ler density measurements (Chapter 5) .  

Figure 5.4 Tillers m-
2 1 08 ••• 

Figure 5.7a Tillers m-2 day-1 3 .4 + 
Figure 5.7b Tillers m-2 day-1 0 . 1  NS 

Harvests (2 - 1 O) 1 Grazing x ti me 1 
F Si g.  F Si g .  

1 9 .9 ... 1 .3 NS 
1 8 .7 • • •  1 .0 NS 
1 1 .6 ••• 1 .9 NS 

1 4 .3 •••  3.5 • •  

29.3 • •• 2.5 • 

67.4 ... 2.7 • 

1 3. 1  ... 2.8 • 

SEM SEM 
Grazing Time 1 

0.01 7 0.01 0 
0.01 0 0.0 1 0  
0.01 9 0.013 

246 1 69 

594 300 

1 4.7 9.3 
5.6 0.6 

l nt = Intact, Ref = refi l led,  Upper = 0 - 70 mm soil depth, Middle = 70 - 250 mm soil depth, Lower = 250 - 600 mm soil depth. 
1 .  Used as a prel iminary estimate of significance only, significance of effects confi rmed by further testing, See Appendix 1 . 1 & 
Section 4.2.3. 

1\) 
1\) 
0 
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APPENDIX 5: SEASONAL CHANGE IN TILLER DENSITY OF POA Sp. 

In conjunct ion with seasonal change in  t i l ler population density for ryegrass 
(Section 5 .3.4 . 1 ) , t i l ler  densities fo r Poa sp. showed seasonal i ncrease in  
s u m m er ( P<0.001 ) ,  with values averaged over LL and H H  plots decl i n ing 
from 2760 m-2 at Harvest 1 to 1 90 m-2 at Harvest 5, then i ncreasing again 
to 1 840 m-2 at harvests 9a and 1 0  (Table A6 . 1  ) .  Ratio of Poa:ryeg rass ti l ler 
density was 0 .53 and 0 .39 at Harvest 1 ,  fell to 0.06 and 0 .0 1  at Harvest 5,  
then incresed to a peak of 0.34 and 0.22 at Harvest 1 0 for LL and HH plots, 
respective ly  (Tab le  5 .6 ) .  Ave rag ed over t ime,  the graz ing  management 
d ifferences i n  ratio of Poa:ryegrass t i l ler density were statistical ly significant. 

These data i ndicate that for Poa, differences i n  t i l ler density between LL and 
H H  plots we re proportionately less than for ryegrass ; and that the summer 
peak in  ti l ler  density was both more pronou nced and earl ier  in  the season 
than the sum mer peak for ryegrass t i l ler density. Analysis of log-transformed 
data showed the seasonal variation in Poa:ryegrass ratio and the reduction 
i n  this ratio on  HH plots to be h igh ly sig nificant (P<0.001 in  both cases), and 
also revealed a s ign i ficant graz ing x t ime i nteraction.  These differences i n  
behaviour  o f  Poa relative t o  ryegrass would b e  consistent with Poa having a 
s h a l l o w  root i n g  system and b e i n g  adve rse l y  affected by H H  g raz ing  
management which lowered soil moisture levels near the soi l  surface. 



Table A5. 1 : Ti l ler density (ti l lers m-
2) for Poa sp. and rat io Poa sp. :ryegrass t i l ler density for period December 1 986 to 

January 1 988. 

Harvest1 
SEM2 Grazing 1 2 3 4 5 6 7 8 9 9a 1 0  1 0a Mean 

Ti l ler density 

LL 2798 1 1 73 525 846 276 590 703 1 061  1 1 42 1 485 1 609 1 71 9  1 1 60 } 304 
HH 271 5 593 208 276 98 31 7 873 990 372 1 84 7 1 840 1 390 960 

Mean 2756 883 367 56 1 1 87 453 788 1 025 757 1 666 1 725 1 554 1 060 21 5 

Ratio Poa:Ryegrass ti l ler density 

LL 0.53 0.28 0.07 0. 1 5  0.06 0. 1 5  0. 1 3  0.24 0.34 0.34 0.21 0.27 0.23 } 0.04 
HH 0.39 0 . 1 1 0.02 0.04 0.01 0.05 0. 1 3  0. 1 5  0.06 0.22 0. 1 7  0. 1 2  0. 1 2  

Mean 0.46 0.20 0.05 0.09 0.03 0. 1 0  0 . 1 3  0. 1 9  0.20 0.28 0. 1 9  0. 1 9  0. 1 8  0.03 

1 .  For dates of harvests, see section 4.2.5 
2 .  Standard error derived from analysis of untransformed data and appropriate for comparing grazing managements averaged over time. Log 
transformation of data greatly increased significance levels. 

I\) 
I\) 
I\) 



Appendix 6 :  Fourier equations fitted by least squares regression and used for interpolation of ti l ler data from fixed quadrats, 

Experiment 3, see Section 6.2. 1 . 

1 . Ti l ler appearance rate : 

Rep. 1 :  TAR = 55.6 + 0.4 S(O) 

Rep. 2:  TAR = 64.3 + 3.0 S(O) 

Rep. 3 :  TAR = 41 .9 + 7.2 S(D) 

2. Ti l ler death rate: 

Rep. 1 :  TOR = 51 . 1  - 7.4 S(D) 

Rep. 2: TOR = 66.9 - 1 .6 S(O) 

Rep. 3 :  TOR = 55.3 + 20. 1  S(O) 

3. Ryegrass ti l ler population density: 

Rep. 1 : TPO = 8444 - 1 942 S(O) 

Rep. 2 :  TPD = 9 1 83 - 757 S(D) 

Rep. 3: TPO = 6554 + 1 794 S(O) 

- 1 4.8 C(O)  + 1 6.9  S(2*0) 

- 4.5 C(O) + 34.6 S(2*0) 

+ 3 . 1  C(D) + 2 1 .3 S(2*D) 

+ 1 0.8  C(D) - 1 2.4 S(2*D) 

+ 9.9 C(O) - 23.4 S(2*0) 

- 1 2.9 C(O) - 28.5 S(2*0) 

- 888 C(D) + 49 S(2*D) 

+ 21 C(D) + 1 287 S(2*D) 

+ 1 431 C(D) - 706 S(2*D) 

S = Sin, C = Cosine, D = Day of year * 360/365. 

- 6.9 C(2*0) - 2 .9  S(3*0) + 8.9 C(3*0) r2 = 76% 

+ 1 2.8 C(2*0) + 1 6 . 1  S(3*0) + 1 6 . 1  C(3*D) r2 = 79% 

- 4.9 C(2*D) + 2.6 S(3*D) + 1 1 .3 C(3*D) r2 = 81 % 

- 1 1 .4 C(2*D) + 3 .4 S(3*D) - 0.2 C(3*D) r2 = 94% 

- 32.7 C(2*0) - 9. 1 S(3*0) .+ 3. 1 C(3*0) r2 = 93% 

+ 1 5.2 C(2*0) + 1 0 .6 S(3*0) - 7.8 C(3*0) r2 = 99% 

- 1 091  C(2*D) + 1 6 1 S(3*D) + 1 83 C(3*D) r2 = 92% 

- 1 702 C(2*D) + 1 70 S(3*D) - 583 C(3*D) r2 = 93% 

- 1 275 C(2*D) + 338 S(3*D) + 1 23 C(3*D) r2 = 76% 

I\) 
I\) 
w 
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Append ix 7 :  Cal ibrat ion tests for 1 4c sample oxidati o n  and l iqu id 

scintil lation counting. 

The method used fo r detect ion of radiocarbon tracer and determination of 
specific activities for the various dissection categories (Sect ion 8.4) fo l lowed 
closely that of J effay & Alvarez ( 1 961  ) .  However, there were a number  of 
unce rtai nties about the method, and therefore some info rmal checks were 
carried out to give information on accu racy and repeatabil ity of resu lts. 

A 7.1 Linearity for differing sample sizes and repeatabi l ity of method 

The weight of tissue for the various dissection categories in Tables 8.4 & 8.5 

ranged from a few mg to several hundred mg. Samples larger  than 1 00 mg 
were subsampled and approximately 1 00 mg plant tissue processed, but for 
samples smal ler than 1 00 mg it was of interest to ascertain that the recovery 
and cou nt ing of radiocarbon was not affected by quantity of plant tissue in 
t h e  s a m p l e .  Fo r exam p l e ,  i t  was n ot known at what samp le  s ize the 
ethanolam i n e  carbon-dioxide-scave nger in the sci nti l lat ion  cocktai l wou ld 
beg i n  to  become satu rated. I f  t h i s  h ad happe ned,  then  wi th  the  larger 
samp les some radiocarbon might have passed the trap. 

To check for possible errors of th is type , radioactively label led t i l lers from a 
spare pot not used in  the experiment were dried and processed as described 
i n  S ect i o n  8 . 4 . 2 ,  and th is  materia l  used as a standard sam p le .  Th ree 
subsamples of 1 07 mg, 55 mg , & 28 mg, together with a blank sample, were 
oxidised and scinti l lation counts obtained. These 4 samples were processed 
i n  o rder of descendi ng sample size and the blank sample processed last, so 
that any tendency for radiocarbon to be carried over from one sample to the 
n e xt i n  t h e  sam p l e  o x i d i s e r  w o u l d  a lso  be detected . S a m p l e s  were 
processed i n  several  batc h e s ,  a n d  with  e ach new batch  o f  sam ples 
processed , a further subsample fro m  the standard sample was i ncluded to 
check for consistency of results between different batches of samples. 

In a l l  7 standard samples were analysed , as shown i n  Figu re A7. 1 . The r2 

for reg ression of radioactive counts per minute on sample size, for samples 
ran g i ng i n  size f rom 0 to 1 08 m g ,  was 99.5%. Also,  the i ntercept of the 
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reg ression l ine did not differ s ign ificantly from zero ,  and a quadratic term 

when i ntroduced was not statistical ly significant . On the basis of these test 

samples it was concluded that there was l inearity over the range of sample 

s izes measured , no evidence of carry-over of radiocarbon from sample to 

sample, and no evidence of variation in results between batches of samples .  

S ince errors at any stage of  sample processing would have carried through 

and would have been reflected in  the scinti l lat ion counts ( Figure A7. 1 ) the 

above validation applies to sample oxidation ,  .carbon dioxide trapping , and 

sci nti l lation counting procedures. 

Figu re A7. 1 : Relationship between sample size (mg) and sci nti l lation count 
(DPM) for 7 subsamples from a standard sample. 
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A7.2 Determination of 1 4c single-label DPM using the Beckman LS3801 

A7.2.1 Background 

L iqu id  sci nt i l lat i o n  count ing of  rad ioactive samples req u i re s  a que nch 
co rrectio n .  That is  the readings of counts per mi nute (CPM) generated by 
t h e m ac h i n e m u st be co rrect e d  f o r  t h e  p ro p o rt i o n o f  rad i o act i ve 
dis integ rations which do not generate a flash of l ight ,  and are therefore not 
cou nted, so as to g ive an esti mation of the actual activity of the sample in  
d isi nteg rations per  m inute (DPM). 

The quench correction is program med into the machine by the user. Quench 
correct ion prog ram mes requi re the e ntry of so-cal led channe l  settings and 4 

co-efficients. At least two different programmes have been i n  current use at 
Massey U n iversity (Table A7. 1 ) .  lt appears that these prog rammes have 
been "handed-down" for so me years. Samples were in it ial ly counted using 
prog ramme A, but when th irty samples were cou nted using programme A,  
then recou nted us ing programme B ,  i t  was found that the two prog rammes 
gave different resu lts when run for the same batch of samples (Figure A7.2) .  
lt was fe lt necessary to test t h e  two pro g ra m me s  in q u e st ion  agai nst 
standard samples of known activity i n  order to clarify the above uncertai nty. 

Table A7. 1 : Channe � l window and cubic co-efficients for p rogrammes A & B 
for determi nation  of C DPM, usi ng the Beckman LS3801 . 

Programme A 
Programme B 

Window for 
C hannel 1 

0 - 670 
0 - 1 000 

A 

2.847674 
4.598000 

Cubic co-efficients 
B C D 

0. 0091 4280 -0.0000054 -0.0000000308 
-0.0008770 0.00000571 -0.0000000222 
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Figu re A7.2:  Comparison of values for DPM obtained when programmes A & 
B were used to count the same batch of 36 samples . 
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A7.2.2 Mode of operation of the Beckman scintil lation counter 

T h e  Beckman LS3801  records both t h e  n u m be r  and i ntens i ty of the 
sc i n t i l l at i o n  eve nts m o n i to red .  The  i nd iv id u a l  part ic l e s  cou nted a re 

cat e g o ri sed accord i ng to t h e i r  e nerg y  leve l ,  and 1 000  e nergy  levels 

(ch a n n e l s )  a re reco g n i sed .  T h e  total  n u m b e r  of cou nt s  can t hen  be 

rep resented as a histog ram , showing sub-totals for each energy level .  When 

quenchi ng occurs ,  both the number of particles counted and the energy leve l 

of i ndividual particles is  reduced. The histogram of counts by energy level for 

a quenched sample therefore has a peak which is both n u merically lower 

and s h ifted to a lower energy leve l than fo r a hypothet ical u nquenched 

sample. (Figure A7.3). 

The fi rst step in counti ng a sample is  that the machine exposes the sample 
to 1 37 Cs ,  a gamma-emitter, which e l icits a shower of e lectrons from the 

samp le (Compton e lectrons) .  These Compton e lectrons i nte ract with the 

sci n t i l lat ion cocktai l in a lmost the same way as beta-particles re leased on 

rad ioact ive decay (beta-part ic les are a lso e lectro ns) .  T h e  mach ine  i s  



228 

programmed to measure the extent to which the histogram of energy levels 

of the Compton e lectrons is sh ifted to lower energy leve ls than expected. 

Th is sh ift (measured in nu mber of channels) is a measure of the extent of 
quenchi ng in t he sample and is pri nted out by the machine as the sample 

"H-number'' . 

F igu re A7.3:  Histogram of number of scinti l lation events classified by energy 
level ,  for an actual sample and a hypothetical u r-�quenched sample (Source : 
Beckman LS3801 Instruction manual). 

The next step  is  the determinat ion of the nu mber of scinti l lation events at 

e ach of the 1 000 energy levels or  channe ls .  Th ree totals  of counts are 

p rinted, and these are for 3 windows, or  ranges of energy levels specified by 
t h e  user .  Fo r example the i n st ructio n  manua l  recom mends  that 3H be 

determi ned o n  the basis of cou nts in channels 0 - 400, 1 4c on the basis of 

counts i n  channels 0 - 670, and 32s on the basis of counts i n  channels 0 -

1 000, and these are the defau lt settings on the machine. Just for confusion ,  

t h ese cou nt i ng windows speci f ied by the user  are also cal led channels ,  

when referred to i n  the instruction manual. 
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Final ly, the machine takes the count from the f irst window (named channel 1 

i n  the printout) and converts this total from CPM to DPM. The totals from the 
other  wi ndows (channels 2 & 3) are not used in the calcu lations to determine 

si ng le label DPM.  

The convers ion from CPM to DPM is a two stage arithmetic process as 

fol lows : 

1 .  The four  co-efficients (A , B, C ,  D) from the user program me are used to 

convert the H-number to a counting efficiency. The equation used in this 

calcu lation  is: 

In efficiency(%) = A + Bx + cx2 + Dx3 

Where 

and 

A .. D are the four co-efficients 
x is the sample H-number. 

2 .  The  total cou nt (CPM) f rom window 1 (chann e l  1 )  i s  divided by the 

counting efficiency (expressed as a decimal fraction) in  o rder to estimate 
the actual DPM. 

The co-efficients A . .  D are obtai ned in a totally separate cal ibration procedure 
by counti ng a series of standard samples ,  say 1 0  samples , al l  with the same 

known value of DPM, but with a range of different quench values. This range 

of q u e nch val ues can be ach ieved by substitut i ng  successively large r  

vo l u m e s  of sci nt i l lat i on  f l u i d  f ro m  the  standard samples with a known 
quenchi ng agent, such as alcohol (ml quantities) for water based scinti l lants 
o r  ch lo roform (Ill quanti ties)  for to luene based sci nti l lants. The mach i ne 
rec o rd s  t he  H - n u mbers fo r t h e  successive samp les  and d e rives the 
observed cou nting efficiency from the ratio of observed counts in  the defined 

window (channel 1 ) :known value of DPM (assumed constant) .  The equation 

describ ing the re lationsh ip between the H-number and observed counting 
efficiency is then derived by the spl ine method, and the 4 co-efficients for the 

cubic cu rve stored. 
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A7.2.3 Possible errors 

From the above it can be seen that before a previous cubic curve to convert 
H - n u m ber to cou nt ing eff iciency can be safe ly re-programmed i nto the 
m ach i ne  for a new batch of samples, it shou ld be ascertained (i) that the 
channe l  window setting for channel 1 when count ing the samples is the 

same as that used in  generating the origi nal curve and is appropriate for the 

isotope now being counted (because different isotopes emit beta-particles of 

d i fferent energ ies) and (i i) that the range of quench values (or H-numbers) in  
the samples being counted are with in  the range of quench values of the 

standard samples used to generate the cubic curve. 

A7.2.4 Calibration exercise 

Three Amersham CFR. 1 0 1  cali bration d iscs with known 1 4c activity of 5000 

D P M  were oxidised and cou nted , as above . The Harvey OX600 oxidiser 

typ ical ly  g ives carbon recoveries in excess of 95% (D. H. Greer, pers. 

comm. )  so that expected counts for the three samples so obtained were in 

the  range 4750 - 5000 DPM. The samples were then counted on a Beckman 

LS380 1 sci nt i l lat ion cou nter us ing p rog ramme A then  recou nted using 

p rog ramme B (Tab le A7. 1  ) .  F i na l ly ,  samples were counted a th i rd t ime ,  

u s i n g  Progra m me A, but wi th  chan n e l  1 w i ndow sett i ng  redef i ned as 

channels 1 - 400 instead of 1 - 670. Resu lts are given i n  Table A7.2. 

Table A7.2 : Resu lts from counti ng radioactivity for three cal ibration d iscs, 
using d ifferent counting programmes. 

Sample 1 4352 

Sample 2 4292 

Sample 3 4420 

Mean 4355 

Prog ramme A Programme B Programme A2 

6300 5058 4902 

6073 5040 4954 

6404 51 78 4984 

6259 5092 4947 

1 .  Raw sci nti l lation count (Channels 1 - 1 000), unadjusted for quench. Total 

2 .  With channel 1 re-defined as channels 1 - 400, not 1 - 670. 



231 

A s s u m i n g  a 98% recove ry f rom t h e  s a m p l e  ox id i se r ,  P rog ram m e  A 
overestimated the activity of the samples by 28%, and programme B by 4%. 

H owever ,  when p rog ram m e  A was re- ru n with the  cou nti ng wi ndow for 

channel 1 re-defined,  the values obtained were almost exactly as expected. 

lt i s  concluded that ne i ther prog ramme is ideal for the present batch of 

s a m p les .  P rog ram m e  A s u bstant ia l l y  ove r-est i m ates DPM,  but g ives 

acceptable accu racy if a count ing window of chan nels 0 - 400 is used. 

However, th is counti ng wi ndow is not ideal for 1 4c .  Prog ramme B s l ightly 

overestimates counts and agai n  uses a counting wi ndow which is not ideal 

for 1 4c samples. lt appears that prog ramme A was originally determined for 
a counti ng window of channels 0 - 400 , perhaps for counting 3H samples, 

but in the process of handing down the programme, someone has changed 

the counting window for 1 4c without runn ing a new set of standard samples 

to determine new co-efficients for the cubic equation .  

Samples from Experiment 6 had already been counted using programme A 

pri o r  to run n i ng th is ca l ib ratio n  test , and could not be recou nted due to 

co lour  changes and evaporat ion from vials dur ing storage. Therefore , for 

p re s e ntat ion  i n  Sect ion  8 . 4 , values obtai ned us i ng  prog ramme A were 

adjusted by multiplying by a constant (0. 78) . This constant is based on the 

m ean for the three cal ibration discs of 5000 DPM nominal activity counted 

u s i n g  p ro g ra m m e  A ( T a b l e  A7 . 2 ) ,  and a s s u m e s  9 8% recove ry o f  
rad iocarbo n by  the  samp le  ox id ise r. A l inear conversion for samples of 

differing activities is fe lt to be appropriate because of the l i near relationship 

between  counts obtai ned us ing prog ramme A and counts obtai ned usi ng 

prog ramme B (Figu re A7.2) .  
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