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ABSTRACT 

In moist temperate regiOns the persistence and productivity of white clover 

(Trifolium repens L.) in grazed pastures is dependent upon stolon growth, particularly 

stolon branching. However measurements of white clover in New Zealand pastures indicate 

that by the beginning of the growing season, generally 80% of stolon material is buried. 

The objective of this study was to investigate the effect of stolon burial on the branching 

of stolons and to utilize the findings to further the understanding of the autecology of white 

clover in grazed pastures. 

Distinct seasonal patterns of maximal stolon burial in spring and minimal branching 

of stolons in spring (both on a population and plant basis) were measured in a field trial 

established for the monitoring of the autecology of white clover under sheep grazing. 

Measurements of individual axillary buds on stolons artificially buried, under a range of 

conditions in the field, consistently found that the major effect of burial was to reduce 

branching by increasing (up to threefold) the probability of mortality of axillary buds 

following initiation of outgrowth. Initiation of outgrowth of axillary buds on stolon tissue 

that had emerged from the stolon apex while on the soil surface before being buried was 

not, except perhaps for those buds at the two youngest nodes at the time of burial, 

influenced by burial. 

Glasshouse experiments were performed in order to increase knowledge of factors 

controlling the initiation of outgrowth of axillary buds and to examine how stolon burial 

influenced outgrowth of axillary buds. Experiments involved measurements of the 

branching response of individual axillary buds on stolons subjected to differing 

burial/cultural treatments so that treatment responses could be separated from ontogenetic 

influences. Initiation of outgrowth of axillary buds was only severely lowered by burial 

when the node associated with a bud emerged from the stolon apex in soil and then 

remained in soil. This reduction in initiation of outgrowth was found to result from 

inhibition of bud activity rather than from loss of bud viability. As very few axillary buds 

in pastures are buried from emergence, it was concluded that stolon burial has little impact 

on the initiation of outgrowth of axillary buds in pastures. Severe deprivation of 

photosynthate or phosphorus within plants, induced by shading or low phosphorus supply, 

respectively, delayed the initiation of outgrowth of axillary buds until they were positioned 

six or more nodes from the stolon apex, and reduced node appearance rates which further 
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delayed initiation of outgrowth. However, such deprivations of resource did not change 

the proportion of buds that eventually initiated outgrowth. Thus together, these experiments 

showed that increases in apical dominance (delay in initiation of outgrowth of axillary 

buds) could be induced by either low levels of intraplant resource or in response to sensing 

of the environment. If the inhibition of axillary bud outgrowth was maintained until a bud 

was positioned more than eight nodes from the apex, that bud would not initiate outgrowth 

upon an improvement in plant growing conditions. It is suggested that there is a 'window 

of opportunity' for initiation of outgrowth of axillary buds limited to those nodal positions 

eight or less from the apex not subjected to inhibition through apical dominance. 

Relationships between potentially available photosynthate within stolons and 

branching were further explored by measuring the starch, sucrose and hexose contents of 

individual internodes of stolons subjected to burial/defoliation treatments or differing 

seasonal growth periods and correlating these contents with branching activity of the distal 

axillary bud. There was no evidence to suggest that photosynthate supply was limiting 

branching in these pastures. 

Starch content of stolons varied five-fold with season (minimal and maximal 

contents occurring in late spring and early autumn, respectively). This seasonal pattern in 

the availability of stored photosynthate within plants provided a physiological basis to 

underpin understanding of the very significant changes that occurred both within individual 

plants and populations of white clover in pastures during the early spring to mid-summer 

period. Such changes centre on a rapid increase in growth demand for photosynthate in 

early spring which decreases the starch content of stolons, whereupon stolen senescence 

increases markedly thereby fragmenting plants and thus reducing branching complexity and 

mean dry weight per plant. 

The change in status of the white clover population in spring was considered to 

negatively influence the response of populations to cultural and environmental perturbations 

during late spring - early summer. It was concluded, in view of the large changes 

occurring within white clover populations in spring-early summer, that the greatest of the 

effects of stolen burial, which was an increase in the mortality of recently initiated 

branches during winter (a period of low growth rate), would not have major implications 

for the population dynamics of white clover in this environment. However if burial of a 

high proportion of stolen material occurred in summer it would have greater potential to 

significantly reduce branch establishment within populations. 
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CHAPTER 1 INTRODUCTION 

1.1 INTRODUCTION 

Recognition of the important contribution white clover (Trifolium repens L.) makes 

within many temperate pastoral farming sy stems has resulted in considerable agronomic 

research on the species (Frame & Newbould 1 98 6 ;  Baker & Williams 1 987 ). Despite this 

effort, detailed knowledge of the autecology of white clover in grazed swards is deficient 

in many areas, including, for example, detailed morphological description of the clonal 

fragments comprising the population of white clover in swards (Snay don 1 985 ; Frame & 

Newbould 1 986 ) .  Only recently have the amounts and proportion of white clover stolon 

buried by soil been quantified in grazed pastures under New Zealand (H ay 1 98 3 ,  1 985 ;  

Hay et al. 1 98 3 , 1 987 ; Hay & Chapman 1 98 4) and UK conditions (Sackville H amilton & 

Harper 1 98 9). The range of stolon burial varies from 10 to 99% , the proportion depending 

chiefly upon season and rainfall. The effect of stolon burial on stolon branching, a process 

vitally influencing both the productivity and persistence of white clover (Beinhart 1 96 3 ;  

Brougham et al. 1 978;  Chapman 1 98 3 ), forms the basis of this study. 

This study was undertaken 1 98 5 -1 98 9, a period during which the candidate was also 

actively involved in parallel studies at DSIR Grasslands which contributed significant new 

information on the clonal growth of white clover in grazed swards (Brock et al. 1 988 ; H ay 

et  al. 1 98 9 a, b, 1 990 , 1 991 ; Newton & H ay 1 992 ; Newton et al. 1 990 , 1 992 ). Although 

separately undertaken, considerable sy nergy existed between these studies and an important 

objective of the present study was to integrate results to provide a more detailed description 

of the autecology of clonally -growing white clover populations in grazed pastures. Thus 

the study was planned prior to, but was coincident with, a period of rapid development of 

conceptual knowledge of clonal growth of white clover in grazed swards. 

This study therefore sought to elucidate aspects of the effect of stolon burial on the 

process of stolon branching and utilise this knowledge to further describe and understand 

the pattern of clonal growth of white clover in grazed swards in New Zealand. 



1.2 OBJECTIVES 

The experimental objectives were: 
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1. To obtain data from grazed pastures on seasonal variation in the processes of stolon 

burial and the density and branching characteristics of white clover populations of 

cultivars of contrasting morphology. 

2. To identify, using simulated burial of stolon in the field and in the glasshouse, those 

characteristics of burial and the environmental changes induced by burial that most 

affect the branching processes of stolons. 

3. To identify, using glasshouse studies, the developmental stage(s) of the branching 

process sensitive to burial. 

4. To obtain data on the variation in carbohydrate content of stolons in grazed pastures 

in response to node ontogeny ,  season, defoliation and stolon burial and to relate the 

carbohy drate status of intemodes with axillary bud outgrowth. 

1.3 THESIS STRUCTURE 

This thesis is presented in nine chapters. Chapter 1 is an introductory chapter and 

is followed by a review of literature, chapter 2, which covers clonal growth of white clover 

populations in pastures, correlative and environmental influences on the branching 

processes and stolon burial in pastures. This is followed by five experimental chapters, a 

discussion chapter and finally a summary chapter. 

Results from a grazing trial, which monitored stolon burial and branching in white 

clover populations of contrasting morphology within ry egrass/white clover pastures, are 

presented in Chapter 3 .  Results of an experiment performed within the grazing trial, which 

applied simulated burial treatments so as to determine the characteristics of burial (date, 

duration, depth and proportion of stolon buried) that affect stolon branching, are reported 

in Chapter 4. Chapter 5 reports results from glasshouse experimentation on the response 

of growth and branching of white clover genoty pes of contrasting morphology to variation 

of resources, particularly light intensity. Results from Chapter 4 suggested that the major 

effect of burial on branching was expressed at the y oungest two nodes. A glasshouse 

experiment, which related burial effects on branching with node ontogeny , is reported in 

Chapter 6. The variation in available carbohy drates within intemodes of stolons in 
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response to season, defoliation and burial and the association of carbohy drate fractions and 

branching are reported in Chapter 7. 

Chapter 8 provides a sy nthesis of all the information of the study in relation to the 

clonal growth of white clover in grazed swards. A summary of major results and 

conclusions in Chapter 9 concludes this thesis. 



CHAPTER 2 REVIEW OF LITERATURE 

2.1 INTRODUCTION 
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This brief review of l iterature covers onl y those aspects of the agronomy of white 

cl over (Trifolium repens L.) pertinent to the study and commences by examining the 

autecology of white cl over in grazed swards. The importance of stolons and the branchi ng 

of stol ons for the perennation of white clover in grazed swards is emphasised. This is 

foll owed by a review of the plant (correlative) and external (environmental) factors 

affecting the branching processes of stolons and methods of assessing the branching of 

white clover in swards. Finall y, information on the burial of stolon in pastures is covered 

so as to set the scene for this investigation of the influence of stolon burial on branchi ng 

of white cl over. 

To all ow for a more l ogical development of the literature review section this review 

will cover literature to the time of commencement of the study in 1 986 .  L iterature 

pub lished aft er 1986 is included in the discussion of results in the appropriate chapters. 

2.2 PLANT HABIT AND CLONAL GROWTH IN GRAZED SWARDS 

I n  moist temperate environments white cl over popul ations in establ ished pastures 

have low recruitment rates (0. 2  m-2 y r- 1 ) of genoty pes from seed (Turkington et al. 1979 ; 

Chapman 1987) so that the major mechanism conferring persistence is vegetative 

propagation. As Bell ( 1984) defines cl onal pl ants as " those perennials that spread and 

multiply by vegetative means" then, under these conditions, white clover has a clonal 

growth form. Although recruitment of genoty pes is insignificant from a productive 

viewpoint (Chapman 1987) it may be essential as regards maintenance of genetic diversity 

of populations. For instance Watki nson ( 1978 )  cal cul ated that recruitment of two seedlings 

ha-1 y r-1 was suffi cient to maintain 2 5 -3 0  genoty pes m-2 in the stoloniferous clonal species 

Ranunculus repens. I t  should be noted however that in pastures in regions regularl y 

sub jected to severe moisture deficits, white clover may persist as a wint er-annual (Blaser 

& K il l inger 1 950; H ollowell 196 6 ;  Jones 198 2 ) , and secondly that regeneration from soil 

seed bank s  can be important for the rapid colonisation of bare a reas following major 

disturba nce e.g. droughts, sl ips. 
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2.2.1 PLAGIOTROPIC HABIT 

The plagiotropic habit of white clover is a feature of its clonal growth in pastures 

in that it confers ability for lateral spread and limits the loss
0�pices and axillary buds by 

defoliation events (Caradus 198 4). Plagiotropism may be under phototropic or geotropic 

c ontrol or both (Newton 1986). For white clover a negative phototropic response to 

increasing light intensity is responsible for the horizontal growth of stolons (Thomas 

1987 b) .  I n  the dark negative geotropism takes precedence and stolons may grow vertically 

(Maige 1900; Thomas 1987 b ). Thus in white clover plagiotropism reflects a balance 

between photo- and geotropic responses operating in the following manner. The tropic 

responses of petioles, peduncles and stolons are all similar, only vary ing in degree and are 

negatively geotropic with the strength of the geotropic response decreasing as light intensity 

increases (Thomas 1987 b ). H ence under high light intensities stolons are adpressed to the 

ground and at low intensities stolons may grow upwards from the ground. Thomas (lac. 

cit. ) found the bending response of stolon to be less marked when the whole plant was in 

darkness than when some other par t  of the plant was maintained in light. H ay ( 198 3) 

observed that in winter/early spring many stolons in pastures after burial by wormcasting 

and stock treading grew vertically to the soil surface. Such stolons usually have some leaf 

material above ground which would confer high potential for a rapid and mar ked response 

of stolon to the darkness imposed by burial (Thomas 1987 b ). Application of gibberellic 

acid to plants growing in full light will induce the same negative geotropic growth 

r esponses as the imposition of darkness. This suggests that gibberellic acid is implicated 

in the control of growth responses to darkn ess (Fletcher & Martin 196 2 ;  Mange 196 3 ;  

Thomas 1987 b ). 

The creeping lateral movement of stolon apices through swards (H arper 1977 , 1985 ; 

Burdon 198 3 ;  Turkington & Burdon 198 3 ;  Newton 1986) leads to a wandering ty pe of 

growth in which genets (genoty pes each derived from a unique zy gote [ or seed]) may 

spread and sample a number of different microenvironments. This ty pe of growth is oft en 

referr ed to as a ' guerilla' habit (L ovett Doust 198 1 ;  Harp er 198 1 ,  1985 ; Newton 1986) 

and contrasts with species at the other end of the continuum with a ' phalanx' habit where 

a genet develops closely packed plant organs which exclude other genets and species from 

its zone of occupancy. H arper (1985) states ' white clover is a ty pical guerilla species and 

the image one forms of its populations is of mobile, migrating clones weaving among each 

other a nd within a grass-dominated sward'. H owever it is generally agreed (Burdon 198 3 ;  



6 

Turki ngton & Burdon 1 98 3 ;  C hapman 1 98 3 ) that although the pote ntial for move me nt of 

apices through s wards is high, s us ce ptibility of fas te r growing s tolons to grazing and 

tre ading damage (Chapman 1 98 3) limi ts s tolon e longation rates to 18  cm y r- 1 or less. 

Chapman ( 1 98 3) calculate d that unde r a de foliation re gime impose d by rotationally graze d 

cattle the re was a pote ntial for s tolon e longation of 70.9 cm y r- 1 but the n me as ure d  a 

re alise d e longation of only 1 3.2 cm y( 1 • I n  s wards more cons is te ntly de foliate d by s hee p 

unde r se t s tocking the values for pote ntial and me as ure d e longation we re cons ide rably less 

at 2 9.0 and 5.4 cm y r- 1 , res pe ctive ly. A high de gree of inte rmingling of ge ne ts of white 

clove r is indicate d by the ide ntification of three to s ix ge ne ts pe r hundre d s quare 

ce ntime tres (Cahn & H arpe r 1 97 6 )  and 4 4 - 4 9  ge ne ts m-2 (Trathan 1 98 3  cite d by H arpe r 

1 985) within a We ls h pas ture. 

He re in lies the esse nce of the population biology of white clove r in graze d s wards. 

The population is organise d at two le ve ls in that it comprises a numbe r of ge ne ts with e ach 

ge ne t compris ing any numbe r of s patially and phys iologically inde pe nde nt modular units 

( clonal fragme nts) (Snay don 1 985). He nce forth, an inde pe nde nt clonal fragme nt will be 

re fe rre d to as a plant. Thus res ponse of a whi te clove r  population to any pe rturbation 

re fle cts the ne t e ffe ct of changes at both the ge noty pe or ge ne tic le ve l  and at the clonal 

fragme nt or plant le ve l of organis ation. While this s tudy focuses on processes at the plant 

le ve l it s hould be appre ciate d  that ge ne tic variation in res ponse can als o induce changes in 

the ge ne tic s tructure of populations e.g. C hapman ( 1 98 3)J bY me as uring the proportion of 

cy anoge nic individuals in population� de mons trate d that the ge ne tic s tructure of populations 

diffe re d in res ponse to s ys te m  of grazing and s pe cies of gra zing s tock. 

2.2.2 GROWTH OF CLONAL FRAGMENTS (PLANTS) 

The bas ic plant unit of white clove r in graze d pas tures us ually has a main s tolon 

growing forw ard at the ape x and de cay ing at the base (E rith 1 9 2 4 ;  Ke rs haw 1959; 

Be inhart et al. 196 3 ;  H ollowe ll 19 6 6 ;  H arve y  1 970; Chapman 198 3) with a numbe r  of 

branches e ach of which als o grows forward at the ape x  (Chapman 198 3). This plant unit 

( clonal fragme nt) is one part of a ge ne t de rive d from s uccess ful es tablis hme nt of a see dling 

which s ubse que ntly fragmente d, upon de ath of the se minal root s ys te m  (Sande rs on 1966) , 

into se ve ral dis cre te , ge ne tically -ide ntical plants. The pla nt or clonal fragme nt jus t 

des cribe d  produces furthe r  ge ne tically ide ntical pla nts through the processes of branching 

and de cay of old bas al s tolon tiss ue. A branch is re le ase d  to form a se parate plant upon 
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t he death of the node on the parent stolon from which it originat ed ( see Fig. 1 ,  Chapman 

198 3). These processes are continual and are the basis of persistence and perennation of 

white clover in swards. 

The balance between the rates of growth at apices, death of basal stolon and 

production and survival of apices are the important determinants of both t he size of 

individual plants and ultimately t he net gain or loss of stolon biomass in a population. 

Generally in clonal plants, the rates of death of old tissue and production of new tissue are 

in balance and both increase or decrease in response to seasonal growth conditions to 

maintain mean plant size (Cook 1 985). H owever, for white clover, evidence from stolon 

density measurements in swards in Manawatu, New Zealand, indicates that the rate of death 

exceeds the rate of formation of stolon in late spring-early summ er ( H ay 1 98 3 ,  1 985; H ay 

et al. 1 98 3). At this time total stolon DW m-2 decreases by 30-50% , a loss accounted for 

by a 70% decrease in the buried stolon pool where the older basal stolon resides. This is 

also accompanied by a significant increase in the length per unit weight of stolon, further 

evidence of morphological changes in stolon sy stems occurring at this time. The increase 

in the death rate of basal stolon tissue relative to rate of form ation of new stolon tissue 

should result in a reduction in mean plant dry weight and in the complexity of the 

branching sy stems of stolons in spring. 

Conversely, as there appears to be a cy clical seasonal pattern ( H ay 1 985; H ay et al. 

1 987) over summer, plants must recover mean plant size and complexit y  of branching by 

forming new stolon tissue at a rate greater than that of the death of older basal tissue. The 

dy namic nature of the growth of individual plants and intermingling of plants under field 

conditions make identification of individuals very diffi cult and consequently few studies 

have attempted to investigate factors influencing the morphology of individual plants under 

field conditions. H owever, Pascoe ( 1 97 3) mapped the surface portions of the stolon 

sy stems of plants and found grazing events to have very variable effects on both survival 

and fragmentation of the stolon sy stem. I n  the only other reported study, Kershaw (1 959) 

measured the length of the stolon sy stems of plants in populations from six Welsh pastures 

and found variation both among and within sites. Frame & Newbould (1 98 6) emphasise 

the requirement for increased knowledge of the growth of individual plants within swards. 

Erith (1 9 2 4) recognised that growth of a plant from seed from April to J uly 

(northern hemisphere) reflected three attri butes; node appearanc e  rate, position (number 
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of nodes from apex) at which the first branch formed and proportion of nodes that branch. 

For cl onally growing pl ants it i s  the combination of variation over time in these three 

factors and in the rate of death of basal nodes that determines the number of metarners 

(nodes) and modul es (stolons) comprising an individual pl ant. A metamer is defined as the 

repeating structured unit differentiated from an apical meristem (Barlow 1989) and for 

white cl over comprises of a node, internode, axil lary bud, subtending l eaf and two root 

primordia. A modul e (stol on) is defined as the string of al l metarn ers derived from a single 

apical meristem. 

W hile information on the growth at apices delineating the appearance of new nodes 

is substantive both under controll ed conditions (including Mitchell 195 6 ;  Mitchel l & 

L ucanus 196 2 ;  Beinhart 1 963 ; King et al. 1 978; Boi ler & Nosberger 1983 ; H ogl und & 

W illiarn s 1 98 4 )  and field conditions (including Brougharn 196 2 ;  Curl l & W il kins 19 8 2 ;  

Davies & Evans 198 2 ;  W ilman & Asiegbu 198 2 a, b; Chapman 1 983 ; Korte & P arsons 

1 98 4 ;  H ollington & W ilman 1985 ), that pertaining to the death rate of nodes at the bases 

of stolons is scarce. The basal node of the main or primary stolon of plants oft en supports 

a well developed root sy stem (W ilman & Asiegbu 198 2 b; Chapman 1983 ; H ay 1983 ; 

S ackville H amilton 1 987 b) and the life expectancy of such nodes is 100 day s greater than 

that of non-rooted nodes (S ackville Hamilton 1987 b). This arises because the death of 

nodes occurs in cohorts in contrast to their birth, which occurs one at a time at regular 

intervals. W hen the basal rooted node dies, al l unrooted nodes distal to it before the next 

node with a l iving root die at the same time (S ackvil l e  H amilton 1987 b ). The variabl e rate 

of progression of node death at the stol on base, proceeding acropetal ly in stages, and 

pausing at nodes with well developed adventitious roots, introduces temporal variability to 

the siz e of individual plants in that both the number and siz e of branches released upon 

death of a cohort of parent stolon nodes is highly variable. The death processes of basal 

nodes are responsive to seasonal changes (H ay 1983, 1985 ) and, given the predictable rate 

of recruitment of nodes at the apex, small variations in the rate of death of basal nodes are 

likely to have profound effects on both the siz e of individual plants and mean plant size 

of populations via a direct effect on l oss of primary stolon and, perhaps more importantl y, 

an indirect effect on the frag mentation of pl ants. Given the potential that change in the 

balance between birth and death rates of nodes has to alter mean plant siz e, it would appear 

that phy siology of senescence and death at the base of stolon is an area requiring further 

investigation. 
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2.2.3 MORPHOLOGY 

Morphology of white c lover in grazed pastures c ontrasts starkly with that of 

glasshouse grown plants. White clover in the field c ommonly has only two to four leaves 

on well established stolons (Korte & Parsons 198 4 ;  Chapman 1 98 6 ;  Davies & Jones 

1 986) ,  roots and branc hes at 17-3 3 %  and 2 7 -4 3 % of nodes, respectively (Chapman 198 3 )  

and 55-60% of total dry weight (DW) in stolon tissue (Cowling 196 1 ;  H ay et al. 1986 )  

whereas glasshouse plants can have 1 3  leaves on well established stolons (H oshino 197 4 ), 

roots and branches at all mature nodes and only 2 1 % of total DW in stolon tissue 

(Wilkinson & Gross 1967 ). These differenc es may prec ipitate both quantitative and 

qualitative c hanges in performanc es of genoty pes in these environments and highlight the 

hazards in extrapolating results from the glasshouse to the fi eld (Caradus 1 98 4 ). In 

addition in grazed swards there is a considerable loss of apices associated with grazings 

(Pasc oe 1 97 3 ). Chapman (198 3 )  measured a loss of 6% of main stolon apic es per week 

during summer, which included losses associated with disease and pest attack and whole 

plant death as well as those associated with grazing. This c ontinual loss of apices in 

swards requires a rate of branc hing of stolons that is suffic ient to replac e  lost apices if the 

population is to persist. Indeed it has long been rec ognised that growth and survival of 

white clover are strongly dependent on stolon development and replacement by branc hing 

(Kn ight 1 95 3 ;  Beinhart 196 3 ;  Beinhart et al. 196 3 ;  Sc hillinger & L effel 1 96 4 ;  H ollowell 

1966 ;  Chapman 198 3 ;  Frame & Newbould 1986 ). 

2.2.4 STOLON FUNCTION 

The high investment of plant dry weight in stolon tissue reflec ts the significance of 

stolons to the functioning of white clover in grazed swards. Nodes on stolons harbour the 

primordia c apable of produc ing new apices and nodal roots, so any management causing 

stolon loss will have adverse effects on the population. Stolon internodes serve to space 

leaves, axillary buds and nodal roots so as to minimise overlap of resource depletion zones 

(H arper 1 985 ). Stolon tissue is considered a storage organ for c arbohy drate, stored in the 

form of starch (Bulter & Bailey 197 3 ) , in that stored starc h is remobilised and utilised 

during winter (Wood & Sprague 195 2 ;  Ruelke & Smith 1956 ;  Vez 1 96 1 ;  Murphy 198 2 ;  

H arris et al. 1 98 3 )  and after defoliation events (Tesar & Ahlgren 1 950; Stewart & Bear 

1 95 1 ;  Moran et al. 195 3 ;  Vez 196 1 ;  Murphy 198 2 ) . Evidence suggests a storage 

func tion of stolon as regards phosphorus (H ay et al. 1985, 1986 ) and possibly for other 
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nut rient s  but not nit rog en (H ay et al. 1 985) .  Phot osy nt hesis by st olons c an c ont ribut e > 5% 

to t ot al plant phot osy nt hesis in the fi eld (H arris et al. 1 98 3 ;  Korte & Parsons 1 98 4) .  Our 

rec ent st udies have demonst rat ed st olons in past ures t o  have a nutrient absorpt ive c apac it y 

whic h for phosphorus acc ount s for c. 5% of phosphorus upt ake (Hay & Dunlop 1 98 2 ;  H ay 

et al. 1 98 2 , 1 986 ;  Dunlop & H ay 1 985). Oft en subst ant ial amount s of older basal st olon, 

wit hout leaves, branc hes or root s, funct ions as a t wo way pipe t ransport ing wat er and 

nut rient s  from root s to  leaves (U eno & Williarn s 1 967; H oshino 1 97 4) and t ransport ing 

phot osy nt hat e from leaves to  root s (Ry le et al. 1 98 1). Older st olon t issue t ends t o  persist 

and funct ion in t his fashion when it links apic al g rowt h zones to  an act ive t aproot at t he 

basal node (S ac kville Hami lt on 1 987 b) .  

The subst ant ive alloc at ion of plant resourc e  t o  st olon, t he previously det ailed 

sig nific anc e of st olon branc hing t o  g rowt h and persist enc e in g razed swards and t he low 

perc ent ag e  of axillary buds that succ essfully form a branc h (C hapman 1 98 3),  indic at e t hat 

g reat er underst anding of t he basis of persist enc e  and product ivit y  will only acc rue from 

quant ify ing t he act ivit y  of axillary buds in populat ions. It is t heir biolog y whic h  ult imat ely 

det ermines t he populat ion dy namic s wit hin c lonally g rowing white  c lover. As t here is one 

axillary bud at eac h node and c onsiderable phenot y pic (H arris & Broug harn 1 968;  H ill 

1 977; Ki ng et al. 1 978; Briseno de la H oz & Wilman 1 98 1 ;  H ay & Baxt er 1 98 4) and 

g enet ic (Erit h 1 9 2 4 ; K nig ht 1 95 3 ;  C aradus 1 98 6) vari at ion in int ernode lengt h, est imat es 

of branc hing per st olon or st olon length or per unit area have limit ed value for st udy of 

populat ion dy namic s as measures are c onfounded by effect s of numbers of buds and bud 

ont og eny. Thus attent ion must foc us on act ivit y of individual axillary buds and 

acc ommodat e  effect s of bud ont og eny. 

2.3 STOLON BRANCIDNG IN WIDTE CLOVER 

Axillary bud primordia are init iated wit hin t he apic al bud of a st olon in t he axil of 

leaf primordia posit ioned t wo or t hree from t he apic al dome (Thomas 1 987 b). 

Development is uninhibit ed for 5 plast oc hrons before c easing at t he st ag e leafl et s of t he 

subt ending leaf unfold. Growt h at t his st ag e is repressed by the presenc e of t he apic al bud 

and further development may be init iat ed aft er c. t wo plast oc hrons in favourable c ondit ions. 

This review c overs t he development of t he axillary bud from t he st ag e where t he bud is 

formed but dormant and subt ended by an unfolding leaf. The proc ess of outg rowt h of an 

axillary bud involves three phases whic h are; ini t iat ion of axillary bud outg rowt h  (observed 
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a s  a ppeara nce of the first l eaf bey ond the stipul e, 0.1 Ca rl so n  (1 966) scal e) ,  surviva l  a nd 

esta bl ishment of the devel oping bud (0.2 - 1.0 Carl so n  sca l e) and surviva l a nd devel opment 

of the y oung branch (pro ductio n of up to seven l ea ves on the bra nch). Ea ch of these stages 

ha ve differing phy siol ogica l and enviro nmental requirements. These sta ges of vegetative 

reproductio n ma y be considered a nalo go us to the la ter stages of sex ual reproduction 

invol ving germination of the seed, survival  a nd esta bl ishment of the seedl ing a nd surviva l 

and devel opment of the yo ung plant. 

Dorma ncy in vegeta tive buds may art se from co rrela tive fa ctors i. e. fa ctors 

o rigina ting within the plant such as  apica l  domina nce, or environmenta l  fa ctors i.e. the 

co nditions surrounding ea ch bud site (Ro mberger 196 3). Given tha t ax il lary buds of white 

cl over are in a dorma nt sta te as nodes beco me differentia ted fro m  the a pica l bud (Tho ma s 

1 987 b ) ,  understanding of the pro cesses of branching is enhanced by sepa ratel y co nsidering 

co rrela tive a nd environmental fa ctors affecting outgrowth. 

2.3.1 CORRELATIVE INFLUENCES 

2.3.1.1 GENOTYPE 

Genoty pic variation for branching frequency (Erith 1 9 2 4 ; Knight 1 95 3 ;  

Beinha rt et al. 1 9 6 3 ;  Wil l iams 1 98 3 ;  Thoma s 1 98 1 ;  Ho gl und & Wil l ia ms 1 98 4) , 

ex empl ified by the often quoted ' viney' a nd ' no n  viney' c lo nes of Beinha rt et al. (1 96 3) , 

indica tes tha t  a genetic co mpo nent contributes to correla tive influences o n  bra nching. 

2.3.1.2 APICAL DOMINANCE 

Apical dominance is the contro l ex erted by apica l  portio ns of the shoo t o ver 

the outgrowth of la teral buds (P hil l ips 1 975). I n  white clo ver this is seen a s  the inhibition 

of outgrowth of ax il l ary buds near the a pica l bud so tha t bra nching o ccurs a t  o l der no des 

o n  the stol on (Tho ma s 1 987 b). The number of nodes basipeta l to the a pica l bud at  which 

develo pment of ax il l ary buds is inhibited is an ex pressio n  of the current ex tent of a pica l 

do mina nce ex erted by a n  a pex. Ex pression of a pica l dom ina nce va ries with genoty pe (Erith 

1 9 2 4) ,  sha ding (Harvey 1 979; Newto n 1986) , nutrient suppl y (Harvey 1 979; Tho mas 

1 987 b) a nd season (Tho ma s 1 987 b). Any l imita tio n in the suppl y of resource (l ight, 

nutrients a nd possibl y water; but see Thomas (1 98 4)) increa ses the ex tent of a pica l 
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dominanc e (H arvey 1979 ; Newton 1 98 6 ;  Thomas 1 987 b) whic h suggests that c ontrol of 

apic al dominanc e may be al igned with mec hanisms governing intra-pl ant c hanges i n  

resourc e al l oc ation desc ribed by sourc e- sink strength rel ationships. H owever the internal 

c ontrol of apic al domi nanc e  in white c l over has been l ittl e studied (Thomas 1 987 b) and 

knowl edge in general of internal c ontrol of apic al dominanc e is not equivoc al (Phil l ips 

1975 ; Trewavas 1 98 1 ;  H il l man 1 98 4 ,  198 6). Al though studied in l ittl e detail , vari ation 

in the extent of apic al dominanc e is a mec hanism by whic h white c l over c an rapidl y 

respond to a heterogenous environment and is an attribute whic h makes an important 

c ontribution to the high l evel s of phenoty pic pl astic ity displ ay ed by white c l over (H arri s  

& Brougham 19 68 ;  H il l  1977 ; Brougham e t  al. 1 978; H orikawa 1 98 6 a, b). 

2.3.1.3 NODAL POSITION OF THE AXILLARY BUD 

A c onsequenc e of apic al domi nanc e is that the potential of an axil l ary bud 

to initiate outgrowth varies with the position of the node bearing it; i.e. outgrowth is rarel y 

initiated whil e buds occ upy the two node positions immediatel y basipetal to the apic al bud 

(Eri th 1 9 2 4 ;  H arvey 1979 ; Sac kvil l e  H amil ton 1987 a; Thomas 1 987 b). I n  addition, in 

the fi el d, initiation of outgrowth of axil l ary buds at nodes positioned > 8 from the apex is 

unc ommon (Chapman 1983). The net resul t is that effec tive initiation of outgrowth of 

axil l ary buds seems to occ ur onl y whil e buds are positioned at nodes bey ond the infl uenc e  

of apic al dominanc e but l ess than nine from the apex. 

2.3.1.4 ROOT PRESENCE 

Evidenc e  regarding the c orrel ative influenc e of the presenc e of a root at a 

node on the initiation of outgrowth of the assoc iated axil l ary bud is c ontradic tory. 

Sol angaarac hc hi ( 1 985) c onc l uded that initiation of branc h outgrowth was not infl uenc ed 

by presenc e or absenc e of a root at the node whereas Thomas ( 1 987 b) found initiation of 

axil l ary bud outgrowth onl y at nodes where nodal root growth had been previousl y 

stimul ated by provision of moisture to the node. H owever the experimental pl ant materi al 

used by Thomas (loc. cit) had been grown in pots in a nutrient- poor mix, with stol ons 

prevented from c ontac ting any moist substratum, a pretreatment whic h resul ted in inhibition 

of axil l ary bud outgrowth at nodes six or more basal to the y oungest l eaf with unfol ded 

l eaflets. There is a c l ear need for further work to c l arify the c orrel ative infl uenc es of nodal 

root presenc e on initiation of axil l ary bud outgrowth. 
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The survival , devel opment and productivity of a branch have consistentl y been 

found to be enhanced by the presence of a root at the node of origin of the branch (Knight 

1 95 3 ;  Trautner & Gibson 1966 ;  Chapman 1 98 3 ;  Sol angaarachchi 1 985) which suggests 

a cl ose phy siol ogical rel ationship between the root and the branch presumabl y concerning 

the suppl y of water and nutrients (Chow 1 966 ;  Chapman 1 98 3) to the branch and 

photosy nthates from branch to root. 

2.3.1.5 LEAF PRESENCE 

Thomas ( 1 987 b) found apical dominance was removed upon excision of the 

three ol dest l eaf primordia within the apical bud and suggested the repressive influences 

on bud growth are associated with y oung l eaf primordia rather than the apical meristem 

itself. The presence of a subtending l eaf and/or petiol e al so has an inhibitory influence on 

the devel opment of the axil l ary bud at the associated node (Carl son 1 966 b; H arvey 1 979; 

Newton 1 98 6) despite the fact that vascul ar connections between the l eaf at one node are 

with the axil l ary bud and root at the next y oungest node (Thomas 1 987 a). The same 

inhibitory mechanism, originating within l eaf tissue, coul d expl ain both these effects. On 

stol ons shaded for three months prior to experimentation, l eaf presence had a stimul atory 

effect on devel opment of the axil l ary bud (Davies & Evans 1 98 3). A n  expl anation may 

be that assimil ates within these stol ons were insufficient to support outgrowth of buds in 

the absence of a suppl y of current photosy nthate from the subtending l eaf. A l l  the same, 

this resul t indicates that the correl ative effect of l eaf presence is onl y one factor operating 

in the bal ance which determines outgrowth of axil l ary buds. 

2.3.1.6 PRESENCE OF A FLOWER 

The initiation of a flower primordium within the apical bud is precocious in 

that it occurs in the axil of the first l eaf primordium rather than at the third l eaf 

primordium where most vegetative axil l ary buds are initiated (Thomas 1 96 2 , 1 987 c). 

Conditions conducive to flowering also f avour the earl y initiation of vegetative axil l ary bud 

primordia rel ative to the apical dome (Thomas 1 96 2). Sackvil l e  H am il ton ( 198 2)  reported 

an increase in the proportion of vegetative axil l ary buds at nodes adjacent to a node with 

a flower that initiated outgrowth. On the other hand, many reviews of white cl over growth 

(Burdon 1 98 3 ;  Turkington & Burdon 1 98 3 ;  Frame & Newboul d 1 986 ;  Thomas 1 987 b, 

c) do not note the association of increased axil l ary bud outgrowth at nodes adjacent to a 
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fl ower. This discrepan cy may arise because bud survival is variable followin g in itiation 

of outgrowth, bein g depen den t  upon the loc al rni croen viron men t  (Chapman 1 98 3 ;  Sackville 

H amilton 198 2 ) , an d most studies are in sufficien tly detailed to mon itor both the in itiation 

of axillary bud outgrowth as well as bran ch establishmen t. 

The presen ce of a f lower has a c orrelative in fluenc e on in ternode developmen t  as 

the len gth of the in tern ode basipetal to the first in itiated f lower is in creased an d often the 

acropetal in ternode is shorter than in temodes associated with vegetative axillary buds 

(Booy sen & L aude 196 4 ;  Thomas 1 980 ; Thomas 1 987 c). 

2.3.2 ENVIRONMENTAL FACTORS 

2.3.2.1 TEMPERATURE 

Differen t  stages of the developmen t of an axillary bud in to a lateral bran ch 

stolon have differen t temperature optima in much the same way as various plan t  organ s  

respon d differen tly to temperature (Mitchell 1 956 ; Mitchell & L ucanus 1 96 2 ;  W illiams 

& H oglun d  1978 ; H art 1987) .  For in stan ce, the in itiation of axillary bud formation in the 

apic al bud is more precocious (i.e. axillary buds form at n odes n earer the apic al dome) at 

low temperatures (10°C) (Thomas 196 2 ) , whereas in itiation of outgrowth of axillary buds 

at n odes emerged from the apical bud is precocious at higher temperatures (20°C). 

H owever, the proportion of buds that in itiate outgrowth at emerged n odes decreases as 

temperature in creases from 10°C (Bein hart 1 96 3 ;  H oglun d & Williams 1 98 4 ). A s  the rate 

of n ode/leaf appearanc e inc reases with inc reasin g temperature up to 30°C (Mitchell 1 95 6 ;  

Bein hart 1 96 3 )  at already formed apices (Mitchell 195 6 ;  Mitchell & L ucan us 196 2 ;  

Bein hart 1 96 3 ;  Machler & Nosberger 1977 ; Boi ler & Nosberger 1 98 3 ;  H oglun d  & 

W illiams 198 4 ;  H art 1987) the rate of developmen t  of n ewly formed bran ches in creases 

with temperature. Thus as temperature in creases, the rate of production of n ew apic es 

reflec ts the balan ce between an in crease in rate of production of n ew n odes (axillary buds) , 

a decrease in the proportion of buds that develop an d a decrease in n odal position relative 

to the apex at whic h outgrowth occurs. These proc esses compen sate to some exten t  an d 

thus provide a rather broad temperature ran ge (17° -2 3 °C) for optimal shoot production 

(Bein hart 1 96 3 ;  H art 1 987 ). 
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2.3.2.2 LIGHT 

There are four aspects of the li ght regi me that i nfluence plant growth; 

photoperi od, i ntensi ty ,  spectral quali ty and total i rradi ati on. U nfortunately the i ndependent 

acti on of each of these vari ables largely remai ns undefined for whi te clover. The strong 

i nteracti ons between temperature and li ght regi me on whi te clover growth have long been 

recogni sed (Blackman 193 4 ;  Mi tchell 195 6 ;  Brougham 196 2 ;  Bei nhart 1963 ;  Brougham 

et al. 1 978 ; H art 1987) and thi s along wi th the often correlated seasonal vari ati on i n  all 

these parameters has meant that detai led understandi ng of the effects of the li ght regi me 

on aspects of whi te clover growth i s  i ncomplete. 

Many studi es confound the effects of photoperi od (day length) and total i nci dent 

i rradi ati on e. g. Mi tchell & L ucanus 196 2 ;  Nosberger et al. 1983 ; Boller & Nosberger 

1983). H owever Thomas (1987 c) used low li ght i ntensi ty supplementary li ghti ng and break 

li ghti ng duri ng the dark peri od to demonstrate that leaves sense photoperi od and transmi t 

a si gnal both acropetally and basi petally that i nduces i ni ti ati on of reproducti ve development 

wi thi n the api ces of stolons. As floweri ng i ncreases the i ni ti ati on of outgrowth of 

vegetati ve buds at adjacent emerged nodes (Sackvi lle H amilton 1 98 2) photoperi od can 

i ndi rectly affect probabi li ty of branchi ng. I n  experi ments where the effects of photoperi od 

were confounded wi th changes i n  total i rradi ati on i t  was reported that at lower temperatures 

(� 10°C) a decrease i n  photoperi od di d not affect the rate of node appearance (Mi tchell & 

L ucanus 196 2 ;  Boi ler & Nosberger 1 983) whereas at hi gher temperatures (1 8° and 30°C) 

a shorter photoperi od decreased the rate of node appearance (Mi tchell & L ucanus 196 2). 

These experi ments also found the proporti on of nodes branchi ng to i ncrease or decrease as 

photoperi od decreased from 1 6  h to 1 2  h (Boller & Nosberger 1 983) or from 1 6  h to 8 h 

(Mi tchell & L ucanus 196 2) , respecti vely. 

The li ght i ntensi ty requi red for li ght saturati on varies wi th temperature and opti ma 

for specifi c growth processes (i. e. axi llary bud outgrowth, node appearance rate) vary 

(Bei nhart 196 2, 1 9 63 , 196 4 ;  Boller & Nosberger 1983). H owever a detai led study of the 

i nfl uence of li ght i ntensi ty on the growth processes of whi te clover, such as has been made 

for Lolium perenne L. (H unt & H alli gan 1 98 1 ;  Hunt & Thomas 1985) , i s  requi red. I t  i s  

known that as li ght i ntensi ty decreases, the rates of node appearance (Bei nhart 1963 ;  

J elmi ni & Nosberger 1 978 ; Am ott & Ry le 1 98 2) and proporti on of nodes branchi ng 

(Bei nhart 1963 ; Sanderson 1966) progressi vely decrease whi le the number of nodes from 
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the apex to first node with a branch increases (Sanderson 19 6 6 ; Harvey 1979 ; D avies & 

Evans 198 3 ;  Newton 198 6 ) . However a contrary resu lt was obtained in mid-su mmer at 

Clemson, Sou th Carolina when shading to 3 3 % of su nlight favou red the proportion of 

nodes branching in spaced plants grown in the field (Trau tner & Gibson 19 6 6 ). 

L ight transmission and refl ection from white clover leaves, in common with that of 

other species (Holmes & Smith 1977 ; Holmes 198 1) has a low red (R) : far-red (FR) ratio 

and a deficiency of blu e  light (Scott et al. 19 6 8 )  relative to u nfiltered light. I n  general, 

decreasing the R:FR ratio of light incident on shoots resu lts in increased internode lengths 

and inhibition of lateral bu d growth, althou gh species differ in the extent of their response 

(Grime 19 6 6 ). Phy tochrome is involved in the sensing and initiation of morphogenetic 

responses to changes in R:FR ratio of incident light (Smith 1975) .  Available evidence 

su ggests the response of white clover to alterations in light qu ality is similar to that 

exhibited in other species; a decrease in the R:FR ratio of incident light from six to fou r 

increased petiole and stolon length while increases in intensity of the blu e wavelengths 

altered morphology towards compactness with plants having short petioles and stolons 

(Warrington & Mitchell 197 6 ). As far back as 19 6 2 , Brou gham su ggested that the R:FR 

ratio of incident light in different zones within the sward canopy was a factor influ encing 

differential development of organs of white clover (Brou gham 19 6 2 ). The creeping 

horizontal growth of stolons at the base of sward canopies, the ability to vary petiole length 

in response to the light environment (Brou gham 19 6 2 ;  Brou gham et al. 1978 ) ,  the 

variation occu rring with changes in plant density in the proportion of nodes that develop 

branches (Erith 19 2 4 ; Sanderson 19 6 6 ) and the high degree of phenoty pic plasticity 

exhibited by the species (Hill 1977 ; Brou gham et al. 1978; Horikawa 198 6 a, b) all 

su ggest white clover is a species capable of sensitive response to alterations in qu ality of 

incident irradiation. H owever a clear demonstration of the effects of changing R:FR ratio 

of incident irradiation, over and above the effects of light intensity , at the axillary bu d sites 

cau sing a change in the ou tgrowth of bu ds, su ch as has been reported for ry egrass species 

and other grass species (D eregibu s et al. 198 3 ,  1985;  Casal et al. 1985 ) ,  remains to be 

reported (Hart 1987 ) .  

Where the intensity of irradiation is at or below light satu ration the total qu antity 

of light su pplied may have an effect, independent of that of photoperiod, on the growth 

processes influ encing axillary bu d development. I n  general, u nderstanding of the 

independent effects of photoperiod, intensity, spectral qu ality and qu antity of 
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photosy nthetical l y  active incident irradiation on the processes infl uencing branching in 

white cl over is incompl ete and there is a need for detail ed studies of the interaction of these 

parameters with temperature. 

2.3.2.3 NUTRIENT (PHOSPHORUS) SUPPLY 

Al though some general principl es cover the effects of deficiency in suppl y 

of most nutrients, there are differences in plant response to deficiency in suppl y of 

individual nutrients as nutrients vary with respect to specifi city of the pl ant processes they 

influence. For this reason, this section wil l consider in particular the effect of phosphorus 

(P) suppl y, as P is the major nutritional input into pastoral enterprises in New Zealand 

(L evy 1970 ) and variation in P suppl y is an experimental treatment within one of the 

experiments reported in Chapter 5 .  

In  general , the extent of  stol on or rhizome branching in many clonal species 

is positivel y related to the availabil ity of nutrients (Wareing 1 96 4 ;  Mcl nty re 1965;  Ginzo 

& L ovel l 1 97 3 ;  S l ade & H utchings 1 987 ). For white clover it is not known whether this 

arises sol el y from infl uences of P suppl y on apical dominance or if changes in the 

proportion of nodes basal to the fi rst branching node that branch also contribute to this 

resul t. Whereas some clonal species such as Glechoma hederacea respectively increase or 

decrease internode l ength in nutrient poor or rich mediums, l eading to a resul ting 

concentration of the clone in resource rich areas (S l ade & H utchings 1 987 ) ,  in white clover, 

l imitation in P supply induces the converse response (S ackvil le H ami lton 1 980). Thus as 

limitation in P supply decreases both internode length and branching frequency it severel y 

reduces both the spread and productivity of white clover in pastures (S ears et al. 1955; 

L evy 1 970; Frame & Newbould 1 986 ). In contrast to this response, l imited soil nitrogen 

suppl y induces increases in internode length and branching frequency (H oglund & Wil liams 

1 98 4 ). This response may have evolved as a result of natural sel ection favouring the 

facilitation of rapid colonisation of low soil nitrogen sites where the nitrogen fixation 

process confers white cl ovet an advantage over competing species with no nitrogen fi xation 

capacity . The interaction of soil mineral nitrogen supply and rate of nitrogen
. 

fixation on 

the supply of nitrogen to white clover is complex (H ogl und & Brock 1 97 3 )  and further 

investigation of the response of nodul ated cl onal fragments to variation in mineral nitrogen 

suppl y is required if the mechanisms underpinning the suppression of white cl over in mixed 

swards with nitrogenous fertiliser use are to be ful ly understood. 
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Deprivation in P supply increases the extent of apical dominance (Phillips 1 975) and 

this is evident in w hite clover as an increase in the number of nodes between the apex and 

the first node w ith a branch (Newton 1 98 6 ;  Thomas 1987 b). 

L imitations in P supply only substantially reduce node appearance rates when the 

deficiency is extreme (Sackville H amilton 1 980). Strong correlations between soil 

temperature and node appearance rate, except w here drought was associated with high 

summer temperatures, across a range of soil fertilities (Wilman & Asiegbu 1 98 2 a; 

Chapman et al. 198 3) suggest that, in general, nutrient supply has a minor role in 

determining node appearance rate in pastures. Studies are required to quantify how apical 

dominance, proportion of nodes branching and axillary branch survival and growth interact 

to give the positive relationship between branching and P supply in clonally growing w hite 

clover. 

L imitation in P supply also alters, both quantitatively and qualitatively, the 

allocation of dry matter to metamers in that total dry matter allocation is reduced and 

distribution favours root at the expense of shoot ( Mouat 198 3). Reductions in petiole 

length and area of leafl ets decrease leaf size, another important factor contributing to the 

reduction in y ield of white clover under conditions of low P supply (L evy 1 970 ; Caradus 

1 98 4). 

2.3.2.4 MOISTURE 

Soil moisture defi cits are key determinants of the persistence and 

productivity of w hite clover in the field (L azenby & Sw ain 197 2 ;  H oglund et al. 1 979) and 

can limit white clover more severely than the associated grasses in swards (Snay don & 

Baines 1 98 1 ;  Thomas 1 98 4 ; Stevenson & L aidlaw 1985). Previous w ork has focused on 

the negative effects of drought on nodal root initiation (U eno & Y oshihara 1968 ;  U eno 

198 2 ;  Stevenson & L aidlaw 1985), nodal root development (Thomas 198 4 ;  Stevenson & 

L aidlaw 1 985) and rate of nitrogen fixation (E ngin & Sprent 197 3 ;  Stevenson & L aidlaw 

1985). There has been relatively little detailed work examining the mechanism of response 

of shoots of clonal plants of w hite clover to soil moisture deficits. H ow ever the appearance 

rate, dimensions and longevity of leaves decrease with increas ing moisture deficit so that 

the allocation of DW to leaf decreases (Thomas 1 98 4). Associated with this primary 

response is a reduction in branching (Thomas 1 98 4)  although w hether this results solely 

from an increase in apical dominance, a reduction in the proportion of axillary buds 
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developing, a reduc tion in survival/establishment of branc hes or a c ombination of these 

features has not been established. J.L. Broc k (personal c ommunic ation) has repeatedly 

observed very high mortality rates in y oung branc hes of two emerged nodes or less to 

occ ur suddenly , within a two to three day period, as drought c onditions intensify in 

pastures. Given the high frequenc y  of occ urrenc e of soil moisture defic its over most of the 

improved pastures of New Zealand during summer and autumn (Soil Bureau Bulletin 2 6 , 

1 9 68 )  there is a requirement to further assess the phy siologic al and morphologic al 

responses of white c lover to drought. 

2.3.2.5 DEFOLIATION 

The inf luenc es of various aspec ts of defoliation (frequenc y ,  intensity , timing 

and uniformity ) on the c ontent of white c lover in swards have been reviewed (Curll 1 98 2 ;  

H arris 1 987 ) and responses found to vary acc ording to c urrent environmental c onditions, 

previous defoliation history and growth rates of assoc iated spec ies. The seemi ngly 

c onflic ting literature on the effec ts of defoliation on c lover c ontent in swards has been 

attributed to the interac tion of defoliation on that proc ess whic h most limits growth of 

white c lover relative to c ompanion spec ies at the time (H arris 1 987 ).  The c omplexity of 

the white c lover response to a defoliation event arises bec ause defoliation influenc es growth 

both direc tly (through wounding, c hanging potential for photosy nthate and plant hormone 

produc tion, alteration of the transpiration stream) and indirec tly (through altering the 

mic roenvironment at the sward base i. e. light intensity and quality , temperature regime, soil 

moisture and exposure to wind, growth of assoc iated spec ies in the pasture and 

c arbohy drate status of plants) with the relative importanc e of variation in any individual 

fac tor vary ing with c onditions spec ific to a site at the time. I mprovement in the 
of 

understanding of the effec ts defoliation on white c lover growth in swards will require 

quantify ing the direc t  effec ts of defoliation before the more variable impac ts of the indirec t 

effec ts c an be assessed. This will require inc isive experimentation utilising an approac h 

based on defoliation, wounding or petiole girdling of individual leaves of different 

ontogeny on stolons in c anopies of differing leaf area index at time of treatment. 

Defoliation of single plants will, depending on severity , reduc e node appearanc e rate 

(Carlson 1 9 6 6 b; Sanderson 1 9 6 6 ;  Ki ng et al. 1 978 ) ,  and markedly reduc e petiole length 

and leaf area of subsequently produc ed leaves (Carlson 1 9 6 6 b) with the effec ts most 

severely expressed on lateral branc hes (K ing et al. 1 978) .  Severe defoliation regimes 
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maintaining either one or no ful l y  expanded l eaves per s tol on apex reduced branchi ng 

frequency 2 5  and 40% res pectivel y (Jones & Davies 1 988) al though whether this was due 

to increas ed apical domi nance or reduced frequency of branching at nodes bas ipetal to the 

firs t node with a branch was not identified. 

Defol iation events can als o  invol ve removal of the s tol on apex al ong with variabl e 

amounts of s tol on. The frequency of inges tion of stol on increas es as graz ing intens ity 

increas es (L ancas hire & Keogh 1 968; Curl l & Wil ki ns 198 2). I n  pas tures intens ivel y 

graz ed by s heep 1 3% of s tol ons had no apex (Brock et al. 1 988). I n  the fi el d, apex 

removal can res ul t  in rapid devel opment of the y ounges t remaining axil l ary bud s o  that 

s tol on growth is indis tinguis habl e from that of growth of a main axis apex (Sackvil l e  

H amil ton 1982). I n  contras t Thomas (1987 b) found excis ion of the apex or the ol des t three 

l eaf primordia within the s tol on apex al l owed rapid growth of the y ounges t one, two or 

three axil l ary buds of gl ass hous e grown pl ants. The difference in number of axil l ary buds 

s timul ated to grow by apical excis ion between gl ass hous e  and fiel d pl ants poss ibl y rel ates 

to abundance of res ource within s tol ons. 

2.3.2.6 PHYSICAL IMPEDANCE 

I n  pas tures the growth of apices of white cl over s tol ons is oft en phys ical l y  

impeded by the pres ence of other pl ants, uneven s oil s urface or s oil when the stol on apex 

is buried. White cl over (a pl agiotropic s pecies) s hows in common with mos t orthotropi c 

s pecies characteris tic res pons es to phys ical impedance of in particul ar a decreas e in 

el ongation rate and an increas e in radial growth (Newton 1 986) .  Thes e res pons es have 

been termed thigmomorphogenetic (Jaffe 1973). H owever in white cl over the mos t s triking 

res pons e  to obs truction of the primary stol on apex was an increas e in the frequency of 

branchi ng and an increas e in dry weight of the branches (Newton 1986). 

I n  other s pecies, obs tructed s tems evol ve increas ed l evels of ethy l ene and 

thi gmomorphogenetic res pons es are induced by ethy l ene appl ications (Goes chl et al. 1966 ;  

Eis inger & Burg 197 2 ;  Pooviah 1 97 4). Thus it has been concl uded that ethy l ene is the 

active agent initiating thigmomorphogenes is (Biro et al. 1 980). As ethy l ene is impl icated 

in the inhibition of auxin s y nthes is and trans port (Eis inger 1 983) it may als o modify apical 

dominance and be res pons ibl e for the increas e in axil l ary bud devel opment obs erv ed in 

white cl over (Newton 1986). 
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2.3.2.7 BIOTIC INFLUENCES 

Erith (19 2 4) grew white c lover either as single plants or thickl y sown swards 

and found hig h plant density to reduc e  development of individual plants by reduc ing node 

appearanc e rate, numbers of branc hes and stolon elongation. Solangaarac hc hi & H arper 

(1989) suggest that intra-spec ific effec ts by plants of the same or d iffering genoty pes 

suppress the development of a plant via the strong ly loc alised c ontrol of axillary bud 

development. A suggested mec hanism is that plants affec t eac h other by altering the ratio 

of red to far red radiation within the c anopy and this ac ts on phy toc hrome (Smith 1 975) 

whic h induc es an alteration in the branc hing pattern (Solang aarac hc hi & H arper 1 987). 

I nterspec ific effec ts of an assoc iated grass spec ies on white c lover development vary 

with spec ies of grass. Studies of neighbourhood assoc iations c onsistently indic ate a white 

c lover preferenc e for Lolium perenne L. as the neighbouring g rass spec ies (Kershaw 1959; 

H arris & Brougham 1968; H arris 197 3 ;  Turkington & H arper 1979 a) and are supported 

by measures of white c lover c ontent that indic ate Lolium perenne and Festuca pratensis 

are the most c ompatible and Dactylis glomerata the least c ompatible grass spec ies 

(Chestnutt & L owe 1970). I n  terms of dry matter produc tion of white c lover transplants 

Turkington et al. (1979) found grasses to rank: Cynosurus cristatus > Lolium perenne > 

Agrostis tenuis > Holcus lanatus. The c ompatibility of a grass spec ies with white c lover 

inc reases when it c olonises deeper soils (Kershaw 1959) , has an asy nc hronous growth 

rhy thm (Turking ton & H arper 1979 b; H arris & H og lund 1980) , has an open rather than 

dense or mat-like habit (J ac kman & Mouat 197 2 ;  Schrni d  & H arper 1985) and a high red 

to far red ratio of light transmitted or reflec ted by its foliage (L.A. Mehrhoff pers. c omrn.). 

There is also inc reasing evid enc e  from established swards that a partic ular genoty pe of 

white c lover will grow most vig orously when growing with a spec ific genoty pe of Lolium 

perenne (R. Turkington, pers. c omrn.). Stolon extension c onfers mobility to white c lover 

c lones and provides them with the opportunity to sample several different neighbouring 

spec ies and /or genoty pes. Selec tive pressures will ac t to favour the presenc e  of a c lone in 

assoc iation with the spec ies/c lone whic h permits most vigorous growth. 

Other important biotic influenc es on white c lover g rowth acc rue from the sy mbioses 

formed with Rhizobium trifolii (review Crush 1987) and vesic ular-arbusc ular (V-A) 

myc orrhizas (Dunlop & H art 1987) whic h improve growth when soil supply of nitrogen 

or other nutrients (e.g. phosphorus, sulphur) is low. These sy mbioses, through alleviating 
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nitrogen or other nutri ent deficiency (e.g. phosphorus) in plants, decrease apical dominance 

effects (see Section 2.3 .2.3) thereby increasing outgrowth of axillary buds, so increasing 

growth. On the other hand negative infl uences on white clover growth can result from 

acute pathogenic attack by fungal, bacteri al, viral, my coplasma- like organisms (review 

L atch & Skipp 1987) and/ or nematodes (Skipp & Gay nor 1987) as well as from damage 

through pest attack (Gay nor & Ski pp 1987). Pest attack and disease may directly , by 

damaging axillary buds, or indirectly , by depleting reserves within plants and hence 

functioning of axillary buds, affect branching and thus growth of white clover in the field. 

2.4 ASSESSMENT OF BRANCIDNG 

Commonly , assessment of branching of white clover in pastures utilises the pasture 

plug techn ique (Mitchell & Glenday 1 958) to estimate the number of apices (growing 

points) per unit area or less commonly the number of apices per unit length of stolon e. g. 

H ay ( 1 985). W here the number of nodes are counted the ratio of apices to nodes (% of 

nodes with a branch) can be calculated. 

Obs ervations of individual stolons repeated over time can be used to delineate the 

probability of axillary bud activity over the lifespan of the associated node (Chapman 198 3 ;  

Sackville H amilton 1 987 a). A major advantage of this technique is the recording of the 

development of short-lived small branches which may be underestimated using destructive 

point in time sampling methods. H owever the effects of disturbance duri ng observations 

on growth and development of stolons are unknown inaccuracies of this technique. A 

variation of this technique was utilized by Pascoe (197 3) whereby the above-ground stolon 

sys tems of clonal fragments (plants) of white clover in pasture were mapped before and 

aft er each of three rotational grazings by sheep during summer (December to February). 

Res ults indicated the effect of grazing was very variable both from plant to plant and from 

grazing to grazing and that grazing could enhance the fragmentation of stolon sy stems. 

An instantaneous assessment of the net result of branching frequency and rate of 

clonal fragmentation can be obtained by sampling plants comprising the white clover 

population, categorising branching structure of plants and hence the population. H owever 

clos e examination of individual nodes reveals the hi story of previous growth enabling the 

past history of branching of the clonal fragment to be determined at a single point in time 

(Callaghan 1 976 , 198 4). Kershaw (1959) found differences between sites in the mean plant 

weight and branching structure of white clover populations in pastures in W ales. 
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Barley ( 1953) provided photographic evidence that white clover stolons were present 

above and below ground level in Australian pastures. The distribution of white clover 

stolon above and below ground within New Zealand pastures has been q�antified in relation 

to season, site, system of grazing management and effective rainfall (Hay 1983, 1 985 ; Hay 

& Chapman 1984; Hay et al. 1983,  1987). There is, in most New Zealand pastures, a 

strong seasonal cycle of burial of most stolon (> 80%) during winter, re-emergence of 

growing points on the soil surface by spring and stolon development on the soil surface 

over summer so that by autumn the proportion of stolon buried is about 40% (Hay et al. 

1 987). A similar seasonal cycle has been measured in a Welsh pasture (Sackville Hamilton 

1 982) and in Scottish pastures (Grant et al. 1986). This seasonal pattern parallels that of 

the moisture content of the surface horizon of most New Zealand soils. Soil moisture 

contents tend to increase from minimal values in early autumn up to field capacity for the 

late winter-early spring period and then decline over summer (Cox 1968). 

The major mechanisms of burial of stolon have been ascribed to earthworm casting 

(Hay 1 983) or earthworm casting and stock treading (Hay et al. 1 987) . Both mechanisms 

are maximal when the surface soil horizon approaches field capacity with Hay et al. ( 1 987) 

finding that earthworm casting was the more important process prior to soils becoming 

saturated but that on saturated soils earthworm casting and stock treading are equally 

important. High soil moisture content in any season increases the proportion of stolon 

buried (Grant et al. 1986; Hay et al. 1987). 

Conversely any prolonged atypically low rainfall period may modify the expected 

seasonal pattern of stolon burial at a site (Hay & Chapman 1984; Hay et al. , 1 987). A 

summer dry period can increase the proportion of stolon buried above expected values (Hay 

& Chapman 1984; Hay et al. 1 987) when intensive grazings lower residual biomass and 

increase the amount of above-ground stolon consumed by stock (Lancashire & Keogh 1 968; 

Curll & Wilkins 1982) or not affect the proportion of stolon buried (Hay et al. 1 987). On 

the other hand a dry period over winter, by limiting the effectiveness of both earthworm 

casting and stock treading as burial processes, can result in a much lower than normally 

expected proportion of sto1on buried in spring (Hay et al. 1987). 
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Burial immediately alters the microenvironment of the stolen in that the light, 

temperature and moisture regimes differ from those of surface growing stolons and 

additionally the soil exerts a physical pressure especially when any expansive development 

of the stolen takes place. In pastures, the depth of burial of stolen is usually not great and 

under conditions at Palmerston North varies from 0 to 20 mm (Hay 1983). Thus the buried 

stolen is usually associated with either leaf or other stolons of the plant that are above 

ground and sensing light. The response of a stolen to burial is therefore usually rapid and 

follows a description given by Thomas ( 1987b ). Curvature of the stolen occurs at the 

intemodes either side of the node with the youngest unfolded leaf enabling the stolen to 

grow vertically to the soil surface. When a stolen resurfaces it curves again to assume its 

characteristic plagiotropic growth form and this region of curvature is often associated with 

high branching frequency (Hay 1 983). This increased branching frequency may reflect 

reduced apical dominance resulting from an inhibition of auxin synthesis by high 

endogenous levels of ethylene induced by the thigmomorphogenetic response to burial 

(Section 2.3 .2.6) or changes in the balance of growth hormones as gibberellic acid levels 

readjust from the relatively higher levels maintained when stolons grow vertically (Thomas 

1987b). 

Given the extent and widespread occurrence of burial of stolen in New Zealand 

pastures (Hay et al. 1 987) as well as the importance of branching for the persistence and 

productivity of white clover (Section 2.2), this study was undertaken to examine the effect 

of burial of stolen on the processes of branching so as to improve knowledge of the 

autecology of white clover in grazed pastures. 
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CHAPTER 3 SEASONAL VARIATION IN GROWTH, BRANCHING 

AND BURIAL OF STOLONS OF THREE WHITE CLOVER 

CULTIVARS IN PASTURE GRAZED BY SHEEP 

3.1 INTRODUCTION 

Trifolium repens is a most variable species and this variability has been utilised 

in the production of 232 cultivars worldwide (Caradus 1986) as breeders attempt to extend 

the range and performance of this agronomically useful species. New Zealand has a 

general purpose cultivar (Grasslands Huia) and a range of cultivars targeted for increased 

growth under particular environmental/management conditions. They vary from Tahora, 

a small-leaved typed suitable for sheep grazing on hill country, to larger-leaved lax types 

(Pitau and Kopu) which are more suited to rotational grazing by cattle on high fertility 

lowland pastures (Brock 1988). In the present experiment three new cultivars were 

incorporated in a field trial laid down to provide normal grazed swards within which 

studies of burial of white clover stolon and branching of white clover could be studied. 

The field trial provided an opportunity in which several objectives could be met. 

The first objective was to measure the seasonal pattern of stolon burial, under 

the environmental conditions of the site, and to monitor factors likely to influence stolon 

burial such as cultivar growth pattern, earthworm surface casting and stock grazing effects. 

The second objective was to obtain a measure of the seasonal pattern of 

branching of each cultivar and to relate this to their respective patterns of stolon burial. 

3.2 MATERIALS AND METHODS 

3.2.1 SITE 

The trial was situated on the Pasture and Crop Research Unit of Massey 

University (40° 24' S ,  1 75°36'E) (Grid reference, New Zealand Topographical Map, 

Palmerston North 0 10307). The soil of the trial area is Tokomaru silt loam (Typic 

Fragiaqualf) which was mole- and tile-trained in 1 978. In March 1 983 the trial area was 
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sown to permanent pasture with 1 8  kg Ellet perennial ryegrass (Lolium perenne L.), 2 kg 

Grasslands Pitau white clover (Trifolium repens L.) and 2 kg Grasslands Pawera red clover 

( Trifolium pratense L.) per hectare. A dressing of 200 kg ha- 1 diamrnonium phosphate 

fertiliser was applied at sowing. Annual autumn dressings of 200 kg ha- 1 of 1 5% potassic 

superphosphate had been applied since 1977. In September 1985 the site was supporting 

a vigorously growing white clover/ryegrass sward. 

Uniformity of soil fertility across the site was examined by taking soil samples 

from each of the four replicate areas (20 cores of 5 cm diameter, 0-7. 5  cm depth were 

bulked together from each replicate) and analysing the bulked sample for Olsen P, total N 

content and soil pH. All three indexes of soil fertility were uniform within the trial site 

(Table 3 . 1) .  

Table 3 . 1  Olsen P and total N% (on an airdry soil basis) and soil pH values for soil 
samples bulked from 20 cores of 2.5 cm diameter (0-7 .5 cm depth) taken from 
each replicate on 1 0  March 1986. 

Replicate 

1 2 3 4 

* Olsen P (ppm) 15 15 15 1 5  

* Total N content (%) 0.32 0.3 1  0.32 0.33 

+ Soil pH 5 .90 5 .89 6.00 5 .93 

* Duplicate analyses 

+ Triplicate analyses 
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Climatic data were collected at the New Zealand Meteorological Service 

Climatological Station, situated 1 .5 km from the trial site, at DSIR Grasslands, Palmerston 

North. 

3.2.3 TRIAL ESTABLISHMENT AND DESIGN 

3.2.3.1 ESTABLISHMENT 

The trial area of 0.70 ha was sprayed with Dicamba (2 litres ha- 1 ) on 

30 September 1985 to kill off the resident white clover in the sward. On 29 and 

3 1  October 1985 the pasture was sprayed with paraquat at 1 .5 and 1 litre ha· 1 , respectively, 

to check ryegrass growth. On 1 November 1 985, white clover seed was direct drilled into 

the ryegrass sward using a Massey Direct Drill with Bio-blade openers set to sow at 1 cm 

depth and deliver seed at 4.5 kg ha- 1 • Immediately following drilling Blitzem slug pellets 

were broadcast at 10 kg ha· 1 • Further details of management during the establishment 

phase ( 1  November 1985 to 25 March 1 986) are given in Appendix 3 . 1 .  

3.2.3.2 DESIGN 

Three white clover cultivars, Grasslands Kopu, Grasslands Pitau and Grasslands 

Tahora were sown so that their performance in productive lowland white clover/ryegrass 

pasture under on-off mob-stocking by sheep could be evaluated. There were four replicates 

each 58 x 30 m which were fenced individually. Each replicate contained four blocks each 

of three plots (one plot of each cultivar) . Each plot was two drill widths wide, and 

measured 4.8 x 30 m. Within blocks cultivars were randomly allocated to each plot, but 

to assist with drilling this allocation was the same for replicates one to three. There was 

a different allocation to the fourth replicate. 

3.2.4 GRAZING MANAGEMENT 

The system of grazing management was on/off mob-stocking. Swards were 

grazed when herbage mass approached 2000 kg ha· 1 • Grazings were usually severe with 

residuals of 500-750 kg DM ha- 1 • Within the constraint of number of stock available, 
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grazings were over as short a period as possible, the grazing period ranged from 1 to 6 

days at different grazings. The trial commenced with the grazing on 5 May 1 986 of the 

regrowth made following topping of pastures on 25 March. Intensive measurements on the 

trial continued for 2 years finishing 14 April 1 988 and involved nine grazings per year. 

3.2.5 MEASUREMENTS 

3.2.5.1  DRY MATTER PRODUCTION 

Mean daily growth rates were obtained from calculations based on measurements 

of herbage biomass immediately before and after grazings (pre- and post-grazing harvests). 

To assess herbage biomass, four strips of 78 mm x 3 m were cut at ground level from each 

plot with electrically-powered hand-shears (comb width 78 mm), bulked, subsampled for 

botanical dissection and then oven-dried and weighed. 

3.2.5.2 SWARD DENSITY MEASUREMENTS 

3.2.5.2.1 GRASS TILLER AND CLOVER GROWING POINT DENSITIES 

Grass tiller and white clover growing point densities were monitored by taking 

three pasture cores (5 cm diameter) from each plot just prior to each grazing. The number 

of grass tillers and white clover growing points were recorded for each pasture core. A 

white clover growing point was defined as a bud which had produced a leaf of 

development 0.7 or greater on the Carlson ( 1966a) scale of leaf development. 

Grass tiller densities were not recorded for the initial two samplings. From the 

ninth grazing pasture cores were also taken immediately following grazing, in the same 

manner as the pre-grazing cores, and white clover growing point density measured. 

3.2.5.2.2 CHARACTERISATION OF WIDTE CLOVER MORPHOLOGY 

For both pre- and post-grazing samplings, following counting of growing points, 

the pasture cores from the four plots of each white clover cultivar within a replicate were 

bulked together ( 1 2  pasture cores). The white clover material from bulked cores was then 

dissected so that leaf dry weight (DW) m·2 and above- and below-ground stolon length and 

DW m·2 could be measured. 
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This work involved the initial development of a sampling technique which was 

subsequently refined and used by Hay et al ( 199 1 )  to investigate the nodal structure and 

branching of white clover plants in grazed pastures. 

Prior to the seventeenth (9 March 1988) and eighteenth ( 1 2  April 1988) grazings, 

swards of each of the white clover cultivars were sampled by removing two randomly 

located 300 x 300 mm turves by steel-edged quadrat and spade to 50 mm depth from each 

of the four replicate paddocks. Similarly on 3 November 1988 there was a third sampling 

which involved uplifting one turf of each cultivar per replicate. 

Soil was washed from each turf and all clover plants separated intact from the 

vegetation mat. Plants with stolons cut by the quadrat edge were rejected. The number 

of uncut plants per turf was recorded and a maximum of 20 plants (randomly selected when 

more than 20 were present) were assessed as follows. Plants were classified as 1st, 2nd, 

3rd order, etc depending on the degree of stolon branching present ( 1 st order plants were 

unbranched, single stolon plants). The number of growing points per plant was counted 

before roots were cut to waste and the stolon and leaf plus petiole fractions dissected, dried 

and weighed. In addition a count was made of numbers of stolons and nodes per plant of 

plants sampled from replicate 4 in the March sampling and plants from one turf of each 

cultivar per replicate in the April and November samplings. 

3.2.5.4 EARTHWORM POPULATION AND ACTIVITY 

3.2.5.4.1 EARTHWORM POPULATION SAMPLING 

The earthworm population was sampled in mid-July each year (23/07 /86 and 

1 6/07/87) by removing the earthworms from a randomly located turf, 25 x 25 cm in area 

and 20 cm in depth, from each of the white clover cultivar swards in each replicate, ie 1 2  

turves were sampled. Earthworms were preserved in 5 %  formaldehyde solution and later 

sorted by species before recording numbers and fresh weights. 
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3.2.5.4.2 EARTHWORM SURFACE CASTING 

Surface casting of earthworms was measured over the autumn to spring period 

during 1 986 and 1987. Surface casts of earthworms were collected weekly from two 

randomly located 900 cm2 permanent plots in each replicate. Casts were dried at 105°C 

and weighed to determine the weekly production of casts on an oven-dry basis. 

3.2.6 STATISTICAL ANALYSES 

All statistical analyses were carried out using SAS (SAS Users Guide, 1988). 

3.2.6.1 DRY MATTER PRODUCTION 

Data were tested by analysis of variance with the blocks nested within replicates 

and the analysis split for harvests. 

3.2.6.2 GRASS TILLER AND CLOVER GROWING POINT DENSITIES 

Data from individual plugs were tested by analysis of variance for differences 

among cultivars and samplings. These data were also tested by Chi-square analysis for 

changes, with date of sampling and white clover cultivar, in frequency distribution among 

the five categories of tiller (growing point) density given in Figure 3 .3 .  

3.2.6.3 WIDTE CLOVER MORPHOLOGY 

The measurements were obtained from bulked samples ( 1 2  pasture plugs per 

cultivar per replicate) and the data were grouped by sampling date, cultivar and replicate 

for testing by analysis of variance. 

3.2.6.4 WHITE CLOVER PLANTS 

In the sampling process, edges of quadrats were taken as boundaries and plants 

which intersected edges were eliminated from the sample. Thus the sample was biased 

against larger plants since they were more likely to intersect the quadrat boundary. In a 

study where quadrat size was 625 cm2, Brock et al. ( 1 988) used measurements made of 
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length of stolons of plants to derive a probability that a plant of similar size would have 

been incorrectly excluded from the sample. This probability was then used to calculate a 

weighting factor for each plant and weighted data was then analysed. In this study lengths 

of stolons of plants were not measured so data were not weighted. However as quadrat 

size at 900 cm2 was 44% larger than that used by Brock et al. (loc. cit.) and mean stolon 

DW per plant of Kopu and Pi tau at 100 mg approximated the weighted values in 

rotationally grazed swards (Brock et al. 1988), the larger quadrat size, under these 

conditions, substantially reduced the biassing effect of the sampling method. 

Individual plants were the experimental unit and analysis of variance was used 

to analyse for the effects of cultivar, sampling date and branching order on all the plant 

parameters measured. The influence of sampling date, and white clover cultivar on the 

distribution of plants in the populations among the branching orders was tested by 

Chi-square analysis. 

3.3 RESULTS 

3.3.1 CLIMATE 

Mean daily soil 1 0  cm temperatures over the trial period were close to those of 

the long term mean Fig. 3 . 1 a. 

Comparison of monthly rainfall over the trial period with the 30 year monthly 

means indicates that rainfall from November 1 986 to January 1987 was 70% below normal 

(Fig. 3 . 1 b) but from March 1987 to mid-May was 50% above normal. Rainfall from July 

1 987 to January 1988 was 35% below normal. 

A graph (Fig. 3 . 1 c) of rainfall minus evapotranspiration (Pan Evaporation x 0.8) 

indicates that soil moisture deficits probably limited plant growth in the periods December 

1 986 to January 1987 and February 1988 to April 1 988. 
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3.3.2 DRY MATTER PRODUCTION 

3.3.2.1 TOTAL YIELD 
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The mean daily rate of net DM accumulation for each regrowth period (see 

Appendix 3 .2) showed that differences among swards of the different clover cultivars were 

small. On an annual basis Tahora swards ( 146 10 ± 443) were 4% more productive 

(P<0.025) than Kopu ( 14030 ± 438) and 6% more productive (P<0.001 4) than Pitau ( 1 3770 

± 439) swards. The seasonal change in daily rate of net DM accumulation was three fold 

(Table 3 .2) but the season by cultivar sward type interaction was not significant (P>0.44) . 

3.3.2.2 GRASS YIELD 

The mean daily rate of net accumulation of grass DM (see Appendix 3 .2) did not 

differ (P>0.2 1 )  among swards of the white clover cultivars. On an annual basis net grass 

DM accumulation in the Kopu, Pitau and Tahora swards was 1 1940 ± 1 56, 120 1 0  ± 1 56 

and 1 23 10 ± 1 56 kg ha-1 , respectively. The seasonal change in rate of DM accumulation 

was three fold (Table 3 .2) and the season by clover cultivar sward type was not significant 

(P>0.83).  

3.3.2.3 WIDTE CLOVER YIELD 

The mean daily rate of net accumulation of white clover DM differed (P<0.0002) 

among cultivars (Table 3.2). On an annual basis Pitau ( 1 750 ± 74 kg ha- 1) net production 

was significantly less than that of Kopu (21 30 ± 74 kg ha-1 ; P<O.OOl)  and Tahora (2340 

± 74 kg ha-1 ; P<O.OOOl) .  Kopu and Tahora production did not differ (P<0.053) .  

For daily rate of net accumulation of white clover DM the season by white 

clover cultivar interaction was highly significant (P<O.OOOl) .  Values for Tahora were 

significantly (P<0.05) less than for Kopu in autumn and winter but greater than Pitau in 

spring and summer and for Kopu in summer (Table 3 .2). Whereas the daily rate of net 

accumulation of clover DM of Kopu and Pitau doubled from winter to spring that of 

Tahora quadrupled (Table 3 .2). 
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Table 3 .2 Mean (± SEM) rate of daily net DM accumulation (kg DM ha- 1 d- 1 ) of total, 
grass and clover herbage for each season in the Kopu, Pitau and Tahora swards. 

Autumn Winter 

Total 

Kopu 35. 1 ± 2. 1 8  18.6 ± 0.66 

Pi tau 33 .5  ± 2.07 18.6 ± 0.67 

Tahora 34.3 ± 1 .38 1 8.6 ± 0.6 1 

Grass 

Kopu 29.9 ± 2.49 14.9 ± 0.6 1  

Pi tau 29.2 ± 2.22 1 5 .9 ± 0.65 

Tahora 30.6 ± 1 .67 1 6.4 ± 0.56 

Clover 

Kopu 5 .2  ± 0.77 3 .9 ± 0.3 1 

Pi tau 4.3 ± 0.45 2.9 ± 0.26 

Tahora 3 .7 ± 0.52 2.2 ± 0.2 1 

3.3.3 RESIDUAL YIELD POST-GRAZING 

Spring Summer 

55 . 1 ± 1 .67 35 .7 ± 1 .85 

54.2 ± 1 .68 34.8 ± 1 .98 

57.8 ± 1 .58 38.4 ± 1 .85 

47.4 ± 1 .70 30.4 ± 1 .60 

48.5 ± 1 .65 29.4 ± 1 .57 

49.4 ± 1 .48 29.8 ± 1 .38 

7.8 ± 0.54 5 .3  ± 0.48 

5 .6  ± 0.44 5.6 ± 0.66 

8.3 ± 0.38 8.5 ± 0.80 

The mean values for residual DM following grazing for grass, clover and total 

herbage over all harvests (Table 3 .3)  showed that total herbage residuals were not 

significantly different for the different sward types. However the mean residual DM of 

white clover differed (P<0.000 1 )  among the sward types with the Tahora residual 83% and 

56% greater than the Pitau and Kopu residuals respectively. The grass residual DM in 

Tahora swards was significantly lower than that of Kopu and Pitau swards (Table 3 .3) .  

The residual DM of white clover after grazing expressed as a percentage of 

clover DM before grazing (Table 3.3) indicated that Tahora was less severely grazed than 

Kopu (p<0.006) and Pitau (P<0.05). 
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Table 3.3 Mean overall harvests of post-grazing residual DM (kg ha- ') for total, grass and 
clover herbage; and white clover residual DM as a percentage of pre-grazing 
clover DM. 

Clover DM % 
Total Grass Clover 

Residual/Pre-grazing 

Kopu 654 592 62 29.3 (0.294)* 

Pi tau 657 604 53 3 1 .7 (0.32 1 )  

Tahora 637 540 97 35.5 (0.374) 

LSD 5% 37.3 35.5 5.2 (0.0496) 

* Arcsin transformation was required to satisfy the assumptions for analysis of variance. 

3.3.4 SWARD DENSITY 

3.3.4.1 RYEGRASS TILLER DENSITY 

Ryegrass tiller density varied with harvest date (P<0.0001 )  but was not 

significantly affected by the associated cultivar of white clover and the harvest by white 

clover sward type interaction was non-significant. Mean ryegrass tiller densities for the 

Kopu, Pitau and Tahora swards were 5940 ± 2 16, 6630 ± 263 and 5960 ± 222 respectively. 

The ryegrass tiller density (mean of the three white clover sward types) at each harvest is 

presented in Figure 3.2. The major seasonal feature is the sharp decrease from September 

to October in ryegrass tiller density in both years. In both years, the October to November 

period had minimal density of tillers. 

The frequency distribution of ryegrass tillers among five density categories did 

not differ with associated cultivar of white clover (Fig. 3.3). Results of samplings near the 

beginning (Harvest 3) and at the end (Harvest 1 8) of the trial were typical of those 

encountered throughout and indicated that the frequency distribution of ryegrass tillers was 

not significantly affected by the associated white clover cultivar over this time period 

(Fig. 3 .3) .  
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Figure 3 .2 Main effect of sampling date on the density of rye grass tillers. (Error 
bars indicate ± SEM.) 
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Harvest 3 Harvest 1 8  

24-7-86 9-4-88 
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P >  0. 103 P >  0.791  
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Figure 3.3 Relative frequency distribution of ryegrass tillers among five 
tiller density categories in Kopu, Pi tau and Tahora swards and of data pooled 
over sward type at the third and eighteenth harvests. The density categories 
( 1 - 5) correspond toi 0, < 5000, 5 - 10,000, 10 - 15 ,000 and > 1 5,000 tillers 
m-2, respectively. x values with level of significance are given for com­
parisons within harvests and between harvests for the pooled data. 



3.3.4.2 WHITE CLOVER GROWING POINT DENSITY 

3.3.4.2.1 PRE-GRAZING 
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The density of white clover growing points varied with white clover cultivar and 

sampling date (P<0.000 1 ) . Mean densities (No. m-2) of growing points in the Kopu, Pitau 

and Tahora swards were; 3030 ± 1 14,  2830 ± 126 and 6460 ± 1 82, respectively. A 

significant (P<0.000 1 )  cultivar by sampling date interaction (Fig. 3 .4) was driven by the 

exaggerated seasonal fluctuations and relatively high September and October 1 987 values 

in Tahora swards compared to those of Pitau and Kopu swards. The major features of the 

seasonal variation in density of white clover growing points were the increase during winter 

of 1 986, the large decrease to low values for October and November, the increase over 

summer and winter 1987, the decrease in late winter early spring 1 987 and a recovery over 

summer 1 988 before a fall in autumn 1 988. 

The frequency distribution of white clover growing points differed among the 

swards (Fig. 3.5) in that Tahora swards had a lower frequency of zero density and higher 

frequencies in the density classes greater than 5000 m·2 than had Kopu and Pitau swards. 

Within swards of each white clover cultivar, the frequency distribution of growing points 

for the first and last sampling were not significantly different (Fig. 3 .5)  which indicates that 

the spatial distribution of white clover was similar in the swards at these dates. 

3.3.4.2.2 POST -GRAZING 

Mean densities of growing points (No. m-2) post-grazing, in the Kopu, Pitau and 

Tahora swards were 23 10 ± 1 28, 2 1 30 ± 1 15 and 5 1 10 ± 1 65 respectively which were 76.2, 

75 .3  and 79. 1 %  of pre-grazing values respectively. Analysis of the difference between pre­

and post-grazing values of growing point density indicated that only the effect of different 

grazings was significant. 

3.3.4.3 STOLON BIOMASS 

For pre-grazing samplings, total stolon biomass varied (P<O.OOO l )  with cultivar 

and season but the cultivar by sampling date interaction was non-significant. Mean cultivar 

stolon biomass values (g m-2) were 47.6 ± 2. 1 8, 38.7 ± 2.20 and 7 1 .8 ± 2.83 for Kopu, 

Pitau and Tahora, respectively. The most striking seasonal effect was the decrease in 
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spring of both years followed b y  a rapid recovery by January i n  total stolon biomass (Fig. 

3 .6) . Stolon biomass from post-grazing samplings followed the same trends (Fig. 3 .6). 

The mean percentage decrease of 9.6% in stolon biomass between pre- and post-grazing 

samplings was significant (P<O.O 1 )  and differed among cultivars (P<O.O 1 )  at 1 1 .8, 17 .5 and 

3 %  for Kopu, Pitau and Tahora respectively. 

The seasonal pattern of variation in pre-grazing biomass of buried stolon differed 

from that of total stolon biomass (Fig. 3.6). The main differences were that the decrease 

in buried stolon biomass in spring was greater and that the minimal values reached in 

December were maintained through the summer and early autumn months, before a rapid, 

large increase occurred in late autumn-early winter. 

3.3.4.4 STOLON LENGTH PER SQUARE METRE 

Mean stolon lengths per unit area (m m·2) for Kopu, Pitau and Tahora swards 

were 65.2 ± 3 .08, 60.3 ± 3.59 and 1 42.2 ± 5 .39 respectively for the pre-grazing samplings. 

Seasonal trends in stolon length m·2 were similar to those for stolon biomass (Fig. 3 .6) 

except that the difference between Tahora and the other two cultivars, which had similar 

length m·2, was increased. This reflected the differences (P<0.000 1 )  among the cultivars 

in dry weight per unit length (g m·') of stolon which decreased in the order, Kopu (0.69 

± 0.026), Pitau (0.6 1 ± 0.025) to Tahora (0.52 ± 0.020). 

3.3.5 VERTICAL DISTRIBUTION OF STOLONS IN SWARDS 

The proportion of total stolon DM below ground level (buried stolon) in swards 

was not affected by white clover cultivar (P>0.6 10) but varied (P<0.0001 )  with date of 

sampling in both pre- and post-grazing samplings. Features of the strong seasonal pattern 

of change in the proportion of stolon in the buried category (Fig. 3 .7) were values of over 

90% in September of each year and summer values tending to a 40-45% range although 

a major exception was the minimum value of 1 8% of March 1987. 

Over the period when pre- and post-grazing samplings were taken, the mean 

proportion of stolon DM buried was greater (P<0.000 1 )  post-grazing (65.9 ± 0.86%) than 

pre-grazing (59.8 ± 0.86%). 
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3.3.6 CHARACTERISTICS OF WHITE CLOVER PLANTS 

3.3.6.1 STOLON AND LEAF DW PER PLANT 

43 

Mean stolon and leaf (leaflets plus petioles) DW per plant (Table 3 .4) both 

varied with cultivar (P<0.005) and sampling date (P<0.002). Kopu and Pitau had similar 

means for leaf and stolon DW per plant at each sampling which were greater than the 

values for Tahora. Whereas leaf DW per plant decreased between March and April 

samplings, stolon DW per plant did not. By the spring (November) sampling, mean dry 

weight per plant had decreased such that means of leaf DW and stolon DW per plant were 

36 and 5 1 %  respectively, of values for the March sampling. 

Table 3 .4 Mean (± SEM) dry weight per plant (mg planr1) of leaf and stolon and leaf to 
stolon dry weight ratio of Kopu, Pitau and Tahora populations at three sampling 
dates. 

Cultivar 
Sampling 
Date Kopu Pi tau Tahora 

09/03/88 Leaf DW 123 ± 1 5.6 124 ± 13 . 3  75 ± 7.7 

Stolon DW 106 ± 1 6.2 96 ± 1 0.8  60 ± 5.8 

Leaf:stolon 1 .52 ± 0.092 1 .50 ± 0.070 1 .30 ± 0.047 

12/04/88 Leaf DW 74 ± 6.9 69 ± 6.7 34 ± 3 .9 

Stolon DW 99 ± 8.3 96 ± 1 0.2 68 ± 7.5 

Leaf:stolon 0.85 ± 0.041 0.87 ± 0.043 0.60 ± 0.024 

03/1 1/88 Leaf DW 50 ± 5.0 50 ± 8.8 25 ± 3.3 

Stolon DW 45 ± 5.7 56 ± 1 0.6 33  ± 4.2 

Leaf:stolon 1 .0 1  ± 0.062 1 .08 ± 0.074 0.8 1 ± 0.046 

The mean leaf:stolon DW ratio of plants also varied significantly with cultivar 

(P<0.02) and date of sampling (P<O.OOOl ). The reported leaf:stolon DW ratios were 

calculated by taking the mean of values for each individual plant. Ratios for Kopu and 

Pitau plants were similar at each of the sampling dates and greater (P<O.OOOl )  than Tahora 
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ratios (Table 3 .4). However the leaf:stolon ratios were lowest at the April sampling being 

about half those of the March sampling. 

3.3.6.2 PLANT BRANCHING OF WHITE CLOVER POPULATIONS 

The highest hierarchy of plant branching found was 7th order and was observed 

in only one individual while 1 9  plants were recorded as showing 5th order branching and 

none as showing 6th order branching. These higher branching orders had insufficient data 

for analysis and as, collectively, they accounted for < 1 .75% of the population, they were 

included within the 4th plant branching order group in this study. 

Table 3.5 Relative frequency distributions of white clover plants among four plant 
branching orders on three sampling dates. (Data pooled for white clover 
cultivar). 

Branching Order 
Sampling Sample Number 

Date 1 2 3 4 (n) 

09/03/88 17 .9 43.2 26.0 1 2.9 458 

1 2/04/88 17 . 1 43 .0 28.5 1 1 .4 467 

031 1 1 188 37.8 42.2 1 3 .5 6.5 230 

1 1 55 
X2 value 55.9 1 ,  Degrees of Freedom 6, P<O.OOl 

At any one sampling date, the relative frequency distributions of plants among 

the four branching orders did not differ significantly between the populations of the three 

clover cultivars (Fig. 3 .8). However, date of sampling had a large overall effect (P<O.OOO l )  

on relative frequency distributions (Table 3 .5), although for Pitau the effect was not 

significant (Fig. 3 .8). The similar distributions of the first two samplings contrasted with 

the higher proportion of 1 st order and lower proportions of 3rd and 4th order plants in 

populations at the third (spring) sampling. 
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3.3.6.3 NUMBERS OF GROWING POINTS, STOLONS AND NODES 

PER PLANT 
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Plant branching order had the expected very large effect on numbers of growing 

points, stolons and nodes per plant (Table 3 .6). Within branching orders there were no 

significant changes with sampling date in values of these parameters (Table 3 .6) with the 

exception of lower numbers of growing points of 2nd order plants in the November (spring) 

sampling. These parameters were not influenced by cultivar. 

Table 3 .6  Mean number of growing points, stolons and nodes per plant in each branching 
order at three sampling dates (09/03/88, I; 1 2/04/88, IT; 0311 1188, ill). (Mean 
overall cultivars, SEM and sample number (n) are presented) . 

Growing Points Stolons Nodes 

Order Date 
Mean n Mean n Mean n 

1 I 1 .0 ± 0.03 82 1 .0 4 1 6.0 ± 1 .50 14 

II 1 .0 ± 0.03 80 1 .0 39 1 4.7 ± 1 .27 39 

Ill 1 .0 ± 0.01 87 1 .0 87 1 5 .7 ± 0.5 1 87 

2 I 3.3 ± 0.23 197 4.2 ± 0.60 14 29.6 ± 2.35 36 

II 3 .6 ± 0.20 201 3 .6 ± 0. 1 6  97 28.5 ± 1 .2 1  97 

Ill 2.9 ± 0. 17 97 3.4 ± 0. 1 6  97 35.2 ± 1 .7 1  97 

3 I 6.3 ± 0.37 1 19 8. 1 ± 0.72 1 8  66.6 ± 5 .07 32 

II 7.3 ± 0.38 1 33 8.8 ± 0.57 68 64.5 ± 4.95 68 

m 6.2 ± 0.68 3 1  7.4 ± 0.66 3 1  70.7 ± 6.77 3 1  

4 I 14.3 ± 1 .44 59 15 .9 ± 2.57 14 146.0 ± 25.5 20 

II 1 6.3 ± 1 .59 53 1 7 . 1  ± 1 .96 3 1  144.9 ± 1 6.3 3 1  

Ill 13 .3 ± 3.62 15  15 . 1  ± 3 .71  15  156.5 ± 35.0 1 5  
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The analysis inclusive of all plants showed that the overall mean numbers of growing 

points, stolons and nodes per plant varied among sampling dates (P<O.OO l ), principally 

because of lower values at the spring sampling (Table 3 .7). There were no differences 

between cultivars. Over all sampling dates the means of node number per plant for white 

clover populations from Kopu, Pitau and Tahora swards were 46.6 ± 3.85, 50.2 ± 4.87 and 

50.5 ± 3.90 respectively. 

Table 3 .7  Mean number of growing points, stolons and nodes per plant at three sampling 
dates. (Mean [over branching orders and cultivars],  SEM and sample number 
(n) are presented) . 

Growing Points Stolons 
Date 

Mean n Mean 

09/03/88 5.09 ± 0.296 457 8.62 ± 1 .043 

1 2/04/88 5.64 ± 0.304 467 6.45 ± 0.449 

03/1 1188 3 .30 ± 0.328 230 3 .79 ± 0.353 

3.3.6.4 DENSITY OF WIDTE CLOVER PLANTS 

Nodes 

n Mean n 

50 62.2 ± 6.90 102 

235 52.0 ± 3.72 235 

230 40.5 ± 3 .42 230 

For the last two grazings of the field trial, estimates of the density of white 

clover plants in swards were calculated on a stolon DW basis by dividing the stolon 

biomass (weight per unit area), measured by pasture plug sampling, by the mean stolon 

DW per plant, measured in the plant samplings. Plant density in Tahora swards was higher 

than in Kopu and Pitau swards which had similar densities (Table 3.8). As the mean 

number of growing points per plant was similar for all cultivars (Section 3 .3 .6.3) the higher 

growing point density of Tahora swards must have resulted from a greater density of plants 

(Table 3 .8) .  



48 

Table 3 .8  Mean (± SEM) density of white clover plants, in Kopu, Pitau and Tahora swards 
prior to grazing in March and April 1988 calculated from mean stolen biomass 
and stolen DW per plant. 

March 

April 

Kopu 

Pi tau 

Tahora 

Kopu 

Pi tau 

Tahora 

Stolen DW 
per plant 

(mg) 

1 1 5 ± 25.9 

96 ± 1 1 .4 

60 ± 10.6 

99 ± 1 6.8  

100 ± 19.6 

68 ± 4.8 

Stolen Biomass 

(mg m·2) 

4366 1 ± 8980.6 

39269 ± 3906.5 

54006 ± 7287.3 

3590 1 ± 4383.2 

388 1 3  ± 1 854.2 

53455 ± 7663.9 

Plant Density 

(No. m·2) 

430 ± 1 1 8.6 

4 1 6  ± 24.7 

992 ± 230.5 

402 ± 90.9 

435 ± 82.2 

796 ± 1 35.3 

3.3.6.5 FREQUENCY OF NODES BEARING A BRANCH 

Analysis of data combined over the three sampling dates found the mean 

percentage of nodes bearing a branch to differ with sampling date (P<0.00 1 )  but not 

between cultivars (P>0.087). Within the April sampling, cultivar differences were 

significant (P<0.0 1 )  with the Pitau value greater than those of Kopu and Tahora 

(Table 3 .9). The values at the spring sampling date were approximately half those of the 

autumn samplings (Table 3 .9). 

Table 3.9 The mean percentage of nodes that bore live branches for the Kopu, Pitau and 
Tahora white clover cultivars at three sampling dates. (Mean, SEM and number 
of plants sampled (n) are presented). 

Kopu Pi tau Tahora Sampling Date 
Date Means 

Mean n Mean n Mean n Mean n 

03/03 10.8 ± 1 .90 10 10.9 ± 0.87 20 1 1 .4 ± 1 .54 20 1 1 . 1  ± 0.79 50 

12/04 7.7 ± 0.64 79 1 1 .5 ± 1 .04 75 9 . 1  ± 0.60 80 9.4 ± 0.45 235 

03/1 1 3.7 ± 0.43 80 5.2 ± 0.54 70 6.3 ± 1 .09 80 5.0 ± 0.44 230 

Cult. 
Means 7.4 ± 0.85 169 9.3 ± 0.68 165 8.9 ± 0.66 1 80 
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3.3.7 EARTHWORM POPULATION AND SURFACE CASTING ACTIVITY 

3.3.7.1 EARTHWORM POPULATION 

Measurements of the earthworm population showed the density was 

approximately 1000 m-2 and the biomass (fresh weight) 4 t ha- ' in both 1986 and 1987 

(Table 3 . 1 0a). The cultivar of white clover in swards did not affect earthworm densities 

but biomass in Pitau swards (4.73 t ha- ') was greater (P<0.05) than in Kopu and Tahora 

swards (3.52 and 3 .66 t ha-' respectively) . In each year the earthworm biomass was equally 

dominated by Allolobophora caliginosa Sav. and A. longa Ude with only a minor presence 

of Lumbricus rubellus Hoff. and Octolesium cyaneum Sav. (Table 3 . 1 0b). 

Table 3 . 10 Characteristics of the earthworm population in mid-July of 1986 and 
1 987 (a) mean (± SEM) earthworm density (No. m-2) and biomass (fresh 
live weight t ha-' ) and (b) mean contribution (% by fresh weight) of 
each earthworm species to earthworm biomass. 

(a) 

Density (No. m-2) 

Biomass (t ha- ') 

(b) 

1 986 

1987 

1 986 

1 140 ± 99 

3.88 ± 0.407 

Lumbricus 
rubellus Hoff. 

(%) 

6.0 ± 1 .57 

2.2 ± 0.47 

1 987 

960 ± 1 38 

4.07 ± 0.287 

Allolobophora 
caliginosa 
Sav. (%) 

45 .8 ± 3 . 17  

46. 1 ± 2.96 

3.3.7.2 SURFACE CASTING ACTIVITY 

Allolobophora Octolesium 

longa Ude cyaneum 
(%) Sav. (%) 

47. 3  ± 3 .43 0.9 ± 0.87 

46.5 ± 2.63 5 .2  ± 2.07 

The pattern of activity of surface casting by earthworms differed between the two 

years it was assessed (Fig. 3 .9). Although some early season earthworm casting was not 

measured in 1986, there was little activity before 22 April as soil conditions were dry up 
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to this date. There was a flush of early winter activity in 1986, with a peak in mid-June 

of 8000 kg ha- ' week- ' until activity halted in early November. In 1987, with the moist 

early autumn conditions, casting started earlier and had risen to about 5000 kg ha- 1 week- ' 

by mid-April and remained at this level, or slightly higher during June and July, until mid­

September. The cumulative weights of surface earthworm casts measured in 1 986 and 

1987 were 95 and 1 19 t ha- 1 respectively. 

3.4 DISCUSSION 

This discussion consists of three major sections. The first section begins by 

commenting on the similarity of the seasonal pattern of stolon burial measured in this trial 

with results of previous studies in New Zealand. Discussion of some of the factors that 

influence stolon burial follows, including comment on, surface casting by earthworms, 

treading and defoliation of stolon tissue by grazing sheep and the possible effect of white 

clover cultivar on stolon burial. 

The second major section discusses branching of white clover in the swards. 

Limitations of the estimates of branching, as assessed by the tiller plug technique (Mitchell 

& Glenday 1958) and the plant sampling technique (Brock et al. 1 988), are discussed. 

The final section considers results in relation to the seasonal pattern of clonal 

growth of white clover in these grazed swards. Spring is identified as a period when large 

morphological and physiological changes occur and it is suggested that these changes 

influence population densities to such an extent that relationships between stolon burial and 

branching are obscured. 

3.4.1 SEASONAL PATTERN OF STOLON BURIAL 

The strong seasonal pattern of variation in the proportion of total stolon DW 

classified as below ground level (buried) at this site (Fig. 3.7), has been observed in other 

flat, highly productive swards in Manawatu (Hay 1983, 1 985; Hay et al. 1 983). The levels, 

in each year, of over 90% of stolon DW buried in winter and 30-50% in late summer are 

in the range previously reported (Hay 1985). The March 1987 value of 1 8% is within the 

range reported for New Zealand sites in March (Hay et al. 1987). In that the seasonal 

variation of vertical distribution of stolon in these swards is similar to that in other swards 
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both in Manawatu and elsewhere in New Zealand (Hay et al. 1987) it follows that the 

results of studies of seasonal variation in the growth process of white clover in these 

swards will be pertinent to field growth of white clover in many areas of New Zealand. 

3.4.2 FACTORS INFLUENCING STOLON BURIAL 

Several factors should be considered as regards their influence on the burial of 

white clover stolon. Surface casting of earthworms has been considered a major factor 

contributing to burial during autumn and winter (Hay 1 983; Hay et al. 1987; S ackville 

Hamilton & Harper 1 989) although Hay et al. ( 1 987) found the contribution of other 

factors such as stock treading to be equally important when soil conditions were moist. 

The quantity of surface casting by earthworms is influenced by the species present and their 

abundance and activity which are in turn influenced by soil temperature and moisture, soil 

type and pH and the availability of organic matter substrate as a source of food (Waters 

1955 ;  Barley 196 1 ;  Edwards & Lofty 1977) . Soil temperature and moisture also affect the 

quantity of organic matter debris in swards and so indirectly affect casting activity 

(Sharpley & Syers 1 977). The levels of 95 and 1 19 t ha-1 of surface casts measured in 

1986 and 1 987 respectively are comparable with the highest levels recorded for temperate 

grassland soils as cited by Edwards & Lofty ( 1 977) of 9 1  t ha-1 in Germany (Dreidax 1 93 1 )  

and 75- 1 00 t ha- 1 in Switzerland (Stockli 1 928) . Factors contributing to the very high level 

of earthworm casting at this site were the high worm biomass (4 t ha- 1), the dominance of 

this biomass (Table 3 . 1 0) by the surface casting species Allolobophora longa Ude and A. 

caliginosa (Sav.) (Edwards & Lofty 1977), moist soil conditions and mild soil temperatures 

over the autumn to spring period (Fig. 3 . 1 ), favourable silt loam texture and soil pH (5.9) 

(Edwards & Lofty 1 977) and high levels of pasture productivity (net total DM production 

14 t ha-1 yr-1 ) which was grazed in situ so providing high levels of preferred food substrate 

in the form of dung (Barley 1959) and plant organic matter residues (Waters 1 95 1 ) .  

Whereas the bulk density o f  the 0-7.5 cm soil horizon at this site is 0.96 g cm-3 (J.H. 

Kirkman pers. comm.) the density of wormcasts will be slightly higher than that of the 

underlying parent soil (De Vleeschauwser & Lal 1 98 1 ) .  Thus assuming a bulk density of 

1 .0 g cm-3 for the wormcasts, the 95 and 1 19 t ha- 1 of casts in 1986 and 1987 represent a 

uniform depth of deposit of 9.5 and 12  mm respectively. The 1987 value corresponds well 

with another estimate of 1 5  ± 1 .7 mm obtained in an adjacent paddock by measuring the 

depth to which 24 plastic rings of 100 mm diameter were buried over the period March to 

December 1987 (Matthew et al. 1 989) . Casting of 62 t ha-1 yr- 1 in an English pasture was 



53 

calculated to deposit a soil layer of 6. 1 mm on the surface (Evans 1948). As the largest 

value for diameter of stolon measured in these swards was 4.2 mm, the depth of soil 

deposited by wormcasts was more than adequate to bury any stolons that were on the soil 

surface as at March of both years. 

Processes associated with activity of grazing stock also affect the burial of 

stolons in these swards. Grazing stock can alter the proportion of stolon material below 

ground through stock treading causing burial (Hay 1 983; Hay et al. 1987; Matthew et al. 

1 989) or uncovering (Sackville Hamilton & Harper 1989) or by consumption of stolon 

tissue (Lancashire & Keogh 1 968; Pascoe 1973;  Curll & Wilkins 1982) disproportionately 

taken from the unburied stolon category (Hay & Chapman 1984). For the period when pre­

and post-grazing pasture cores were taken there was a significant (P<0.0001 )  increase of 

6% in the mean proportion of stolon material buried at the post-grazing over the pre­

grazing samplings (Fig. 3.7). In autumn when the rate of increase in stolon burial was 

greatest it was possible to calculate the extent of the contribution of earthworm casting 

towards the difference between pre- and post-grazing samplings in the percentage of stolon 

buried. The daily rate of increase in the percentage of buried stolon material can be 

calculated for the period from a post-grazing sampling of a harvest to the pre-grazing 

sampling of the next harvest. Then if it is assumed that this rate of burial applied over the 

period stock grazed the pasture, the contribution due to earthworm casting can be estimated 

and any increase over this can be presumed to be caused by grazing. For autumn, these 

calculations indicated that 74% of burial resulted from earthworm casting and 26% from 

the process of stock grazing. 

It is also possible to calculate an estimate of the relative contributions of treading 

and consumption of stolon material by stock to the overall effect of stock on stolon burial 

in the autumn period. To do this it must be further assumed that buried stolon increases 

only as a result of burial of unburied stolon, death of buried stolon is insignificant over the 

period stock graze pasture and changes in stolon biomass result from consumption of 

stolon. It is then calculated that 79% of the grazing effect is due to stock treading and 

2 1 %  due to consumption of stolon material by stock. 

It is noted that the overall average percentage decreases in growing point density 

and stolon biomass were 23.2 and 9.6, respectively from pre- to post-grazing sarnplings. 

This suggests that the apical region of stolons is preferentially consumed. Such a finding 

is consistent with observations that apices and young nodes are more likely to be above 
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ground than older nodes (Sackville Hamilton & Harper 1 989), are not well rooted 

(Chapman 1983; Brock et al. 1 988) and attract grazing as only young nodes support leaves 

(Brock et al. 1988). However on an annual basis preferential consumption of above-ground 

stolon material by stock only acts to increase the proportion of stolon in the buried category 

by c. 5%. 

The third factor that could influence the proportion of stolon below-ground in 

a sward is the cultivar of white clover. Attributes of cultivars that might affect the 

proportion of stolon buried are stolon diameter, pattern of seasonal growth and interaction 

with the grass component of the swards. Tahora, a small-medium leaved variety (Williams 

et al. 1982; Caradus 1986), had smaller diameter stolons than Kopu, indicated by a 25% 

lower weight per unit length of stolon, and are more readily buried because height above 

the soil surface is reduced. The contrasts in cultivar morphology, especially between 

Tahora and the large-leaved cultivars, were most evident in autumn-winter (Plate 3 . 1 )  

during the period when rate of stolon burial was greatest. On average Tahora compared 

with Kopu had a 2 10% greater growing point density, a 1 50% greater stolon biomass and 

seasonal growth rates 56% and 1 60% of that of Kopu in winter and summer, respectively. 

These large differences in the presence and activity of white clover cultivars had no effect 

on the rye grass tiller density, the spatial distribution of tillers or the seasonal rate of growth 

of ryegrass. Thus a possible explanation of why there was no observed difference of 

cultivar on stolon burial is that the deposit of 10 mm swamped the possibility of measuring 

differences due to small differences in stolon diameter and that the structures-of swards were 

similar as there were no cultivar by grass interactions. 

3.4.3 BRANCIDNG 

The second aspect of this study was concerned with assessing the branching of 

white clover in these swards. This was assessed by monitoring growing point density 

within swards and also by the sampling of plants and obtaining a measure of branching on 

a node basis within plants. 

The clonal growth form of white clover in grazed swards makes assessment of 

the growth processes of a number of constantly changing individuals difficult, so 

assessment in the past has usually been by the pasture tiller plug technique (Mitchell & 

Glenday 1958) to generate data on a per unit area basis or by measuring the growth of 

individual apices (Hay et al. 1 989). Tiller plug samplings were used in this study to 
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provide an indication of seasonal changes in the branching of white clover populations. 

Measures of growing point density do not include branches that have no growing point, but 

do include growing points of the primary stolon which are not branches.  From tables 3 .5  

and 3.6 it can be calculated that the proportion of stolons without a growing point were 

16.5,  5 .3  and 9.2% for the March, April and November samplings, respectively. The 

average value of 10.3% is not dissimilar to the value of 13% found by Brock et al. ( 1 988) 

averaged over monthly samplings for a year. A similar calculation indicates that primary 

stolons comprise 16.2, 1 6.2 and 26.4% of total stolons for the March, April and November 

samplings respectively. As the numbers of nodes and branches per plant in each of the 

branching orders varies little with season (Hay et al. 199 1 )  and the percentage of the plant 

population in each of the branching orders is stable except for the spring early summer 

period (Brock et al. 1988; Hay et al. 1 988), then it can be assumed that primary stolon will 

account for approximately 16% of stolons for most of the year, a value not much removed 

from the 1 6.8% mean value obtained by Brock et al. ( 1 988). These two inaccuracies in 

the use of growing point density as an indication of branching in the population act in 

opposite directions, with the result that for much of the year growing point density will 

over estimate the number of branches per unit area by about 6%, but will more seriously 

overestimate ( 1 6%) in spring. 

Given these limitations, the seasonal changes in growing point density are 

indicative of changes in the number of branches per unit area. The major cultivar effect 

is the substantially higher values for Tahora and the larger fluctuations over time for this 

cultivar (Fig. 3 .4). The major seasonal influence, which for branches would be further 

exaggerated, was a marked spring depression. This occurred for all cultivars in October 

and November in 1986 but in 1 987 the pattern was more diffuse as minimal values occured 

in August for Tahora and in early November for Kopu and Pitau (Fig. 3 .4). Similarly for 

stolon biomass (Fig. 3.6) values fell in spring of both years but with the effect most 

pronounced in 1986. Although not as marked proportionately, ryegrass tiller density 

(Fig. 3 .2) also showed a similar depression in October and November of both years but 

with the effect strongest in 1986. 

The second estimate of branching in these populations was obtained by 

measuring intact plants sampled by removing turves from the sward (Brock et al. 1988; 

Hay et al. 1 988). A problem with this technique is that there is likely to be a bias against 

plants of larger size (see Section 3 .2.6.4) . Data were not weighted in this study but the 

sampling quadrat was 44% larger than that used in the previously cited studies. Tahora had 



56 

less stolon DW per plant (Table 3.4) but higher stolon length per unit stolon DW (Section 

3 .3 .4.4) than either Kopu or Pitau. Thus these effects operated in opposite directions and 

tended to cancel each other with respect to length of stolon per plant as stolon length of 

Tahora was within 10% of that of Kopu plants. Thus as sampling bias is determined by 

the length of stolon per plant (Brock et al. 1988) there should not have been significant 

sampling bias among the cultivars sampled. This conclusion is supported by the similarity 

of the distribution of plants among the branching orders of the three cultivars (Fig. 3.8) and 

the similarity of these distributions (Table 3.5) with those of the weighted data of Brock 

et al. ( 1988) and Hay et al. ( 1 988). Also the similarity in mean number of nodes per plant 

among the three cultivars and the lack of seasonal effect on node number within branching 

orders (Table 3 .6) is consistent with subsequent findings (Sackville Hamilton & Harper 

1 989; Hay et al. 199 1 )  and a lack of sampling bias. 

The mean frequency of nodes bearing a live branch was low (8.5 ± 0.29%) but 

similar to the mean values from sheep grazed pastures under set stocking or rotational 

grazing by sheep at DSIR, Palmerston North at 6.9 ± 0.24% and 8. 1 ± 0.45%, respectively 

(Hay et al. 199 1 ) .  These values represent only point in time measurements and the flux 

of birth and death of branches, not measured, could mean that the percentage of nodes that 

branch is considerably higher. In similarly grazed pastures, Chapman ( 1 983) measured a 

mean frequency of branch initiation from nodes of 12  to 43%, depending on season. If 

similar branch initiation rates operated in these swards then considerable death or loss of 

branches must have occurred. The pattern of branching was similar in the three cultivars 

with respect to the distribution of plants among the branching orders (Fig. 3 .8), the change 

in this distribution with season (Fig. 3 .8) the number of stolons, growing points and 

nodes/plant in each of the branching orders (Table 3.6) and in the percentage of nodes with 

a live branch (Table 3.9). Thus it was the higher density of plants in Tahora swards (Table 

3 .8)  rather than superior branching ability that conferred the greater growing point density 

(Fig. 3 .4) in these swards compared to Kopu and Pitau swards. Hence one could argue that 

the use of any one of the cultivars within this field trial for studies of factors influencing 

branching would be representative of all three cultivars. 

3.4.4 SEASONAL PATTERN OF CLONAL GROWTH 

In common with previous studies (Brock et al., 1988;  Hay et al. 1 988, 1 990) 

plant characteristics associated with size of plants decreased markedly in spring (Tables 3 .4, 

3 .7) .  This was caused primarily by changes within the population in distribution among 
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the branching orders (Table 3.5;  Fig. 3 .8) as change in structure of plants within branching 

orders with season was minimal (Tables 3.6, 3.7; Hay et al. 199 1 ) .  The decrease in size 

characteristics of the mean plant in spring is accompanied by a decrease in total stolon 

biomass of up to 50% in spring (Fig. 3 .6). This decrease in stolon biomass implies that 

the rate of death exceeds the rate of formation of stolon during spring. As biomass of 

buried stolon decreased by > 70% over this period (Fig. 3.6) and that of surface stolon 

increased, it can be concluded that the accelerated rate of death of buried stolon drives the 

changes in total stolon biomass and plant morphology that occur during spring. Death of 

older nodes causes fragmentation of plants as death of a node bearing a branch releases that 

branch as an independent plant (Erith 1 924; Kershaw 1 959; Hollowell 1966; Chapman 

1983; Sackville Hamilton & Harper 1 989; Hay et al. 1 990). Thus, when the rate of death 

of nodes exceeds that of formation, fragmentation of plants is not counter-balanced by 

development (growth) so the composition of the population changes in favour of plants of 

a lower branching order (Table 3 .5). This change in branching structure of the population 

causes the proportion of nodes bearing a live branch to decrease by c. 50% in spring (Table 

3 .9) . However it is not certain that branch initiation is necessarily reduced in spring as the 

method used to sample plants did not measure the flux of birth and death of branches. For 

instance, Chapman ( 1983) found that branch initiation from nodes appearing in June, July 

and August at 1 1 .5% was very much lower than from nodes which appeared in spring 

(September, October and November) (32.5% ). On the other hand a study assessing the 

potential for growth of axillary buds of white clover in grazed swards identified a ' spring 

dormancy'  of buds (Newton et al. 1 990, 1992). In white clover from rotationally grazed 

pasture the mean percentage of axillary buds with potential to branch decreased abruptly 

from 36% in August to 7% in September before recovering to 27% in November (Newton 

et al 1 992). This ' spring dormancy' indicates that there are physiological changes as well 

as morphological changes occurring in white clover plants in spring, although the factors 

causing the 'spring dormancy' are as yet not known. It is clear that at present we lack a 

detailed understanding of branch initiation in white clover during the spring period when 

so much morphological and physiological change is taking place. 

When the seasonal pattern of stolon burial was matched with that of growing 

point density results differed between the two years. Whereas in 1986 growing point 

densities increased in early winter before sharply declining in October, in 1987 densities 

declined from May through to minimum values by November for Kopu and Pitau while in 

Tahora they declined to a minimum in August (Fig. 3 .4). Hence as the pattern of stolon 

burial was similar between years over the winter months, it is not possible to ascribe any 
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definitive role of burial on branching as estimated by growing point density. For pastures 

under rotational grazing by sheep the frequency of development of axillary buds into a 

branch or flowerhead from nodes appearing in winter (June, July, August) at 1 1 .5% was 

a third of that in other seasons providing rainfall was non-limiting (Chapman 1 983). As 

high frequency of branching occurs at low temperatures in growth cabinet studies (Beinhart 

1 963 ; Mitchell 1 956; Hoglund & Williams 1984), in spaced plants in the field (Sanderson 

1 966) and in potted plants growing outside (Thomas 198 1 ), factors other than temperature 

must cause the winter depression in branching frequency in pastures. One such factor 

could be that burial of nodes adversely affects axillary bud development into lateral branch 

stolons. 



CHAPTER 4 EFFECT OF DEPTH, DATE AND DURATION OF 

BURIAL AND NODE POSITION AT BURIAL ON 

THE OUTGROWTH OF AXILLARY BUDS OF 

WHITE CLOVER IN PASTURE 

4.1 INTRODUCTION 
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The previous chapter reported on net burial of stolon and branching of 

populations of three cultivars of white clover in sheep grazed swards. As changes in the 

density of branch numbers were greatly influenced by the fluxes in total stolon biomass in 

swards the effect of burial on branching of white clover could not be assessed accurately. 

The objective of this study was therefore, to investigate, in more detail under field 

conditions, the effect of burial of stolon on the outgrowth of axillary buds. Individual 

stolons were buried at different dates and depths and for various durations. The responses 

of individual axillary buds of similar ontogeny were compared. As all three cultivars 

examined in the field trial had similar patterns of stolon burial and plant branching 

(Chapter 3), it was decided to confine this study to a single cultivar, Kopu. 

4.2 MATERIALS AND METHODS 

4.2.1 SITE 

These experiments were carried out within the field trial previously described 

(Chapter 3).  Within each replicate, the four plots of Kopu were used for the various 

components of the experiments which were carried out over the period 16  June 1986 to 

5 January 1987. All experiments were conducted on stolons of Kopu white clover. 

4.2.2 ESTABLISHMENT AND DESIGN OF EXPERIMENTS 

Four complementary experiments were run simultaneously in order to assess the 

effects of burial treatments. The timeframe of the work was related to the five grazings 

that followed the second grazing of the main field trial (Chapter 3). 
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In these experiments stolons were buried for a range of periods which 

corresponded with one to five regrowth (grazing) cycles of the main grazing trial (Table 

4. 1 ) . The number of days between grazings varied as the time at which grazing should 

take place was determined by the net accumulation rate of swards (Chapter 3 .2.4). For 

example, number of days between grazings ranged from 22 to 59 days for the fourth and 

first grazing cycles respectively. Despite this variation in time, the physiological 

development of white clover was similar for each regrowth cycle, as in each cycle 

approximately three nodes per stolon apex were initiated. Hence burial for a common 

number of regrowth cycles was considered an equivalent treatment, irrespective of when 

burial occurred or the total number of days buried (Table 4. 1 ) .  

Table 4. 1 Schematic presentation of dates of burial and harvest for the date-and-duration­

of-burial experiment to illustrate how sequential harvests within each grazing 

cycle gave a patterned series of burial durations for each burial date. 

Date of 

Burial 
1 6/6 

14/8 

26/8 

7/10 

2 

1 

1 4/10 

Harvest date 

311 1 

3 

2 

1 

10/1 1 

251 1 1 511/87 

4 
5 

3 
4 

2 
3 

1 
2 

211 2  1 
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Burial treatments were imposed in the following manner. Following the 

recording of characteristics of marked stolons ( 4.2.3), galvanised iron rectangles 

(20 x 8 cm) of 1 ,  2 and 5 cm depth were placed so that stolons could be covered to the 

desired depth with topsoil (Fig. 4. 1 ) . Other herbage within the rectangle was defoliated to 

ground-level. Leaflets on petioles longer than the depth of burial were maintained in the 

light. The topsoil (0-3 cm) was obtained from adjacent pasture within the farm paddock 

in which the grazing trial was located. 

The individual experiments are now described. 

4.2.2.1 DEPTH OF BURIAL 

This experiment, run in conjunction with the time-of-burial experiment, 

investigated the effect of depth of stolon burial on branching of buried nodes. The four 

treatments were burial of stolons by 0, 1 ,  2 or 5 cm of topsoil. The 1 ,  2 and 5 c m  depth­

of-burial treatments were imposed on stolons located within 1 x 2 m exclusion cages. The 

stolons buried to 2 cm depth also served for the first date of burial of stolons in the date­

of-burial experiment (Section 4.2.2.2). The zero depth of burial treatment were the tagged 

stolons (see Section 4.2.4) from which comparable data were obtained only for the first and 

final harvests. 

Within each replicate paddock there were two groups of five stolons buried at 

each of 1 ,  2 and 5 cm depths on 16  June 1 986. One stolon from each group was 

subsequently harvested each grazing cycle giving a total of eight stolons harvested per 

treatment each grazing cycle. 

Buried and tagged stolons were covered by grazing exclusion cages while stock 

were grazing. On 1 9  September 1987 and subsequently once per grazing cycle herbage 

around these experimental stolons was cut by hand and cleared away, but the experimental 

stolons were left undefoliated throughout. 

4.2.2.2 DATE AND DURATION OF BURIAL 

This experiment investigated the effect of date of burial of stolons on the 

outgrowth of axillary buds at buried nodes and the time course of any such effects. At 

each date of burial sufficient stolons were buried to allow sequential harvesting at each 

grazing cycle up to the date of the last harvest (7 January 1987). 
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Figure 4. 1 Drawing of a white clover stolen after imposition of a 2 cm depth of burial 

treatment. 
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Within each replicate of the field trial in each of two randomly located 2 x 1 m 

caged areas, five stolons were marked, measured and buried to a depth of 2 cm on 16  June 

1986. After each subsequent grazing cycle (Table 4. 1 )  one stolen from each caged area 

(2 per replicate) was harvested. Following each harvest a further two groups of stolons per 

replicate were buried. After the elapse of 1 ,  2, 3 or 4 grazing cycles from initiation of the 

experiment the number of stolons buried per group was 4, 3, 2 or 1 respectively. 

4.2.2.3 ZONE OF STOLON BURIED 

This experiment tested the effect of burial of different portions (zones) of stolon 

on subsequent branching of all nodes present on the stolon at the time of burial . For the 

purposes of this experiment the first ten nodes basipetal to the sto1on apex were categorised 

into three developmental zones .  The apical zone comprised the stolen apex (inclusive of 

nodes with leaf development <0.7 on the Carlson ( 1966a) scale) and the next three nodes. 

The node adjacent to the stolen apex with leaf development � 0.7 was designated node 

position 1 .  Nodes of this zone supported almost all of the rapidly photosynthesizing leaves 

in the sward (Davies & Jones 1 986, 1 988;  Jones & Davies 1988;  Brock 1988;  Brock et al. 

1 988). The second zone, the intermediate zone, consisted of nodes in positions 4 to 7. 

Leaves at these nodes had usually been defoliated or were senescing. The third zone or 

mature zone consisted of nodes in positions 8 to 10. Some nodes in this zone supported 

well developed branches at the time of application of the treatments. 

The different zones of each stolon were either buried or not with 2 cm of topsoil. 

Subsequently stolons were harvested sequentially, over following grazing cycles, so that 

the time course of treatment effects could be determined. Burial treatments were applied 

1 6  July 1 986 and stolons were harvested 28 August, 13  October, 6 November, 2 December 

and 8 January 1987 for grazing cycles 1 ,  2, 3, 4 and 5 respectively. The six treatments of 

burial of different zones of stolons were: 

(a) the apical zone 

(b) the intermediate zone 

(c) the mature zone 

(d) the apical and intermediate zones 

(e) the apical and mature zones 

(f) the intermediate and mature zones 
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Within each of the four replicates of the field trial, each treatment was imposed on five 

stolons, one of which was harvested at each of the harvest dates, (ie. 6 treatments x 5 

harvests x 4 replicates = 1 20 stolons) . 

4.2.2.4 UNBURIED STOLONS 

On 27 May 1 986, 1 5  established stolons (with ;:::: 10 nodes) were marked in each 

replicate with coloured plastic tubing a few nodes behind the apex. Stolons were 

subsequently observed on the following dates, 1 8  June, 2 1  July, 1 3  August, 27 August, 

29 September, 15 October, 3 November and 4 December and where necessary uncovered 

by removing any soil or plant litter over stolons. On 27 August a second tag was placed 

six nodes behind the apex and subsequent descriptions included only those nodes distal to 

that tag. As of 3 November a third tag was positioned six nodes from the apex once 

stolons had produced 1 6  nodes forward of the second tag. 

At each observation the number of nodes, number of leaves and axillary bud 

outgrowth were recorded. On 1 2  January 1987 tagged stolons were uplifted, described and 

measured. 

4.2.3 MEASUREMENTS 

4.2.3.1 RECORDINGS AT TIME OF STOLON BURIAL 

Stolons were tagged in the following manner. A staple with a coloured plastic 

marker was inserted over the stolon immediately basipetal to the tenth node from the stolon 

apex. Nodes with leaf development of <0.7 on the Carlson ( 1966a) scale were included 

with the stolon apex. Stolons were then described, node by node, for presence or absence 

of a full leaf or grazed petiole and outgrowth of the axillary bud at the node. Axillary bud 

outgrowth from appearance of the first leaf beyond the stipule (0.2 Carlson ( 1966a) scale) 

up to the production of a fully expanded leaf was rated 0.5 and thereafter the number of 

emerged nodes on the axillary branch was recorded. The appropriate burial treatment was 

then applied to the stolon such that where petiole length was greater than the depth of 

burial, petioles bore leaflets above the soil. 
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At harvest the marked stolon, plus tin rectangle inclusive of the treatment depth 

of soil, was removed in a small turf taken by spade. The soil applied as a burial treatment 

was then carefully washed away. The marked stolon was then removed by severing all 

roots and the stolon at the marked node. 

The marked stolon was then described as detailed previously (Section 4.2.3 . 1 ) .  

4.2.4 STATISTICAL ANALYSES 

All analyses were performed using SAS (SAS Users Guide, 1988). In general, 

data from these experiments were analysed in the following manner. 

Axillary bud outgrowth at each node was assessed as present or absent at the 

dates of burial and harvest. Presence of outgrowth included ratings of 0.5 (Section 4.2.3 . 1 ) . 

This assessment of bud development gave the following four categories of possible bud 

response over a treatment period: 

(a) ( 1 ,  1 )  Outgrowth present at burial ( 1 )  and harvest dates ( 1 )  

(b) ( 1 ,  0) Outgrowth present at burial ( 1 )  but absent at harvest (0) 

(c) (0, 1 )  Outgrowth absent at burial (0) but initiated after burial ( 1 )  

(d) (0, 0) No outgrowth at burial (0) or harvest (0) 

Data were tested by Chi-square analysis for influence of burial treatments and 

node position on the proportions of buds in the response categories. As some Chi-square 

analyses had response cells with less than five counts per cell this method of analysis 

although useful for summarising treatment responses, required the supplementation of a 

further method of analysis. The same data were tested by analysis of variance. Axillary 

buds were grouped by node position on stolons and the effects of burial treatments and 

node position on the probability of bud outgrowth were separately assessed for data 

recorded at burial and harvest dates and for change between burial and harvest recordings. 



4.2.4.1 DEPTH OF BURIAL 

66 

These data were grouped in several ways for analysis. As comparable data from 

unburied stolons (tagged stolons) were only available for burial intervals of one and five 

grazing cycles, a subset of data for these two burial intervals for 0, 1 ,  2 and 5 cm depth 

of burial was analysed. Node positions were grouped into apical (nodes 1 to 3) and 

intermediate (nodes 4 to 7) groups for this analysis. A further analysis grouped all the 

burial treatments ( 1 ,  2 and 5 cm depths of burial) together for comparison against unburied 

stolons (0 cm of burial). 

A separate analysis of the 1 ,  2 and 5 cm depth of burial treatments for all five 

intervals of burial was performed. 

4.2.4.2 DATE AND DURATION OF BURIAL 

The effects of date and duration of burial treatments on the responses of axillary 

buds were compared using Chi-square analysis and analysis of variance as described above 

(Section 4.2.4). 

4.2.4.3 ZONE OF STOLON BURIED 

Data grouped by stolon, were tested by analysis of variance for burial treatment 

effects on probability of bud outgrowth at harvest and change in probability between burial 

and harvest. In an additional analysis, data were pooled across stolons, grouped by node 

position and analysed for effects of burial and duration of burial on probability of bud 

outgrowth at harvest and change in probability between burial and harvest. 

4.3 RESULTS 

4.3.1 DEPTH OF BURIAL 

The probability of an axillary bud displaying outgrowth at the time of burial 

(BO), i.e. at the start of the experiment, increased markedly as its node position, relative 

to the stolon apex, increased from one to seven (Table 4.2). This meant that the node 

position of a bud influenced the range of responses possible to any applied treatment at 
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harvest (BH). Buds at positions 1 ,  2 or 3 had zero or very low probabilities of bud 

outgrowth at burial (Table 4.2) and so had zero or low potential to show response in the 

branch retained ( 1 ,  1 )  or branch died ( 1 ,  0) categories at harvest whereas for buds of 

positions 4 to 7 the opposite pertained (Table 4.2). To accommodate the difference in 

response with node position buds were grouped in apical (positions 1 -3) and intermediate 

(positions 4-7) categories for subsequent analyses of variance (Table 4.3). 

Table 4.2 Main effect of node pos1t1on at burial on the probability of axillary bud 
outgrowth at burial (BO) and on the relative frequency distribution of buds (%) 
among four response categories at harvest. Chi-square value and level of 
significance for bud response are presented. Data is from the depth-of-burial 
experiment and pooled over all harvests and depths of burial. 

% of buds in response categories 
Node Probability of bud at harvest 

Position outgrowth at BO 
Branch Branch No Branch 

retained died initiated branching 
( 1 ,  1 )  ( 1 ,  0) (0, 1 )  (0, 0) 

1 0.00 0 0 38 62 

2 0.0 1 0 1 48 5 1  

3 0. 19  7 1 1  42 40 

4 0.56 40 22 17 2 1  

5 0.77 63 29 2 6 

6 0.8 1  53 36 5 6 

7 0.85 52 38 1 9 

Chi-square value 722.4 

Df = 1 8, n = 1 134 

P<O.OO l 
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Table 4.3 Main effects of depth of burial, duration of burial and node pos1t10n on 
probability of axillary bud outgrowth at burial (BO) and harvest (BH) and 
change in probability of bud outgrowth (Change) in the depth-of-burial 
experiment. Change in probability of bud outgrowth = harvest probability of 
outgrowth - probability at burial . SEM and level of significance of main effects 
are given. 

BO BH Change 

Depth of Burial (cm) 

0 0.5 1 ± 0.0 1 8  0.59 ± 0.017 +0.08 ± 0.022 

1 0.53 ± 0.045 0.4 1 ± 0.047 -0. 1 2  ± 0.059 

2 0.44 ± 0.049 0.37 ± 0.046 -0.07 ± 0.060 

5 0.50 ± 0.042 0.50 ± 0.046 +0.00 ± 0.062 

ns P<0.001 P<0.00 1 

Duration of Burial 
(no. grazing cycles) 

1 0.5 1  ± 0.01 8  0.65 ± 0.020 +0. 14 ± 0.023 

5 0.50 ± 0.01 8  0.44 ± 0.02 1 -0.06 ± 0.029 

ns P<0.00 1 P<0.00 1 

Node position groups 

1 -3 0.06 ± 0.0 1 6  0.48 ± 0.022 +0.42 ± 0.025 

4-7 0.84 ± 0.0 1 7  0.59 ± 0.0 19 -0.25 ± 0.02 1 

P<0.00 1 P<0.00 1 P<0.001 

The main effect of depth of burial was highly significant for the probability and 

the change in probability of bud outgrowth at harvest (Table 4.3) as was the effect on the 

relative frequency distribution of buds among the four response categories (Table 4.4). 

This significance resulted in the main from the effect of any depth of burial (i.e. 1 ,  2 or 

5 cm depths) against no burial (0 cm). This was evidenced by a significant (P<0.0001 )  

contrast between unburied and the buried treatments grouped together for probabilities of 

bud outgrowth at harvest at 0.59 ± 0.022 and 0.42 ± 0.027 respectively and by the lack of 

significant difference (P>0. 149) among the treatments of 1 ,  2 and 5 cm depth of burial in 
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Table 4.4 Main effect of depth of burial of stolons on the relative frequencies of axillary 
bud outgrowth among four response categories at harvest in the depth-of-burial 
experiment. Data pooled for duration of burial of one and five grazing cycles 
Chi-square values with level of significance are given for all treatments and for 
the three buried treatments only. 

Bud Response Category 
Depth of 

Branches Burial (cm) Branches Branches No 
present died initiated branching 
( 1 ,  1 )  ( 1 ,  0) (0, 1 )  (0, 0) n 

0 33.8 1 7.5 23 .7 25.0 8 19 

1 25.7 26.7 1 3. 3  34.3 105 

2 20.5 25.0 17.0 37.5 1 12 

5 24.5 25.5 16.3 35.7 98 

1 1 34 

Overall Chi-square Value = 32.5 1 

P<0.001 

For depths 1 ,  2 and 5 cm 

Chi-square Value = 9.48 

P<0. 1 49 

relative frequency distribution to the bud response categories (Table 4.4). Further detail 

of the nature of the axillary bud response to burial was obtained by reference to the time 

course of the response. Burial had a non-significant effect on the relative frequency 

distribution of axillary buds among response categories for a burial duration of one grazing 

cycle but pronounced (P<0.001 )  effects after burial for five grazing cycles (Table 4.5). 
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Table 4.5 Relative frequencies of axillary buds among four response categories from 
stolons either buried or unburied for durations of one or five grazing cycles. 
Data from the depth-of-burial experiment were pooled over node position and 
for buried stolons over 1 ,  2 and 5 cm depths of burial. Chi-square values and 
levels of significance are given. 

Duration of B urial Bud Response Category 
burial Status 
(no. grazing Branches Branches Branches No 
cycles) present died initiated branching 

( 1 ,  1 )  ( 1 ,  0) (0, 1 )  (0, 0) n 

1 Unburied 42.9 8.2 24.5 24.5 4 1 3  

Buried 36.3 1 3 .7 23.2 26.8 1 68 

Chi-square Value = 9.70 

P>0.375 

5 Unburied 24.6 26.9 22.9 25.6 406 

Buried 8.8 39.5 6.8 44.9 1 47 

Chi-square Value = 49.93 

P<O.OO l 

Death of developed buds (branches) initially present increased and initiation of outgrowth 

of buds was decreased when stolons were buried for five grazing cycles. In this 

experiment burial affected both apical (node positions 1 -3) and intermediate (node positions 

4-7) buds to a similar extent (Table 4.6a). The time course of these effects within the 

buried stolons indicated that the major effects had occurred in both apical and intermediate 

categories after three to four grazing cycles (Table 4.6b ) .  
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Table 4.6 Effect of duration of burial on probability of axillary bud outgrowth at harvest 
(BH) and change in probability of bud outgrowth (Change) of buds from apical 
(node positions 1 -3) and intermediate (node positions 4-7) zones of stolons at the 
time of burial; (a) buried (+) and unburied (-) stolons after one or five grazing 
cycles and (b) buried stolons at each of five durations of burial. Data from the 
depth-of-burial experiment and buried stolons pooled over 1 ,  2 and 5 cm depths 
of burial. SE of means are presented. 

Duration of burial Stolon node Burial 
(no. grazing cycles) position zone treatment BH Change 

(a) Buried and unburied stolons 

1 Apical 0.5 1 ± 0.037 +0.46 ± 0.040 
In term. 0.80 ± 0.026 -0.05 ± 0.029 

Apical + 0.49 ± 0.038 +0.44 ± 0.042 
In term. + 0.48 ± 0.033 -0. 1 9  ± 0.035 

5 Apical 0.52 ± 0.037 +0.47 ± 0.04 1 
In term. 0.50 ± 0.032 -0.35 ± 0.039 

Apical + 0.28 ± 0.053 +0. 1 9  ± 0.065 
In term. + 0.24 ± 0.044 -0.52 ± 0.055 

(b) Buried stolons 

1 Apical + 0.49 ± 0.038 +0.44 ± 0.042 
In term. + 0.48 ± 0.033 -0. 1 9  ± 0.035 

2 Apical + 0.44 ± 0.042 +0.36 ± 0.046 
In term. + 0.35 ± 0.035 -0.34 ± 0.043 

3 Apical + 0.34 ± 0.043 +0.28 ± 0.050 
In term. + 0. 1 5  ± 0.028 -0.5 1 0 0.044 

4 Apical + 0.25 ± 0.044 +0. 1 7  ± 0.053 
In term. + 0.27 ± 0.039 -0.43 ± 0.05 1 

5 Apical + 0.28 ± 0.053 +0. 1 9  ± 0.065 
In term. + 0.24 ± 0.044 -0.52 ± 0.055 
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Probability of axillary bud outgrowth at burial (BO) varied with date of burial 

(Table 4.7) in line with seasonal changes towards lower spring values for branching 

frequency (Chapman 1983; Wilman & Simpson 1988; Davies 1989; Chapter 3). At 

harvest, probabilities of bud outgrowth again reflected seasonal influences and also low 

rainfall during the period prior to the last harvest. 

Table 4.7 Main effects, from analysis of variance of the date-and-duration-of-burial trial, 
for probability of axillary bud outgrowth at burial (BO) and harvest (BH) and 
change in bud status. Stolons were buried with 2 cm of soil. SE of means and 
levels of significance are presented. 

BO BH Change 

Date of burial 

1 6  Jun 0.46 ± 0.052 0.32 ± 0.049 -0. 1 4  ± 0.070 

26 Aug 0.29 ± 0.057 0.23 ± 0.053 -0.06 ± 0.076 

14 Sep 0.26 ± 0.057 0.3 1 ± 0.060 +0.04 ± 0.084 

1 0  Nov 0.44 ± 0.085 0.56 ± 0.085 +0. 12  ± 0.095 

2 Dec 0.35 ± 0. 1 44 0.04 ± 0.060 -0.3 1 ± 0. 1 64 

P<0.023 P<0.001 P<0.027 

Duration of burial 
(no. grazing cycles) 

1 0.35 ± 0.05 1 0.42 ± 0.053 +0.08 ± 0.066 

2 0.39 ± 0.056 0.39 ± 0.056 +0.00 ± 0.074 

3 0.35 ± 0.069 0. 1 8  ± 0.055 -0. 1 7  ± 0.093 

4 0.35 ± 0.083 0. 1 3  ± 0.059 -0.2 1 ± 0.097 

5 0.46 ± 0. 1 33 0. 1 6  ± 0.098 -0.30 ± 0. 1 59 

ns P<0.001 P<0.005 



Table 4.8 Relative frequencies of axillary buds among four response categories for buds on stolons buried on different dates for up to five durations of burial in the 
date-and-duration-of-burial trial. Stolons were buried with 2 cm of soil. The Chi-square value and level of significance are given for comparisons within 
each column or row. 

1 2 
Date of Burial Response Response 

(I , I )  ( I  ,0) (0, 1 ) (0,0) ( 1 , 1 ) ( 1 ,0) (0, 1 ) 

1 6/6 33.3 6.3 3 1 .3 29.2 1 2.5 25.0 33.3 

26/8 1 2.5 8.3 3 1 .3 47.9 4.2 22.9 1 4.6 

1 4/ 1 0  8.3 1 6.7 33.3 4 1 .7 1 0.4 1 2.5 27. 1 

1 0/4 29.2 2. 1 29.2 39.6 3 1 . 1  1 3 .3 22.2 

2/ 1 2  0 28.6 4.2 66.7 

Chi-square 54.69 26. 1 6  

Significance P<O.OO I P<0.002 

Duration of Burial (Number of grazing cycles) 

3 
Response 

(0,0) ( I  , I )  ( 1 ,0) (0, 1 ) (0,0) ( I '  I )  

29.2 8.3 3 1 .3 1 4.6 45.8 8.3 

58.3 0 1 9.6 1 7.4 63.0 0 

50.0 2.4 23.8 1 6.7 57. 1 

33.3 

7.46 

P>0.280 

4 
Response 

(I ,0) (0, 1 ) (0,0) ( I ,  I )  

29.2 6.3 56.3 8.3 

22.9 1 0.4 66.7 

5.28 

P>O. l 52 

5 
Response 

( 1 ,0) (0, I )  (0,0) 

3 1 .3 8.3 52. 1 

Chi-square Significance 

48.69 

23.5 1 

7.30 

4.62 

P<O.OO I 

P<0.005 

P>0.294 

P>0.200 

-..l w 
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As the duration of burial increased, probability of bud outgrowth at harvest 

decreased and the change in probability of bud outgrowth become increasingly negative 

(Table 4.7). This resulted from the death of an increasing proportion of the branches 

present at burial and from the death of branches initiated following burial which increased 

the proportion of buds categorised as showing no development (Table 4.8). The means for 

date of burial given in (Table 4.7) were confounded by effects of duration of burial as the 

unbalanced design of the trial (Table 4.8) has means of successively later dates of burial 

derived from fewer and successively shorter durations of burial. This effect accounts for 

the increasingly positive value for change in probability of bud outgrowth with later date 

of burial, with the exception of the last date of burial (2 December 1 986). Given this, it 

is more appropriate to examine the effect of date of burial within each of the durations of 

burial (Table 4.8). Although date of burial had a significant effect on bud response for 

burial durations of one or two grazing cycles (Table 4.8), these could be considered minor. 

For burial of one grazing cycle the very different distribution of bud response for the last 

date of burial was responsible for the significance of the Chi-square test whereas for burial 

of two grazing cycles an inconsistent pattern occurred (Table 4.8).  

4.3.3 ZONE OF BURIAL 

Analysis of variance of data grouped by zone (nodes 1 -3 , 4-7, and 8- 10) showed 

burial to have a significant (P<0.00 1 )  depressive effect on probability of bud outgrowth at 

harvest (unburied, 0.6 1 ± 0.020 and buried, 0.52 ± 0.020) and change in probability of bud 

outgrowth from date of burial to harvest (unburied, 0.00 ± 0.026 and buried -0. 10 ± 0.024). 

The zone of stolon by burial interaction was significant for both probability of bud 

outgrowth at harvest (P<0.00 1 )  and change in bud outgrowth (P<0.02). This was driven 

by the pronounced negative effect of burial on outgrowth of buds at node positions 1 and 

2 at time of burial and the relatively small effect on buds at positions >3 (Fig. 4.2). This 

effect in turn contributed to significant effects of treatments on probability of bud 

outgrowth at harvest (P<0.001 )  and change in probability of bud outgrowth (P<0.005) (i.e. 

burial of the tip zone (treatments 1 ,  4 and 5) induced a reduction in mean probability of 

bud outgrowth at harvest (treatments 1 and 4) and the greatest changes in probability of 

bud outgrowth (Table 4.9)). 

Increased duration of burial was associated with decreased probability of bud 

outgrowth at harvest and increasingly negative values for change in probability of bud 

outgrowth (Table 4. 1 0), results which are similar to those reported in sections 4.3. 1 and 

4.3.2. The major extent of these changes was evident after a burial duration of three 

grazing cycles. 
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Figure 4.2 The effect of burial on the probability at harvest of axillary bud outgrowth 
at nodes of differing position (relative to the stolon apex (0)) at the time of burml. Data 
were from the zone-of-stolon-buried experiment and pooled across stolons such that all 
buried buds were compared with all unouried buds. Buried portions of stolons were 
covered with 2cm of soil .  (Error bar indicates the SED.) 
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Table 4.9 Zone-of-burial experiment, (a) means for each burial treatment for probability 
of axillary bud outgrowth at burial (BO), harvest (BH) and change in probability 
of bud outgrowth (Change) and (b) probability of bud outgrowth at harvest (BH) 
and change in probability (Change) for buried and unburied buds of stolons in 
each of the burial treatments. Data grouped by stolon. Buried portions of 
stolons were covered with 2 cm of soil. Apical, intermediate and mature zones 
refer to node positions at burial of 1 -3,  4-7 and 8- 10  respectively. 

Burial treatment 
(stolon zone buried) BO BH 

(a) Treatment means (over both buried and unburied 
buds within treatments) 

1 Apical 

2 In term. 

3 Mature 

4 Apical + Interm. 

5 Apical + Mature 

6 Interm. + Mature 

Burial treatment 
(stolon zone buried) 

0.57 ± 0.035 0.46 ± 0.035 

0.62 ± 0.034 0.60 ± 0.035 

0.67 ± 0.033 0.69 ± 0.033 

0.57 ± 0.035 0.49 ± 0.035 

0.64 ± 0.034 0.58 ± 0.035 

0.64 ± 0.034 0.57 ± 0.035 

B H  

Buried Unburied 

(b) Means for buried and unburied buds within treatments 

1 Apical 0.35 ± 0.062 0.5 1 ± 0.042 

2 In term. 0.55 ± 0.056 0.63 ± 0.044 

3 Mature 0.68 ± 0.06 1 0.69 ± 0.039 

4 Apical + Interm. 0.45 ± 0.042 0.57 ± 0.065 

5 Apical + Mature 0.52 ± 0.046 0.68 ± 0.053 

6 Interm. + Mature 0.56 ± 0.042 0.57 ± 0.065 

Change 

-0. 1 1  ± 0.040 

-0.02 ± 0.045 

0.03 ± 0.046 

-0.09 ± 0.04 1 

-0.06 ± 0.043 

-0.07 ± 0.047 

Change 

Buried Unburied 

0.23 ± -0.25 ± 0.042 
0.073 

0. 1 3  ± 0.060 
-0.24 ± 0.060 

0. 1 4  ± 0.056 
-0.23 ± 0.069 

-0.27 ± 0.067 
-0.01 ± 0.049 

-0. 1 4  ± 0.061 
0.00 ± 
0.059 0.47 ± 0.077 

-0.30 ± 0.049 
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Burial treatment 

77 

Main effects, in the zone-of-burial experiment, of burial, node position 
and duration of burial on probability of axillary bud outgrowth at 
harvest (BH) and on change of probability over the treatment period 
(Change). Buried portions of stolons were covered with 2 cm of soil. 
Data grouped by node position zones, apical ( 1 -3), intermediate (4-7) 
and mature (8- 1 0) .  Change of probability of bud outgrowth = harvest 
probability - probability at burial. SEM and level of significance of 
main effects are given. 

BH Change 

unburied 0.6 1  ± 0.020 0.00 ± 0.026 

buried 0.52 ± 0.020 -0. 1 0  ± 0.024 

P<0.00 1 P<0.001 

Node position zones 

apical 0.52 ± 0.034 0.39 ± 0.03 1 

intermediate 0.59 ± 0.026 -0.22 ± 0.025 

mature 0.57 ± 0.028 -0.27 ± 0.027 

ns P<0.001 

Duration of burial 
(no. grazing cycles) 

1 0.73 ± 0.029 0. 1 4  ± 0.03 1 

2 0.58 ± 0.032 -0.03 ± 0.040 

3 0.50 ± 0.032 -0. 1 0  ± 0.040 

4 0.53 ± 0.032 -0. 1 1 ± 0.04 1 

5 0.48 ± 0.032 -0. 1 5  ± 0.044 

P<0.00 1 P<0.001 
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The first of the two sections of this discussion considers aspects of the 

experimental methodology that need to be accommodated in any interpretation of the results 

of the study. The second section discusses the main findings of the study which centre on 

the negative influence of stolon burial on branching which is caused by burial decreasing 

the survival of young developing branches rather than decreasing initiation of outgrowth 

of axillary buds. 

4.4.1 EXPERIMENTAL METHODOLOGY 

The experiments all used similar methodology and were performed to study the 

effects of different aspects of stolon burial on the branching of treated stolons in the field. 

These experiments involved imposing burial treatments on stolons consisting of the apex 

and up to ten nodes and then after a time interval assessing the effect of treatments on 

outgrowth of axillary buds present at the time of burial. 

Branching was registered once the axillary bud had produced a leaf of 

development stage 0.2 on the Carlson ( 1966a) scale. Although the node position at which 

axillary bud outgrowth commences varies with growth conditions (Davies & Evans 1 990a), 

in grazed pastures in Manawatu nodes are positioned three or more from the apex before 

branch initiation occurs (Table 4.2; Hay et al. 199 1 )  and under pastoral conditions most 

branch initiation ceases once node position exceeds eight (Chapman 1 983;  Davies & Evans 

1 990a; Hay et al. 1 99 1 ). Hence interpretation of results must take account of this 

ontogenetic development of axillary buds. The response of buds at positions 1 to 3 

therefore chiefly centres on the initiation of branches whereas that for positions ;:::5 becomes 

increasingly centred on branch survival as with increasing node position the probability of 

initial branch presence increases (Table 4.2) and the potential for branch initiation decreases 
(Newton et al. 1 992) . 

The system used to classify the response of buds was insensitive in that the 

category of no outgrowth before or after treatment (0, 0) contained two types of buds. The 

first type were the inactive buds and the second type reflected the net result of development 

over the burial period. This latter component comprised those buds that initiated outgrowth 

during the burial period but which then died before harvest date. As 50-75% of axillary 

buds of field populations of white clover may be inactive (Chapman 1 983;  Davies & Dutta 

1 988; Newton et al. 1 990, 1 992) the proportions of inactive buds after a burial period of 

one grazing interval (29-68%;  Table 4.8) were not indicative of major distortion from this 

source. With an increase in the duration of burial the proportion of buds recorded as 

having initiated branches steadily decreased (Tables 4.5 and 4.8). Comparison of similarly 

treated stolons which had a range of durations of burial (i.e. along rows of Table 4.8) 

indicates that for longer durations of burial, branch survival following initiation is reduced 

and that this inflates the proportion of buds recorded in the inactive (0,0) category. 
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The overall effect of burial on axillary bud outgrowth was to significantly reduce 

branching. This occurred regardless of whether the comparison was of burial of complete 

stolons (depth-of-burial and date-and-duration-of-burial experiments) or of portions of 

stolons (zone-of-stolon-buried experiment) . Although in all experiments the effect of burial 

(of nodes) on axillary bud outgrowth was significant for nodes 1 to 3, results for nodes 

positioned >3 at the time of burial were less conclusive. Burial significantly reduced 

branch survival in the depth-of-burial experiment (Table 4.5) but had no significant effect 

in the zone-of-burial experiment (Fig. 4.2). A small impact of burial on branching of 

axillary buds of older nodes would not be a surprising result. Buds at these nodes have 

reduced potential to initiate branches (Dutta 1 988;  Davies & Evans 1 990a; Newton et al. 

1 992) and the larger branches at these nodes have increased chances of survival (Chapman 

1 983). Both these factors act to limit the potential for response to burial under the 

assessment procedure used. A non-significant effect of burial on axillary bud outgrowth 

was reported in a glasshouse trial (Grant et al. 1 99 1 )  although a stimulation of axillary 

branching was measured on the portion of stolon that resurfaced following burial. Such 

a comparison was not valid for this trial as resurfacing stolons grew into open conditions 

on the elevated soil surface in the metal containers, whereas unburied stolons were in the 

sward. On the other hand burial of nodes 1 to 3 had a significant depressing effect on 

initiation of branches from these buds (Table 4.6, Fig. 4.2). Work reported by Davies & 
Evans ( 1990a) and in Chapter 6 indicates that as these nodes had leaf or petiole above the 

soil, and in light, a depression in branching due to exclusion of light at the axillary bud site 

could not be expected. However there is some conflicting evidence (Harvey 1 979;  Newton 

& Hay 1992) that presence of a subtending leaf can act to depress axillary bud outgrowth. 

The depressive effect of burial on axillary bud outgrowth at nodes 1 and 2 (Fig. 4.2) 

suggests that buds at this ontogenetic stage are sensitive to an inhibitive effect of burial not 

alleviated by the presence of the subtending leaf in light. It is interesting to note that Grant 

et al. ( 199 1 )  found a depression with burial of axillary bud outgrowth at nodes on the 

secondary branch stolons. A higher proportion of the nodes on these secondary stolons 

would have been of node position 1 to 3 at the time of burial. If buds at these nodes are 

sensitive to burial then this may have contributed to the result they obtained. Clearly then 

the major effects of burial centre on its effects on axillary bud outgrowth of the most 

recently formed nodes (positions 1 ,  2 and 3) and further work under more controlled 

conditions is required (see Chapter 6) to confirm these findings and possibly identify the 

processes responsible for the observed responses. 

Duration of burial influenced survival of branches in both the depth-of-burial and 

the date-and-duration-of-burial experiments. A short duration of burial of one grazing cycle 

had no significant effects on axillary bud outgrowth (Table 4.5) whereas after two grazing 

cycles, trends were evident but not significant (Tables 4.6 and 4.7), and after three or more 

grazing cycles, responses were significant and of approximately maximal extent. Branches 

formed prior to and after the date of burial were both affected by burial (Tables 4.5, 4.8). 

In both cases burial decreased survival of branches. No evidence was obtained to suggest 

that burial treatments negatively affected the initiation of branches (see Table 4.5 ; also 
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compare response category values of unburied buds after one grazing cycle in Table 4.5 

with those of the burial treatment of 1 6/6/86 after one grazing cycle in Table 4.8). Thus 

the response to burial developed over time as a result of burial reducing survival of 

branches, there being no effect on initiation of branches. Hence if the effects of burial on 

axillary bud outgrowth are to be observed the duration of burial should be such that the 

effects on branch survival can be detected. Under these trial conditions this corresponded 

with the elapse of three grazing cycles. 

The effect of other factors such as depth and date of burial on outgrowth of 

axillary buds were generally small. During December 1 986 and January 1 987 very 

pronounced soil moisture deficits developed (see Chapter 3, Fig. 3 . 1 ) . The normal response 

of white clover to moisture deficit includes the death of small daughter branches and 

inhibition of axillary bud outgrowth (Wang 1 99 1 ).  This response pattern is strikingly 

represented by the comparison (Table 4.8) of the first four dates of burial with the fifth 

date (2 December 1 986) for frequencies of branch death and initiation of stolons buried for 

one grazing cycle. In the depth of burial trial (Section 4.3 .2) this effect is not likely to 

make a large contribution to the observed difference in response between short and long 

intervals of burial as nodes and branches were considerably older at the time the drought 

developed and therefore beyond the zone where plant response to moisture stress was most 

marked (Wang 1 99 1 ) . 
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CHAPTER 5 EFFECT OF REDUCED INTRA-PLANT AVAILABILITY 

OF CARBON OR PHOSPHORUS ON INITIATION 

OF OUTGROWTH BY AXILLARY BUDS IN 

WIDTE CLOVER 

5.1 INTRODUCTION 

The effect of stolon burial on the initiation of branch growth may be direct via 

an immediate sensing of the altered microenvironment at the axillary bud or indirect via 

a response to reduced plant carbon accumulation resulting from the effects of burial on 

other plant processes. Evidence presented in Chapter 4 suggests that alteration of the 

axillary bud rnicroenvironment by stolon burial had little effect on initiation of axillary bud 

outgrowth but that the microenvironment associated with burial decreased the probability 

of survival of axillary meristems following initiation of outgrowth. However, when shading 

of axillary buds is also associated with defoliation of subtending leaves, initiation of 

outgrowth can be markedly suppressed when stolons have been previously pretreated by 

shading to exclude 84 or 94% of photosynthetically active radiation (Davies & Evans 

1 990a). Hence it appears that initiation of outgrowth may be strongly influenced by the 

general intra-plant level of photosynthate availability. That branching in white clover is 

depressed by limitation in photosynthate or phosphorus (P) supply and that these limitations 

increase apical dominance has long been recognised (Erith 1924; Levy 1970; Harvey 1 979; 

Thomas 1987b; Caradus 1984; Davies & Evans 1990a; Caradus et al. 1 993). However, 

development of the pattern of branching response to a limitation in resource supply has not 

previously been recorded within a framework which is fully descriptive of plant branching 

response. Such a framework should include measures of node appearance rate, position of 

first branching node relative to the stolon apex and the probability of axillary bud 

outgrowth at nodes proximal to and inclusive of the node with the first branch (Sackville 

Hamilton 1987a) .  As all these attributes may be assessed non-destructively it is possible 

to obtain a time course for the response of each branching attribute to a change in supply 

of an essential plant resource. Such information may enable branching attributes to be 

characterized as sensitive to either the external or internal plant environment. Attributes 

sensitive to the external environment would respond immediately to a change in resource 

supply whereas those sensitive to the internal plant environment would respond gradually 

as the intensity of the resource limitation increased within the plant. 
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In the field, factors may interact to severely reduce resource levels within plants . 

For instance, burial by preventing the relatively small contribution of stolon photosynthesis 

to plant carbon accumulation (c. 5%, Harris et al. 1983) may when coupled with 

simultaneous defoliation significantly increase the senescence rate of stolons (Chapman & 

Robson 1992), or when coupled with previous shading and defoliation suppress outgrowth 

of axillary buds (Davies & Evans 1990a). White clover plants, under New Zealand pastoral 

conditions, are commonly subjected to sub-optimal levels of phosphorus (P) supply which 

can severely restrict the lateral spread of white clover (Levy 1 970; Jackman & Mouat 1 972; 

Harvey 1979; Caradus 1984) with an altered branching pattern contributing to this result 

(Harvey 1979; Caradus 1984; Caradus et al. 1993). Plants in the field may be 

simultaneously subjected to limiting intraplant levels of more than one resource (Chapin 

et al. 1 987) e.g.,  both photosynthate and P supply. Thus it is important to understand how, 

in general, white clover adapts branch initiation to a decline of resource availability within 

the plant. 

The objective of the investigation described in this chapter was to secure 

information on the effect of limiting intraplant resource availability on the initiation of 

outgrowth of axillary buds in order to underpin understanding of the effect of stolon burial 

on initiation of bud outgrowth. In the first experiment conditions were manipulated to 

reduce the availability of photosynthate within plants and the effect of this on the initiation 

of axillary bud outgrowth recorded. A second experiment was performed in which the 

availability of the essential plant nutrient P was reduced in order to establish if the 

initiation of axillary bud growth was similarly affected. A final experiment involving 

application of burial and defoliation treatments to individual stolons within plants was 

undertaken to investigate whether the response of axillary bud outgrowth to burial 

conformed with responses obtained to resource depletion within plants in the above two 

experiments and to test for evidence of clonal integration within plants in the response 

patterns of attributes relating to outgrowth of axillary buds. 

5.2 METHODS AND MATERIALS 

Two separate glasshouse experiments were undertaken which will be referred to 

respectively as the shade and defoliation experiment and the phosphorus supply experiment. 
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Stolon cuttings from two genotypes of each of the white clover cultivars, 

Grasslands Kopu, Grasslands Pitau and Grasslands Tahora were taken in June 1 985 from 

spaced plants of nucleus seed lines of each cultivar. These cuttings were vegetatively 

propagated in a heated glasshouse so as to provide clonal material for establishment of 

experimental plants. On 14 August 1985 experimental plants were established by planting 

stolon segments comprised a stolon apex and the first two emerged nodes. Leaves of 

morphological development > 0.7 on the Carlson ( 1966a) scale were removed so as to 

reduce transpiration demand. Six trays each with four cuttings were established for ea.�h 

genotype. 

5.2.1.2 EXPERIMENTAL GROWTH CONDITIONS 

Plants were grown in standard plastic propagating trays ( 40x30x5 cm) filled with 

a commercially obtained 60:40 peat moss: coarse sand mix amended with Osmocote 

fertiliser ( 1 .5 kg m·3), dolomite (3 kg m·\ superphosphate ( 1  kg m·3) and trace elements 

( 1 25 g m·3) .  

Daylength increased over the experimental period from 12 h 13 min on 25 

September to 13 h 32 min by 25 October 1985. The photosynthetic photon flux density 

(PPFD), measured by a LiCor model 1 85A radiometer at midday in the glasshouse, on 

three days ( 10, 1 3  and 14 October) in bright sunshine was 1350, 1 390 and 1 480 llffiOl m·2 

s· ' and on two days ( 1 1 and 1 5  October) under dark cloudy conditions was 470 and 420 
-

J.ll110l m·2 s·' . The glasshouse had thermostatically activated heating and cooling systems. 
'P' 

Mean daily maximum and minimum air temperatures were 28.9 ± 1 . 14°C (range 27.0 to 

32.5°C) and 12.6 ± 0.57°C (range 1 2.0 to 14.5°C), respectively. 

5.2.1.3 EXPERIMENTAL TREATMENTS 

5.2.1.3.1 CULTIV AR 

Each of the three cultivars, 'Grasslands Kopu' ,  'Grasslands Pitau' and 

'Grasslands Tahora' were represented by two genotypes. 



84 

5.2.1.3.2 SHADE 

The three shade treatments were: 

1 )  natural daylight 

2) 20% of daylight 

3) 5% of daylight 

The two shade treatments were obtained by placing trays within purpose-built 

shade-frames.  The shade-frames fitted snugly over individual trays and were constructed 

by fixing the appropriate weave of shade cloth to light wooden frames. The sides and top 

of the frames were covered by shade cloth and the trays prevented light entering from 

below. The top of frames was 25 cm above the soil surface. The light intensity at the soil 

surface within shade frames was measured within a growth cabinet delivering a constant 

PPFD of 960 llffiOl m·2 s· 1 • The PPFD measured, with a LiCor 1 85A radiometer, under the 

80 and 95% shade cloth was 1 85 and 60 llffiOl m·2 s· 1 , respectively. This indicated that the 

shade treatments were as indicated by the grading specifications of the respective shade 

cloths. 

Temperatures at the soil surface of trays of each of the shade treatments were 

monitored hourly for five days ( 1  0- 1 4  October) using thermocouples connected to a 

Campbell datalogger. Results indicated there was a diurnal pattern of response to the shade 

treatments in that the direction of response for the warmer daytime period (9.00 am to 5.00 

pm) differed from that over the cooler night period (5.00 pm to 9.00 am). For the shade 

treatments of 1 00, 20 and 5% of daylight the mean temperatures in the daytime period were 

24.3 ± 2.96°C, 22.0 ± 1 .63°C and 22. 1 ± 1 .47°C whereas for nighttime, mean temperatures 

were 1 5 .6 ± 2.28°C, 1 6.2 ± 2.53°C and 1 6.4 ± 1 .96°C, respectively. The differing trends 

during night and day tended to cancel out treatment effects on mean daily temperatures 

which were 1 8.5 ± 2.53°C, 1 8. 1  ± 2.27°C and 18.3 ± 1 . 8 1 °C for the respective shade 

treatments of 100, 20 and 5% of daylight. 

5.2.1.3.3 DEFOLIATION 

Defoliation treatments were imposed once, at the start of the experimental period 

(25 September 1 985). Treatments were either defoliation of all leaflets (L) or leaflets plus 

petiole (L+P) of all leaves on the plant at a morphological development stage greater than 
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0.5 on the Carlson ( 1 966a) scale or leaving plants undefoliated (C). The L treatment 

involved severing the petiolules at the junction with the petiole. (This treatment left plants 

with intact petioles but no leaflets). For the L+P treatment the petiole was severed within 

2 mm of the stolon. 

5.2.1.4 EXPERIMENTAL DESIGN 

Trial design was unbalanced with respect to defoliation treatments; normally 

defoliation treatments differed among trays but one plant in each tray (of four plants) had 

the L defoliation treatment. Thus each tray contained three plants subjected to the 

defoliation treatment designated to the tray (either L+P or C) plus one plant subjected to 

the L treatment. Genotypes were not replicated. Comparison of means in a preliminary 

analysis indicated non-significant genotypic effects within cultivars and hence forth 

genotypes of each cultivar were considered as cultivar replicates. The trial was of factorial 

design laid out as a single randomised block of 36 trays in the glasshouse with the 

following structure: 

3 cultivars x 3 shade treatments x 2 designated defoliation treatments x 2 replicates (genotypes) 

(L defoliation treatment) 

Twice a week trays were systematically rotated by moving trays clockwise within 

the block. 

5.2.1.5 MEASUREMENTS 

At the beginning of the experimental period (25 September) the youngest node 

with an unfolded leaf on the main stolon of each plant was marked with nail varnish and 

the stage of morphological development (Carlson 1 966a) of each partially unfolded leaf 

recorded. On four occasions, 2, 9 and 1 6  October during the experiment and at harvest, 

nodes on the main stolen distal to the marked node, on each plant, were assessed for stage 

of morphological development of the leaf and axillary bud. An axillary bud was defined 

as initiating outgrowth once its first leaf appeared beyond the stipule. 

Plants were harvested from 2 1  to 25 October 1985 as follows: 

2 1  October, Kopu replicate (genotype) 1 

22 October, Kopu replicate 2 

23 October, Pitau replicate 1 

24 October, Pitau replicate 2; Tahora replicate 1 

25 October, Tahora replicate 2 
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At harvest individual internode lengths and petiole length and leaf area per leaf 

were measured at all nodes distal to the marked node. Then each node of the main stolon 

was dissected such that all branch development originating from the axillary bud at a node 

was included with the nodal segment of the main stolon. Leaves were then dissected from 

stolon and the dryweight of each component measured after oven-drying for four days at 

80°C. 

5.2.1.6 ANALYSIS OF DATA 

The following plant characteristics were derived from the measurements for 

statistical analysis; 

node appearance rate (main stolon), 

position of first branching node (main stolon), 

probability of an axillary bud initiating outgrowth (main stolon), 

internode length (main stolon), 

petiole length of unfolded leaves (main stolon), 

leaf area per leaf (main stolon), 

leaf to stolon dry weight ratio (whole plant) , and 

total number of nodes produced per plant during the experimental period (whole 

plant) . 

The unbalanced experimental design meant it was only possible to include the 

third (L) defoliation treatment within the analysis if the analysis utilized individual plants 

as experimental units as opposed to trays. A preliminary analysis tested the variance 

between trays (using the paired L plants in the otherwise identical defoliated or 

undefoliated trays) against the variance within trays (using the three identical plants in each 

tray). No significant results were obtained, leading to the assumption that using individual 

plants as experimental units was justified. 

Data were tested by an unbalanced analysis of vartance using the GLM 

procedure in SAS (SAS Users Guide 1988). Data used to calculate node appearance rate, 

position of first branching node and probability of an axillary bud initiating outgrowth were 

obtained by assessing development of the main stolon of plants at approximately weekly 

intervals. Therefore the analysis of these characteristics utilized the Repeated Measures 

Option in the GLM procedure in SAS. 
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The harvesting procedure, successively harvesting replicates of cultivars over five 

days, did not compromise comparison of light and defoliation treatments but did, because 

of the allometric growth of white clover plants, invalidate comparisons among cultivars of 

parameters reflecting the overall growth of plants. However, it was valid to test for cultivar 

differences in daily growth rate of parts of plants, e.g. node appearance rate of the main 

stolon, and differences in point in time measures of characteristics of plant parts, e.g., 

petiole length and area of main stolon leaves, position of first branching node. The effects 

of shade and defoliation treatments, meaned over cultivars, on leaf: stolon DW ratio were 

tested, but possible ontogenetic influences due to the staggered harvest prevented valid 

comparison among cultivars for this parameter. For the parameter total number of nodes 

produced per plant, data were meaned between cultivars and tested for the effects of shade 

and defoliation. 

5.2.2 PHOSPHORUS SUPPLY EXPERIMENT 

5.2.2.1 PLANT MATERIAL 

This experiment utilized the same two genotypes of 'Grasslands Tahora' that 

were used in the previously described shade and defoliation experiment (Section 5.2. 1 ) .  

Stolon cuttings, of two nodes plus the apical bud with root growth initiated at the proximal 

node, were taken on 29 January 1 986 from a bank of clonal material of each genotype 

propagated in a temperature regulated glasshouse. Trays were planted with two cuttings 

of one of the genotypes, one at either end of the tray. Fifteen trays of each genotype were 

planted. Plants were allowed to establish for four weeks before treatments were applied 

on 25 February 1986. At this time, one of the two plants in each tray was selected for 

removal such that remaining plants were as uniform as was possible. 

5.2.2.2 EXPERIMENTAL GROWTH CONDITIONS 

Plants were grown in standard plastic propagating trays ( 40x30x5 cm) lined with 

paper towels and filled with 8 kg of dry quartz sand (Poutu sand; Winstone, North Shore, 

Auckland). Upon moistening, each tray absorbed 1 .9 1 of nutrient solution. 

During the establishment period each cutting was supplied daily with 500 ml of 

a nutrient solution comprising (mmo[) KN03 5.0, Ca(N03)2 1 .5 ;  MgS04 1 .5 ;  NaN03 2.0; 

KH2P04 0.5 and minor elements (Jlmo[) FeEDTA 9.22; H3B03 9.22, CuS04 0. 1 6, MnS04 
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3 .5 ,  ZnS04 0.77, KCl 14.5 and (NH4)6 Mo7 024 0.0 16 .  The sand surface in the portion of 

the tray without plant material was covered with aluminium foil to reduce algal growth and 

evaporation losses. This practice continued throughout the experiment. 

The experiment was performed in the same thermostatically temperature 

controlled glasshouse as the shade and defoliation experiment (Section 5.2. 1 .2). Mean daily 

maximum and minimum air temperatures were 27. 1  ± 2.06°C (range 24.0 to 33 .0°C) and 

1 3 .7 ± 1 .23°C (range 1 2. 1  to 1 6.3°C). Daylength decreased over the course of the 

experiment; 14 h 20 min at planting (29 January), 1 3  h 4 min at the beginning of the 

experimental period (25 February), 1 1  h 1 min at harvest ( 16  April). 

5.2.2.3 EXPERIMENTAL TREATMENTS 

5.2.2.3.1 GENOTYPE 

The two genotypes of 'Grasslands Tahora' white clover used in the shade and 

defoliation experiment were compared. 

5.2.2.3.2 PHOSPHORUS SUPPLY 

The three treatment levels of phosphorus (P) supply were provided by applying 

nutrient solutions with P concentrations of 0.0 1 ,  0.20 and 1 .0 mM. Phosphorus 

concentration was varied by altering the quantity of KH2P04 in the nutrient solution 

previously detailed (Section 5.2.2.2). All other salts were maintained at their normal 

strength. This procedure resulted in the potassium ( K) supply increasing from 5 to 6 mM 

as P supply increased from 0.01 to 1 .0 mM P. Plant analyses performed in conjunction 

with previous experimentation using this nutrient solution (Hay et al. 1986) showed that 

the K content of white clover leaf DM was 3 .9% when K was supplied at 5 mM. When 

leaf K contents are of this order, increases in K supply are not associated with growth 

responses in white clover (Andrew 1956; McNaught 1970). Hence in this experiment it 

was assumed that the responses in growth that occurred with variation in nutrient supply 

resulted from the changes in supply of P. 

On 25 February prior to application of treatment nutrient solutions all trays were 

leached with five successive applications of one litre of distilled water. The P 
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concentration in the leachate collected after the fifth water application was 0.0 1 mM P. 

Then 2 1 of the appropriate nutrient solution was applied to each tray. Thereafter daily, 

each cutting received 800 rnl of the appropriate treatment nutrient solution. 

5.2.2.4 EXPERIMENTAL DESIGN 

The trial was of factorial design with five replicates; 2 genotypes x 3 P levels 

x 5 replicates. A single randornised block of 30 trays was put down along one side of a 

glasshouse and twice a week trays were systematically rotated by moving trays two 

positions within the block. 

5.2.2.5 MEASUREMENTS 

At the time when application of P supply treatments were started (25 February 

1 986) the youngest node with an unfolded leaf on the main stolon of each plant was 

marked with nail varnish and the stage of morphological development (Carlson 1966a) of 

each partially unfolded leaf recorded. Subsequently on six occasions at approximately 

weekly intervals and at harvest ( 16 April 1986) each plant was assessed for stage of 

morphological development of leaves and axillary buds at each node of the main stolon 

(Section 5 .2 . 1 .5).  

At harvest plants were cut at the marked node and the distal part of the shoot 

system removed after severing of any roots. The length of the main stolon (marked node 

to node with youngest unfolded leaf), the petiole length and leaf area of the third unfolded 

leaf and the diameter of the internode distal to the third unfolded leaf were measured. 

Leaves were then dissected from stolons and the dry weight of both components measured 

after oven-drying for four days at 80°C. Leaf and stolon material was then ground and the 

P content measured by autoanalysis after acid digestion (Williams & Twine 1967) .  

5.2.2.6 ANALYSIS OF DATA 

The following plant characteristics were derived from the measurements for 

statistical analysis; node appearance rate, position of first branching node, probability of 

an axillary bud initiating outgrowth and mean internode length, all relating to the main 
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stolon; petiole length and leaf area of the third unfolded leaf and diameter of the internode 

distal to it; leaf, stolon and total shoot dry weight of the plant fragment distal to the marked 

node and P contents of the leaf and stolon components. 

The design for this experiment was balanced and data was analysed by analysis 

of variance using the GLM procedure in SAS (SAS Users Guide 1 988), with the Repeated 

Measures Option used for the analysis of the characteristics of node appearance rate, 

position of first branching node and probability of axillary bud initiation of outgrowth (see 

Section 5 .2. 1 .6). 

5.3 RESULTS 

5.3.1 SHADE AND DEFOLIATION EXPERIMENT 

5.3.1.1 NODE APPEARANCE RATE 

Only the main effects of shade, defoliation and growth interval were significant 

(Table 5. 1 ) . Node appearance rate (nodes produced per main stolon apex per day) was 

reduced by a third by shading to 20% sunlight and by two thirds by shading to 5% 

sunlight. The defoliation treatments (applied only once at the beginning of  the 

experimental period) induced smaller differences (Table 5 . 1 ) .  Mean node appearance rate 

increased with growth interval during the experiment (Table 5 . 1 ) . 

Table 5. 1 Main effects of cultivar, shade, defoliation and growth interval on node 
appearance rate (nodes produced per main stolon apex per day) of the main stolon of white 
clover plants. F test value and level of significance are presented, NS, not significant. 

Cultivar Shade Defoliation Growth Interval 
(% full sunlight) 

Kopu 0. 1 78 1 00 0.273 None 0.205 1 0. 1 30 
Pi tau 0. 1 66 20 0. 1 82 Leaflets 0. 1 66 2 0. 1 82 
Tahora 0. 1 78 5 0.067 Leaflets 0. 149 3 0. 1 90 

+ petioles 4 0. 1 95 

F value 2.44 445.98 39.32 1 8 .05 

p NS <0.000 1 <0.000 1 <0.000 1 
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The shade by growth interval interaction was highly significant (P<0.000 1 )  and 

resulted from an increase in node appearance rate with growth interval under the full and 

20% sunlight treatments in contrast to unchanging rates under 5% sunlight (Fig 5. 1 ) .  

The second order shade by  defoliation by growth interval interaction was highly 

significant (P<0.0002) and indicated differing response patterns to defoliation at each shade 

level over the duration of the experiment (Fig 5.2). In the unshaded, 100% sunlight 

treatment the three defoliation treatments had induced differences in node appearance rates 

during the first growth interval, which had disappeared by the third growth interval. (The 

reason for the low value of the undefoliated treatment in the fourth growth interval is not 

known). Under the 20% sunlight treatment defoliation induced a more variable response 

which saw initial separation of the undefoliated treatment from the two defoliated 

treatments followed by no separation for intervals two and three but higher node 

appearance rates for undefoliated plants in interval four. Under 5 %  sunlight whereas the 

node appearance rate of undefoliated plants remained constant, that of each of the 

defoliation treatments decreased during the experiment. 

5.3.1.2 POSITION OF FIRST BRANCIDNG NODE 

For position of first branching node (nodes numbered basipetally from the stolon 

apex, 1 being the first node proximal to the stolon apex with unfolding leaf > 0.5 Carlson 

scale) the main effects of light, defoliation and growth interval were significant (Table 5 .2) . 

These results indicated that highest mean values for position of first branching node were 

associated with the 20% sunlight treatment and occurred towards the end of the experiment 

and that defoliation of leaf plus petiole (L+P) reduced values. 

Table 5 .2  Main effects of cultivar, shade, defoliation and growth interval on position of 
first branching node, relative to the apex of the main stolon. F test value and level of 
significance are presented, NS, not significant. 

Cultivar Shade Defoliation Growth Interval 
(% full sunlight) 

Kopu 3.73 1 00  3.22 None 3 .85 1 2.80 
Pi tau 3 .66 20 4.49 Leaflets 3.72 2 3.36 
Tahora 3.55 5 3.2 1 Leaflets 3 .39 3 3.76 

+ petioles 4 4.65 

F 0.78 56.39 6.3 1 2 1 0.75 

p NS >0.0001 >0.0025 <0.0001 
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Figure 5 . 1  Effect of shade treatments, 100% sunlight ( • ), 20% sunlight ( • ) and 
5% sunlight ( • ) , on node appearance rate of the main stolon of white clover plants 
for each of four growth intervals. Values presented at the midpoint of each growth 
interval and scaled from the start of the experimental period. (Error bars indicate 
± SEM.) 
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Figure 5.2 Effect of defoliation treatments, undefoliated ( o ) , leaflets defoliated ( 6. ) 
and leaflets plus petioles defoliated ( o ), within each of the shade treatments (a) 100% 
sunlight, (b) 20% sunlight and (c) 5% sunlight, on node appearance rate of the main sto­
lon of plants at each of four growth intervals. Values presented at the midpoint of each 
growth interval and scaled from the start of the experimental period. (Error bars indicate 
± SEM.) 
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A highly significant (P<O.OOOl )  shade by growth interval interaction (Fig 5.3) 

resulted from a more rapid increase in position of first branching node with growth interval 

under 20% sunlight than under full or 5% sunlight, which responded similarly. The lack 

of response shown by this characteristic to the 5% sunlight treatment (Fig. 5 .3), especially 

when plants were also defoliated (L or L+P treatments, Fig. 5 .4c) resulted from the very 

low node appearance rates in these treatments (Fig. 5 .2c) limiting the potential of these 

plants to express a response. Further evidence in support of this argument is that where 

plants of the 5% sunlight treatment were not defoliated the node appearance rate was 

slightly higher than for the defoliated treatments (Fig. 5 .2c) and under these conditions the 

characteristic of position of first branching node showed increased responsiveness (Fig. 

5.4c) to the extent that at harvest values were greater than those of the 100% sunlight 

treatments. The second order interaction, shade by defoliation by growth interval, 

(P<O.OO l )  resulted in the main from the large separation among defoliation treatments for 

position of first branching node under the 5% sunlight treatment at growth intervals three 

and four (Fig 5 .4) . 

5.3.1.3 PROBABILITY OF INITIATION OF OUTGROWTH OF AXILLARY 

BUDS 

The probability of outgrowth of axillary buds at nodes proximal to (and inclusive 

of) the first branching node on the main stolon was not significantly influenced by any of 

the variables in this experiment. Branches were produced at almost every node (overall 

mean probability 0.974± 0.0068). 

5.3.1.4 MORPHOLOGICAL CHARACTERISTICS AT HARVEST 

The main effects of treatments on leaf and stolon characteristics of the main 

stolon are given in Table 5 .3 .  Although cultivars differed as expected for petiole length 

and leaf area of main stolon leaves, the main effect of cultivar on mean internode length 

was non-significant. The main effect of cultivar on leaf to stolon dry weight (DW) ratio 

was also non-significant. 

The main effect of shade treatments was significant for each of the four 

morphological characteristics examined (Table 5 .3) although the direction of the responses 

differed among the characteristics . Petiole length was similar in both shaded treatments 

but greater than in the unshaded treatment. Leaf area per leaf was reduced 40% by the 
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Figure 5 .3 Effect of shade treatments, 100% sunlight ( • ), 20% sunlight ( • ) and 
5% sunlight ( • ), on position of first branching node relative to the apex of the main 
stolon at the end of each of four growth intervals. (Error bars indicate ± SEM.) 
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Figure 5.4 Effect of defoliation treatments, undefoliated ( o ), leaflets defoliated ( ll. ) 
and leaflets plus petioles defoliated ( o ), within each of the shade treatments, (a) 100% 
sunlight, (b) 20% sunlight and (c) 5% sunlight, on position of first branching node rela­
tive to the apex of the main stolon at the end of each of four growth intervals. (Error bars 
indicate ± SEM.) 



Table 5 .3  Main effects of cultivar, shade and defoliation treatments, measured at harvest, on petiole length and area per leaf of main stolon leaves, mean 
length of main stolon intemodes and leaf: stolon dry weight ratio of plant material grown during the experimental period. Main effects of shade and 
defoliation treatments on number of nodes produced per plant over the experimental period, meaned over cultivars are also provided. F test values and level 
of significance are given. 

Plant Cultivar 
Characteristic 

Kopu Pi tau Tahora F p 1 00  

Petiole length 1 3.4 1 2.2 1 1 .0 6.3 .003 1 0.3 
(cm) 

Leaf area ( cm·2) 8.8 5.6 3.3 74. 1 .000 1 6.4 

Internode length 1 .7 1  1 .63 1 .56 1 .9 ns 2.06 
(cm) 

Leaf:stolon ratio 5 .23 6.05 6.37 1 .2 ns 3.3 1 

Total nodes Not applicable - 32.2 

produced 

Shade 

(% full sunlight) 

20 5 F p None 

1 3 .6 1 2.8 29.4 .000 1 14.8 

6.5 3.9 26. 1 .000 1 7 . 1  

1 .56 1 .00 37.4 .000 1 2.03 

6.39 9.72 1 6.4 .000 1 5 .98 

8.9 4.0 1 56.3 .000 1 1 8.9 

Defoliation 

Leaflets Leaflets 
+ petioles 

1 0.5 9.9 

5 .0 4.7 

1 .42 1 .24 

5 .32 6. 1 9  

1 4.8 1 5 . 1  

F 

74.0 

33.3 

36.3 

0.7 

9 .4 

p 

.000 1 

.000 1 

.000 1 

ns 

.001 

\0 -..) 
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most severe shade treatment (5% sunlight) but not at all by the 20% sunlight treatment in 

comparison with the unshaded treatment. Increasing the severity of shade treatment 

progressively reduced mean internode length but progressively increased whole plant leaf 

to stolon DW ratio. 

Both the L and the L+P defoliation treatments significantly and similarly reduced 

petiole length and leaf area of main stolon leaves and internode length on the main stolon 

as compared to the undefoliated treatment; leaf to stolon DW ratio of plants was not 

influenced by defoliation treatment. 

5.3.2 PHOSPHORUS SUPPLY EXPERIMENT 

5.3.2.1 NODE APPEARANCE RATE 

The main effects of genotype, P supply and growth interval on number of nodes 

produced per main stolon apex per day were all highly significant (Table 5 .4) but there 

were no significant interactions. However node appearance rates did not differ significantly 

with P supply until the second growth interval. Node appearance rate increased to a 

maximum for the second growth interval and then declined during the remainder of the 

experiment. This decline corresponded with a 2 h decrease in daylength and associated 

reductions in mean daily temperature. The irregularity of this trend over the fifth/sixth 

growth intervals could not be related with unusual fluctuations in glasshouse temperatures. 

The difference in mean node appearance rate at the main stolon apex between 

genotypes was of the same order as the difference between values at 1 mM and 0.01 mM 

P supply (Table 5.4). 
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Table 5 .4 Main effects of genotype, phosphorus supply and growth interval on node 
appearance rate (nodes produced, main stolon apex- 1 d- 1 ) of the main stolon of white clover 
plants of the P supply experiment. F test value and level of significance are presented. 

Genotype P supply Growth Interval 

1 0.272 0.0 1 mM 0. 1 93 1 
2 0.206 0.2 mM 0.244 2 

1 .0 mM 0.279 3 
4 
5 
6 
7 

F 77.2 44.0 

p <0.000 1 <0.000 1 

5.3.2.2 POSITION OF FIRST BRANCIDNG NODE 

0.227 
0.293 
0.266 
0.236 
0.200 
0.234 
0.2 14 

7.2 

<0.0001 

For position of first branching node relative to the apex of the main stolon, 

analysis indicated that as well as highly significant (P<O.OOO l )  main effects of genotype, 

P supply and growth interval there were also highly significant interactions. 

The genotype by P supply interaction (P<0.0045) indicated that genotype 1 was 

more responsive for this characteristic as there was a 50% increase from the highest to 

lowest levels of P supply compared to a 25% change for genotype 2 (Fig 5.5). Genotype 

1 had higher values than genotype 2 for this characteristic (P<0.000 1) .  

The major feature of the P supply by growth interval interaction (P<0.000 1 )  was 

the increase in separation in· values for position of first branching node among P supply 

treatments as duration of treatment increased (Fig 5.6). Significant separation in values 

occurred at growth interval 2 (P<0.002) and subsequently. In particular, values increased 

for plants grown at the lowest level of P supply relative to those grown at the two higher 

levels of P supply. At the two higher levels of P supply the tendency for values to 

decrease towards the end of the experiment may have been related to the decline in 

daylength and the general environment for growth. The second order, genotype by P 

supply by growth interval, interaction was not significant. 



100 

6.0 

..c:: u 
§ 5.0 
1-< 

.D 
� 
m 

4.0 1-< 
� 
'+-< 0 
= 3.0 0 ·-
� 

· -
m 0 c.. 2.0 
� "0 0 

z 
1 .0 

0.0 
0.01 0.2 1 .0 

P supply (m MP in nutrient solution) 
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5.3.2.3 PROBABILITY OF INITIATION OF OUTGROWTH OF AXILLARY 

BUDS 

The probability of outgrowth of axillary buds at nodes proximal to (and inclusive 

of) the first branching node on the main stolon was not significantly influenced by any of 

the variables in this experiment. Initiation of outgrowth occurred at almost every node 

(overall mean probability was 0.965 ± 0.0058). 

5.3.2.4 PLANT CHARACTERISTICS AT HARVEST 

The effects of treatments on the selected plant characteristics of plants at harvest 

are presented in Table 5 .5 .  S ignificant genotypic differences were recorded for the leaf 

characteristics of petiole length and area per leaf, stolon diameter with greater diameter 

associated with the larger leaved genotype 2, number of branches on the main stolon and 

total number of nodes per plant. Dry matter yields, mean internode length and P content 

of leaf and stolon did not differ between genotypes. All characteristics except stolon 

diameter increased with increasing P supply. 

The genotype by P supply interaction was significant only for two characteristics, 

area per leaf and total node number per plant. The significance of the interaction for area 

per leaf was due to differential increases of 50 and 100% in values at 0.2 mM and 1 .0 mM 

P supply for genotypes 1 and 2, respectively. The significance of the interaction for total 

nodes per plant reflected the larger percentage increase in values at 0.2 mM P supply for 

genotype 1 than for genotype 2. 

5.4 DISCUSSION 

The objective of the reported experiments was to further understanding of the 

effects of deprivation of resources, in particular photosynthate and P supply, on branch 

initiation in white clover. This has relevance as regards the effect of stolon burial on 

branching as at the time of grazing, defoliation and burial can occur simultaneously and act 

to substantially reduce the availability of photosynthates within plants. Also as supply of 

P is suboptimal in many New Zealand pastures the effects of deprivation of P supply were 

studied to establish if the directions of the branching responses to both resources were 

similar. 
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Table 5.5 Mean values of specified plant characteristics of two genotypes of Grasslands 
Tahora white clover grown at three levels of phosphorus supply as measured at harvest. 
F test values and significance are given for the main effects for genotype (G) and 
phosphorus supply (P) and for the genotype by phosphorus supply interaction (GxP) for 
each characteristic. 

Phosphorus Supply Treatment 

Plant 0.01 mM 0.2 mM l .O mM Significance levels 
Characteristic 

Genotype Genotype Genotype G p GxP 
1 2 1 2 1 2 

First unfolded 
leaf Petiole 
length (cm) 4.3 4.6 7.0 8.3 9.3 1 1 .3 F 9.3 68. 1 1 .9 

p < 0.006 0.0001 ns 

Area leaf1 

(cm2) 1 .08 1 .43 2.08 3 . 16  2.95 6.31 F 14. 1 1 6.2 4.5
·
· 

p < 0.001  0.0001 0.03 

Stolon 
diameter 

proximal to 1 .65 1 .85 1 .67 1 .80 1 .67 2.07 F 2 1 .2 2.8 2.2 
first unfolded p < 0.0001 ns ns 
leaf (mm) 

Internode 
length main 1 .25 1 . 1 3 1 .47 1 .59 1 .69 2 . 14 F 3.3 23.5 1 .4 
stolon (cm) P < ns 0.0001 ns 

No. branches 
on main 6.8 3 .4 1 2.0 7.2 1 3 .2 10.8 F 6 1 .7 80.9 2 .4 
stolon p < 0.0001 0.000 1 ns 

No. nodes 29.0 17.6 66.6 33.8 9 1 .6 67.0 F 63.0 1 25.3 4.7 

planr1 p < 0.000 1 0.000 1 0.02 

Dry Weight 

planr1 (g) 0. 1 39 0. 175 0.555 0.438 1 .496 1 .975 F 1 .2 62.5 2.2 
Leaf P ns 0.0001 ns 

0.088 0.085 0.264 0.202 0.72 1 0.992 F 1 .0 44.8 2. 1 
Stolon P < ns 0.0001 ns 

Total 0.226 0.260 0.8 1 9  0.640 2.217 2.9 F 1 . 1  56.0 2.2 
p < ns 0.0001 ns 

P content (% 
of DW) . 1 4  . 1 3  . 17 . 1 9  .32 .33 F 0.6 62. 1  0.4 

Leaf P < ns 0.0001 ns 
Stolon . 1 4  . 1 1 . 15 . 1 6  .26 .27 F 1 .8 47.3 0.9 

P ns 0.0001 ns 



103 

This discussion consists of four sections followed by a conclusion. Firstly, 

aspects relating to the scope of interpretation of the study are considered before the second 

section discusses the effects of photosynthate and P supply on the plant attributes that 

determine branching of white clover. The third section discusses the effects of deprivation 

of photosynthate and P on the allocation of resources to metamers and to organs within 

metamers. Prior to the conclusion, the fourth section comments on the integration of clonal 

growth in relation to branching. 

5.4.1 DELIMITATION OF INTERPRETATION 

The study was not undertaken with the purpose of assessing the extent of genetic 

variation in response but included known genetic variation within experiments so as to 

ensure that the principles of response were more general to white clover than that specific 

to one genotype cloned for glasshouse experimentation. Hence experiments were inclusive 

of elements of genetic variation only for the purpose of monitoring for the possibility of 

large genetic influences on either the direction or the scale of responses to treatments. 

Within these constraints genotype was not found to significantly alter the direction or scale 

of branching responses to shade or defoliation but to influence the mode of response to 

limitation in P supply. Although genotypic variation in node appearance rate (Burdon & 

Harper 1980; Caradus & Chapman 199 1 )  and position of first branching node (Erith 1 924; 

Caradus & Chapman 199 1 ;  Turkington et al. 199 1 )  has been established, the absolute 

values of these characteristics are dominated by environmental conditions in any given 

situation (Sackville Hamilton & Harper 1 989) and this proved to be the case within the 

shade and defoliation experiment. However under the conditions of the P supply 

experiment significant and consistent genotypic differences were obtained for node 

appearance rate and position of first branching node (Table 5.4, Fig 5 .5)  although the 

direction response was the same for both genotypes. 

Understanding of branching responses of plants requires information at the 

individual axillary bud level, rather than at the developed meristem level (Harper 1 977; 

Sackville Hamilton & Harper 1989; Hay et al. 1 99 1 ;  Newton et al. 1992). Thus as there 

is an axillary bud at each node, the demography of nodes becomes an issue that is involved 

in the assessment of branching responses of plants to treatments. As, in these short-term 

glasshouse experiments, there was no plant fragmentation the response to imposed 

treatments can be described by the simple model proposed by Turkington et al. ( 199 1 ) ;  the 
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number of nodes per plant is a function of node appearance rate, position of first branching 

node (relative to the stolon apex) and frequency of branching at nodes proximal to the first 

branched node. These parameters define the recruitment and activity of axillary buds on 

a stolon basis which when summed over stolons provides whole plant data. However, the 

short-term nature of the experiments reported means that analysis has necessarily been 

restricted to the main stolon of plants. It is recognised that this may underrepresent the 

longer-term branching response of the plant to treatments as branching performance of 

secondary branches can be affected to a greater extent than the main stolon under some 

situations (King et al. 1978; Grant et al. 199 1 ;  see also Chapter 6). An advantage of use 

of the three parameters cited by Turkington et al. ( 1 99 1 )  to assess branching response is 

that assessment is non-destructive which means that assessments can be repeated throughout 

an experiment and so allow identification of when a particular response occurs. 

Defoliation treatments were applied as a single event at commencement of the 

experimental period. Thus the response to defoliation during the course of the experiment 

was one of recovery and so differed fundamentally from the response to shade treatments 

which imposed a regime of increasing intensity of deprivation of photosynthate. Hence the 

previously observed depressive effects of defoliation on node appearance rate (Mitchell 

1 956;  Carlson 1 966b; Sanderson 1 966; King et al. 1 978;  Sackville Hamilton & Harper 

1 989; Grant et al. 1 99 1 )  were most evident early in the experiment (Fig. 5.2). The major 

effect was an immediate halving of node appearance rate in the growth interval following 

defoliation; an effect which, for unshaded plants, had disappeared by growth period three 

(Fig. 5 .2) . A probable mechanistic explanation is that defoliation reduces photosynthate 

production and hence supply of carbon for new growth. The plant adapts by remobilizing 

photosynthate stored as starch in root and stolon (Moran et al. 1 953 ;  Vez 1 96 1 ;  Murphy 

1 982; see Sections 7.3 .4 and 7.4 for description of starch depletion and replenishment in 

stolon following defoliation). However the rate of remobilization is insufficient to prevent 

a penalisation of new growth through reductions in leaf (Carlson 1 966b) and internode 

(Thomas 1987b) dry weight and node appearance rate. However defoliation had a 

quantitatively small effect on position of first branching node which did not alter 

significantly with growth period, and indicated that large changes in this characteristic were 

associated with variation in the light rather than the defoliation environment (Fig. 5. �}. 
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In general, branching responses to deprivation of light (shade treatments) or P 

supply were similar. In both cases the largest response was a two- to three-fold increase 

in the number of nodes between the stolon apex and the first node with a branch. This is 

commonly referred to as an increase in apical dominance (Phillips 1 97 5; Cline 1 99 1 ;  

Murphy & Briske 1 992) and such responses have often been noted in white clover in 

response to shade and low nutrient supply (Harvey 1979; Newton 1 986; Thomas 1987b; 

Davies & Evans 1990a; Caradus & Chapman 199 1 ). The lack of an increase in apical 

dominance in plants of the 5% sunlight treatment, relative to the 1 00% sunlight treatment, 

was due, at least in part, to the severe reduction in node appearance rate that occurred in 

these plants which limited their potential to express a response within the timeframe of tpe 

experiment. In addition there were reductions in node appearance rate by two thirds under 

the severe (5% sunlight) treatment, one third under the 20% sunlight and one quarter under 

the 0.0 1  mM P supply treatments (Tables 5 . 1 ,  5 .4). As environmental factors other than 

temperature tend to have small effects on node appearance rate (Mitchell 1 956; Sanderson 

1966; King et al. 1978; Harvey 1 979; Chapman 1983; Sackville Hamilton & Harper 1989; 

Caradus & Chapman 199 1 ;  Caradus et al. 1993) these results indicate that the imposed 

treatments were severely limiting resources within plants. Despite the severe consequences 

of deprivation of resources (reductions of > 90% in shoot DW or 75% in total node number 

per plant) none of the factors examined (shading, defoliation, P supply or burial (Appendix 

5 . 1 )) significantly reduced the probability of an axillary bud initiating outgrowth. This 

probability was calculated by dividing the number of branched nodes on a stolon by the 

total number of nodes proximal (but including) the first branching node proximal to the 

stolon apex. Such calculation excludes nodes that are ontogenetically without potential to 

branch (i.e. ,  those in positions under apical dominance, such nodes are accounted for by 
-

the characteristic, position of first branching node) and gives {urther precise information 

on the branching activity of axillary buds. Under the conditions of these experiments, the 

severe treatments imposed did not significantly reduce the probability of initiation of 

outgrowth, i.e. , all axillary buds eventually initiated outgrowth. These results suggest two 

interesting corollaries; 1 )  that resource levels within the plant have a minor influence on 

the viability of axillary buds and 2) that factors other than resource levels within plants 

must determine the reduced level of branching usually observed in field plants. These 

issues have not been clearly observed before because of the previous tendency to calculate 

the percentage of branching across all nodes, therefore confounding results by the inclusion 
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of nodes influenced by apical dominance thereby lowering values whenever treatments 

enhance apical dominance. For instance, Caradus & Chapman ( 199 1 )  report shading (50% 

of sunlight) increased the position of the first branching node some 20% and decreased the 

percentage of nodes branching 67%.  However recalculation of their data indicates that the 

decrease in percentage of nodes branching in shaded stolons can be wholly accounted for 

by the change in position of first branching node and the fact that unshaded plants 

produced more nodes for inclusion in the calculation. 

The changes in branching form of plants with treatment in both experiments 

resulted solely from the effects of deprivation of resource acting to delay the outgrowth of 

axillary buds until they were at nodes positioned up to six nodes proximal to the stolon 

apex and from decreases in node appearance rate. As under these experimental conditions, 

virtually all (96+%) axillary buds eventually initiated outgrowth, probability of initiation 

of axillary bud outgrowth was not a factor contributing to the branching form or total node 

number of plants. 

During the first two growth periods in both experiments node appearance rate 

of the designated unrestricted supply treatment increased (Figs. 5 . 1 ,  5.3).  In both 

experiments an ontogenetic effect would contribute to this result because plants were 

established from stolon cuttings comprised of only two unfolded leaves plus the apex and 

node appearance would reach maximum rates only after cuttings had established effective 

branches contributing photosynthate to the main stolon (Chapman et al. 1992b). In the P 

supply experiment, this ontogenetic effect probably accounted for the initial slight increase 

in node appearance rate. However the considerably larger early response in node 

appearance rate observed in unshaded plants in the shade and defoliation experiment may 

also reflect the potential of these plants to respond to the rapidly improving growth 

conditions in late September - early October, a potential that was unrealised in shaded 

plants. The P supply experiment was conducted from 25 February to 16 April when 

growth conditions (temperature, light intensity and photoperiod) were declining rapidly as 

the experimental period straddled the autumnal equinox. This was reflected in a 

progressive decline in node appearance rate after the third week of the experiment 

regardless of P supply and may have been a factor contributing to the tendency for position 

of first branching node to decrease over the latter stages of the experiment at the two 

higher rates of P supply (Fig. 5 .6). 
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Plants have ability, conferred via the photoreceptor phytochrome, to sense and 

alter morphology in response to changes in the red: far-red ratio (R:FR) of light even 

though total photosynthetically active radiation (PAR) remains unchanged (Ballare et al. 

1987, 1 990) . A decrease in the R:FR ratio of light incident just at the main stolon apex 

of white clover plants, along with no change in PAR, induced an increase in the position 

of the first branching node on the main stolon (Robin et al. 1994 ) .  This is  evidence that 

in white clover initiation of branching is responsive to an external environmental signal 

even when resources within the plant remain unaltered at adequate levels. However in both 

experiments of this study differences among treatments for position of first branching node 

and to some extent for node appearance rate (shade experiment) increased over the course 

of the experiment. Such results suggest that the response pattern is driven by resource 

availability within the plant rather than by sensing of changes in the external environment. 

It has been previously postulated that reduction in availability of any resource at the apex 

of stolons enhances the expression of apical dominance in white clover (Harvey 1979; 

Newton 1 986; Thomas 1987b); the results of these experiments do not contradict this 

suggestion. 

5.4.3 ALLOCATION OF RESOURCES TO AND WITIDN METAMERS 

The factors considered thus far, node appearance rate, position of first branching 

node and probability of branching, in combination determine the number of metamers 

(nodes) produced per stolon per unit time. However another important dimension of 

morphological response to deprivation of resource is modification of the size of metamers 

and relative changes in the size of organs (leaf, internode, root, axillary bud) within 

metamers (Tables 5 .3  & 5.5).  With less severe deprivation, adjustment occurs by 

preferential allocation of resource to organs that capture or maintain the scarce plant 

resource (Chapin 1980). In white clover, this response gives rise to well documented 

increases in root to shoot dry weight ratio with limitation of nutrient supply (see review by 

Caradus 1 990), increases in petiole length and leaf area of leaflets with limiting light 

supply (see Hart 1987) and changes in leaf to stolon dry weight ratio to equilibrate with 

imposed defoliation regime (Briseno de la Hoz & Wilman 198 1 ;  Wilman & Asiegbu 

1982b; Horikawa 1986b; Brock et al. 1 988). The response patterns within these 

experiments were consistent with the above described principles in relation to shade, 

defoliation and nutrient supply treatments. As root dry weight was not measured, 

root:shoot ratios could not be ascertained in either experiment, however, as would be 
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predicted, leaf:stolon ratios increased three fold with increasing shade (Table 5.3) but 

remained constant when P supply decreased even though metamer size decreased (Table 

5 .5) .  

It is  the ability of white clover to significantly modify both the number and size 

of metamers in response to available plant resources that confers the species with a high 

ranking for phenotypic plasticity (Hill 1 977; Brougharn et al. 1 978;  Forde et al. 1989; 

Caradus et al. 1993). This potential to adjust phenotype to the environment greatly assists 

the species to achieve a wide ranging colonization of habitats within the temperate zone 

of the world (Williarns 1987) and is also a characteristic that contributes substantially to 

the robust su�cess of the species as a forage legume (Forde et al. 1 989). 

Shoot dry weight per plant is a morphological characteristic that reflects the 

combination of responses of metamer number and size to treatments. Comparison of 

results from the P supply experiment well illustrate this principle. Comparison of the two 

genotypes involved indicates that as compared with genotype 2, genotype 1 had a greater 

node appearance rate, a more marked responsiveness of position of first branching node but 

smaller sized metamers. On the other hand genotype 2 produced fewer but larger metamers 

and responded to limitation of P supply through reducing the size of metamers rather than 

greatly changing the position of first branching node. The end result was that leaf, stolon 

and total shoot dry weight per plant were all similar for both genotypes at each level of P 

supply (Table 5.5). 

The pattern of response of different plant characteristics of white clover to the 

shade levels selected differed. For instance at the end of the experiment, whereas internode 

length decreased with increasing shade level, petiole length was greatest at 20% sunlight 

and least at 100% and 5% sunlight and leaf area per leaf was similar at 1 00% and 20% 

sunlight but was reduced (40%) at 5 %  sunlight. Differing patterns of non-linear response 

to decreasing percentages of PAR have previously been reported for internode and petiole 

length and the patterns shown to differ between genotypes (Thompson 1 993b). Such 

differences in non-linearity of response between plant characteristics reflect the balance 

between the changes in intraplant allocation as a resource becomes scarce, the relative sink 

strength of the region associated with a particular characteristic and changes in the total 

amount of resource available for allocation. 
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In both experiments plants were grown individually, so were uninfluenced by 

intra- or inter-specific competition for space or resource and any limitation of resource was 

applied to the whole plant. Thus the responses measured at both the plant and organ level 

could have represented either a highly integrated response mediated by 'global' sensing by 

the plant of the resource level or a non-integrated response which was the sum of similar 

but independently controlled responses mediated by sensing of resource level at a local 

level within the plant. Turkington et al. ( 199 1 ) suggest that the activity of all apices (i.e. ,  

node appearance rate) within a clonal fragment is integrated whereas growth of individual 

metamers (i.e. , dimensions of leaf and internode and axillary bud and root primordia 

activity) is not, being instead, responsive to local conditions at the site of the metamer. In 

pastures there is typically marked· heterogeneity at the microsite level so that different 

portions of a clonal fragment (plant) may encounter a range of resource levels. One factor 

contributing to such rnicrosite heterogeneity is burial of portions of the stolon system of 

plants (Forde et al. 1 989; Sackville Hamilton & Harper 1989). In a small glasshouse 

experiment (see Appendix 5 . 1 )  the resources available to different branch stolons of a 

single plant were altered by imposing combinations of burial and defoliation treatments on 

individual stolons. Node appearance rate (P<0.003) and position of first branching node 

(P<0.0 1 2) were found to differ significantly among stolons of the same plant in response 

to burial but not with defoliation. Treatments had no significant effect on the probability 

of an axillary bud branching as virtually all buds initiated outgrowth. Both these results 

conflict with the theoretical framework of clonal integration within white clover put 

forward by Turkington et al. ( 1 99 1 ).  A difference between this experiment and that of 

Turkington et al. ( 199 1 )  is that in the latter case the main stolon was maintained intact 

whereas in this experiment the main stolon was cut so that the apical region including the 

apex was removed. It is possible that presence of the main stolon apex is a prerequisite 

for the integration of apical activity within a plant. However while the model describing 

clonal integration within white clover proposed by Turkington et al. ( 1 99 1 )  provides an 

adequate basis for accounting for observed plant responses in some situations (i.e., biotic 

patchiness) the results obtained in these experiments indicate the model does not have 

universal applicability. In fact these results suggest that stolons within plants are 

responsive to the microenvironment at the stolon and that there is no greater integration of 

growth of apices than there is of growth of individual metamers. 
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In conclusion, the results presented in this chapter confirm that deprivation of 

resource (light or phosphorus) has an important depressive effect on branching of white 

clover. The new information is the clear result that such resource deprivation, despite 

inducing large changes in the pattern of allocation of resources to plant organs, has a minor 

influence on the probability of an axillary bud initiating outgrowth but acts to reduce 

branching by very significantly delaying the outgrowth of buds. Not only is the position 

of the first branching node, relative to the stolon apex, increased two- to three-fold but 

node appearance rate is also significantly decreased and these factors combine to reduce 

the number of branches produced. The results reported relate solely to effects of treatments 

on the initiation of outgrowth of axillary buds; the short-term nature of these experiments 

precluded examination of survival of branches following initiation. These results have 

implications regarding the effect of burial of stolons in that the relatively minor costs to 

the plant of loss of photosynthetic capacity and increased energy costs associated with 

thigmomorphogenetic responses upon burial should have minor effects on the probability 

of initiation of outgrowth of axillary buds. Indeed the glasshouse trial (Appendix 5. 1 )  

found stolon burial to have no effect on the probability of initiation of outgrowth of axillary 

buds, a result similar to that previously reported in a field experiment (Chapter 4). 
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CHAPTER 6 EFFECT OF BURIAL OF NODES OF DIFFERENT 

POSITION WITHIN STOLONS ON THE PROBABILITY OF 

INITIATION OF AXILLARY BUD OUTGROWTH 

6.1 INTRODUCTION 

Results obtained in Chapter 4, when stolons received burial treatments in the 

field, showed there was an overall depressive effect of burial on branch presence which was 

attributed to a reduction in survival of young branches rather than to any reduction in the 

initiation of outgrowth of axillary buds. The effect of burial on branch presence was 

closely linked to ontogeny of axillary buds at the time of burial. In all the experiments in 

Chapter 4 burial had its most marked effect on the outgrowth of axillary buds at nodes 

positioned one or two from the stolon apex at time of burial whereas for nodes positioned 

further than three from the apex, results were more variable. However, these experiments 

only examined the response to burial of axillary buds at nodes that had emerged from the 

stolon apex on the soil surface before they were buried. Measurement of field populations 

show that presence of incipient branches (defined as the stage when the first leaf from 

axillary buds is within the 0. 1 -0.9 developmental stages of the Carlson ( 1966a) scale) is one 

third at node position 2 that of the maximal values occurring at node position 4 (Newton 

et al. 1 992) . This suggests that factors influencing the initiation of outgrowth of axillary 

buds probably exert an influence early in the development of a node. Thus there is a 

requirement for more detailed experimentation conducted under controlled conditions to 

examine the effect of burial, at early stages of axillary bud ontogeny (inclusive of bud 

development within the stolon apex) through to more mature stages (buds at nodes 

positioned six to eight from the stolon apex), on the initiation of outgrowth of axillary 

buds. In conjunction with this experimentation it is possible to obtain information as to 

whether burial limits outgrowth of axillary buds via inhibition mechanisms or through 

decreasing the viability of buds by imposing additional treatments and recording extra 

measurements. 

This chapter will report on an experiment investigating the effect of period of 

burial and ontogeny of axillary buds at burial on the initiation of outgrowth of axillary 

buds, especially those buds at nodes recently emerged from the apex ( < three nodes from 

the apex). The assumption that the major influence of burial on initiation of axillary bud 
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outgrowth was through its effect on the light environment at bud sites was implicit in the 

design and interpretation of results of this experiment. 

6.2 METHODS AND MATERIALS 

6.2.1 PLANT MATERIAL AND GROWTH MEDIUM 

Stolon cuttings consisting of an apex and two nodes with subtending leaves of 

development >0.5 (Carlson ( 1966a) scale) were taken from a single genotype of Grasslands 

Kopu white clover. One stolon cutting was planted, at each end of 32 plastic trays ( 40 x 

30 x 5 cm), into potting mix (Section 5.2.3 . 1 )  on 2 1  February 1 989. Cuttings were allowed 

to establish for 22 days and had either three or four leaves by the time the experimental 

treatments were applied on 1 5  March 1989. 

6.2.2 GROWTH CONDITIONS 

The experiment was conducted in a glasshouse with thermostatically activated 

heating and cooling systems from 1 5  March through to 1 8  May 1 989. During this period 

daylength decreased from 1 2  h 23 min in mid-March to 9 h 23 min in mid-May. At 

Palmerston North, the maximum recorded daily light intensity decreases from March to 

May from 1 7 10 to 9 1 2  � photons m·2s·' , respectively and mean daily light intensity from 

1 250 to 540 � photons m·2s· ' (D.H. Greer, pers. comm.). 

Mean daily maximum and minimum air temperatures in the glasshouse over the 

trial period in March, April and May were 30. 1 ± 3.06°C and 15 .0 ± 2.3 1 °C, 29.4 ± 2.06°C 

and 1 4.4 ± 1 .0 1 °C and 26.3 ± 3 . 1 2°C and 1 3 .3 ± 1 .93°C respectively. 

On 1 5  March 1 989 when treatments were applied, all plants, except those of the 

undefoliated treatments, had leaves defoliated (petioles were cut within 2 mm of the stolon) 

such that each stolon had a maximum of two fully unfolded leaves plus any developing 

leaves. Throughout the trial stolons were maintained in this state by removing leaves as 

necessary. 
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Burial treatments were applied to produce axillary buds of four differing 

backgrounds: 

( 1 )  axillary buds that emerge (from the apex) and then develop in light, 

(2) axillary buds that emerge in light and then develop in dark, 

(3) axillary buds that emerge in dark and then develop in light, 

( 4) axillary buds that emerge and then develop in dark. 

These four backgrounds were incorporated in the development of the eight 

treatments imposed and tested in the trial. 

6.2.3.1 TREATMENTS 

The trial consisted of three distinct time periods as indicated schematically 

below. These periods ( 1 -3) corresponded with successive intervals which allowed the 

emergence of approximately eight, five and six nodes, respectively, on the experimental 

stolons. 

Nodes (axillary buds) 
receiving Treatments 

Untreated nodes (axillary buds) 
grown in full light 

�------------------------------�--------------------------------------------------t 

2 1  February 1 5  March 

Establishment 
Period Period 1 

1 2  April 

Period 2 

27 April 1 8  May 
(Harvest) 

Period 3 

The line above depicts the primary stolon at harvest ( 1 8 May) with the solid 

circles representing nodes (with associated axillary buds) emerging from the stolon apex 

during each of the time periods. Only the eight or so nodes (including the axillary buds 

thereof) that emerged during Period 1 ,  that is between 1 5  March and 12 April, received 

treatments. Treatments were applied to these nodes during both Period 1 and Period 2. 

All nodes (axillary buds) that emerged after 12 April (i.e. during Periods 2 and 3),  were 

untreated and grew normally on the soil surface in full light. 
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On 1 5  March 1 989 the tips of stolons were either buried with 2 cm of potting 

mix or not buried. Where necessary during Period 1 stolons were restrained with staples 

to ensure they remained buried to the desired depth. On 1 2  April, stolons were tagged just 

forward of the first (youngest) node differentiated from the apex. Stolons that had received 

the burial treatment during Period 1 had those nodes formed in Period 1 either kept buried 

or uncovered for Period 2. Similarly for stolons not buried during Period 1 ,  the nodes 

formed during Period 1 were either buried or not for Period 2. 

At the end of Period 2 on 27 April, stolons were tagged just forward of the 

youngest emerged node. Then the potting mix was carefully scraped away to uncover those 

stolon segments which had received burial treatments during Period 2. At this stage all 

stolons were completely uncovered. Stolons were then grown on during Period 3 ,  until 

18  May, to provide an opportunity for treated axillary nodes to develop. On the 1 8  May 

stolons were harvested. 

This gave four basic burial treatments of nodes (axillary buds) emerging in 

Period 1 during Periods 1 and 2: 

Treatment 1 ,  axillary buds emerged and developed in light (Periods 1 and 2), designated 

010; 

Treatment 2, axillary buds emerged in light (Period 1 )  and developed in dark (Period 2), 

designated 0/B; 

Treatment 3 ,  axillary buds emerged in dark (Period 1 )  and developed in light (Period 2), 

designated B/0; 

Treatment 4, axillary buds emerged and developed in dark (Periods 1 and 2), designated 

BIB. 

In addition, the following treatments were included in the trial to assist 

interpretation of results in relation to the growth of white clover in grazed pastures: 

Treatment 5 ,  polythene covering. The treated portion of stolon was buried with 2 cm of 

potting mix and then covered with black polythene to ensure the complete exclusion of 
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light from the buried portion of stolon. Developing leaves were given access through the 

polythene. The stolon portion emerging in Period 1 was buried for both Periods 1 and 2 

and the treatment designated BIB P. 

Treatment 6, excision of stolon apex. The apex was excised, by cutting just forward of the 

first emerged node from the apex on 1 2  April (i.e. at the end of Period 1 ), from stolons 

which received burial treatments over both Periods 1 and 2. This treatment was designated 

BIB EA. 

Treatment 7, undefoliated OIB treated stolons. This treatment was included for comparison 

with the standard defoliation regime (OIB) and was designated OIB U. 

Treatment 8, undefoliated B/0 treated stolons. This treatment was included for comparison 

with the standard defoliation regime (B/0) and was designated B/0 U. 

The treatments are outlined in Table 6. 1 .  

6.2.3.2 DESIGN 

On 1 5  March 1989 plants were numbered and the eight treatments (Table 6. 1 )  

were randomly allocated to plants irrespective of  the tray they were in. Each treatment was 

replicated eight times giving 64 plants which were grown two per tray (Plate 6. 1 ) .  Trial 

layout was randomised by blocks (trays) and, twice weekly, systematic movement of trays 

minimised glasshouse positional effects. 

6.2.4 MEASUREMENTS 

At harvest each plant had the outgrowth of each axillary bud assessed as 

previously described (Section 4.2.3 . 1 ) . Then plants were dissected such that the primary 

stolon was divided into those nodes that emerged in each of the three periods, with any 

branch formed from an axillary bud included with the node of origin. The lengths of the 

primary and branch stolons and the diameter of the central internode of the primary stolon 

that had emerged in each of the three time periods were measured before plant material was 

further dissected into primary stolon and leaf and branch stolon and leaf for dry weight 

determination of each component. 
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Table 6. 1 A presentation of the treatments, design and treatment contrasts of the 
glasshouse experiment investigating burial/cultural effects on initiation of 
outgrowth of axillary buds. (B = buried, 0 = not buried) . 

Burial treatments Presence of Application Occurrence Designated 
during periods black of of excision abbreviation 

1 2 
polythene defoliation of apex for each 
covenng regtme treatment 

0 0 + 0/0 

0 B + OIB 

B 0 + B/0 

B B + BIB 

B B + + BIB P 

B B + + BIB EA 

0 B OIB u 

B 0 B/O U 

Treatments were replicated eight times using an incomplete block design with two plants 
per tray (block) with a total of 32 trays. 

Treatments in specific contrasts: 

( 1 )  Burial in Period 1 vs. no burial in Period 1 
BIB, B/0, B/0 U vs. OIB, OIB U, 0/0 

(2) Period 1 burial vs. Period 2 burial 
B/0, B/0 U vs. OIB, OIB U 

(3) Defoliation vs. no defoliation 
B/0, 0/B vs. B/0 U, OIB U 

(4) Burial in Period 2 vs. no burial 
OIB vs. 0/0 
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(a) 

(b) 

Plate 6. 1 Photographs taken during Period 1 illustrating (a) the layout of part of the trial 
within the glasshouse and imposition of the burial treatments, and (b) a close-up 
view of two undefoliated stolons, one of which was buried and the other which 
was subsequently buried during Period 2. 
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Analyses were performed using SAS (SAS Users Guide 1988). All data were 

analysed using the General Linear Models Procedure of SAS. Individual trays were treated 

as blocks and differences among treatments were tested by t tests. Where treatments with 

common elements were grouped, differences among groups were tested by the Contrast 

Option in the General Linear Models Procedure of SAS. 

6.3 RESULTS 

6.3.1 NODE APPEARANCE 

The number of nodes appearing on the primary stolon of plants was significantly 

affected by treatment in Period 2 but not in Periods 1 and 3 (Table 6.2). In Period 2 

treatment OIB U differed significantly from all other treatments except treatment OIB. 

Table 6.2 Mean number of nodes ± SEM that appeared on the primary stolon of plants in 
each time period in each treatment. (Treatments as given in Table 6. 1 ) .  
Significance of treatment main effects are given. 

Burial/cultural Experimental Time Period 
treatment 

1 2 3 

010 8 .50 ± 0.267 4.57 ± 0.297 5.86 ± 0.639 

OIB 8 . 1 3  ± 0.227 5 . 1 3  ± 0. 1 25 6. 1 3  ± 0.599 

B/0 8. 14  ± 0.553 4.43 ± 0.297 6.00 ± 0.535 

BIB 7.25 ± 0.3 1 3  4.50 ± 0.267 5 .88 ± 1 . 1 66 

BIB P 7. 14 ± 0.769 4. 1 4  ± 0.26 1 5.7 1 ± 0.452 

BIB EA 8.43 ± 0.297 

OIB u 9.50 ± 0.500 5.63 ± 0.375 6.38 ± 0.857 

B/0 U 9.00 ± 0.267 4.86 ± 0.26 1 6. 14  ± 0.833 

ns 
(P<0.0929) P<0.01 04 
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PROBABILITY OF BRANCIDNG AT PRIMARY STOLON 

NODES 

The burial/cultural treatments significantly affected the probability of outgrowth 

of axillary buds on the primary stolon that emerged in both Period 1 and Period 2 

(Table 6.3) .  

Table 6 .3 The probability of axillary bud outgrowth from nodes that emerged on the 
primary stolon in each of the two treatment periods on stolons subjected to 
different burial/cultural treatments (refer to Table 6. 1 ) .  Means and standard 
errors of means, significance of the treatment main effect and significance of 
specific treatment contrasts are presented. 

Period 1 Period 2 

010 0.93 ± 0.032 0.80 ± 0.088 

OIB 0.9 1  ± 0.029 0.85 ± 0.082 

B/0 0.76 ± 0.028 0.55 ± 0.085 

BIB 0.29 ± 0. 105 0.76 ± 0.060 

BIB P 0.32 ± 0.094 0.65 ± 0. 109 

BIB EA 0.73 ± 0.057 

OIB u 0.97 ± 0.020 0.90 ± 0.052 

B/0 U 0.85 ± 0.028 0.75 ± 0. 108 

Specific contrasts : 

Period 1 burial vs. no burial P<0.000 1 P<0.0 107 

Period 1 vs Period 2 burial P<0.0073 P<0.0008 

Defoliation vs No defoliation ns ns 

OIB vs. 0/0 ns ns 



120 

For axillary buds that had emerged during Period 1 the contrast between 

treatments with burial during the first period and treatments without (ie. BIB, B/0, B/0 U 

vs. OIB, OIB U, 0/0) was highly significant. With increasing severity of burial treatment, 

010, OIB, B/0 and BIB the branching probabilities (0.93, 0.9 1 ,  0.76 and 0.29 respectively) 

significantly decreased (P<0.05) with each step except for the first step. For those stolons 

not buried during Period 1 ,  burial treatments during Period 2 had no significant effect on 

the branching probabilities of the axillary buds that had emerged during Period 1 .  

The branching probability of axillary buds which emerged from the stolon apex 

during Period 2 was reduced (P<0.0107) for stolons which had been buried for Period 1 

but was not affected by burial during Period 2. 

Defoliation had no significant effect on the branching probabilities of axillary 

buds that emerged in either time period. However, whereas excision of the apex 

significantly (P<0.000 1 )  increased the branching probability from 0.29 to 0.73 of axillary 

buds emerging in Period 1 and buried for both periods, covering with polythene had no 

significant effect (Table 6.3). 

6.3.3 PROBABILITY OF BRANCIDNG AT SECONDARY STOLON NODES 

The burial/cultural treatments imposed on stolons significantly (P<0.0092) 

affected the probability of axillary bud outgrowth from nodes on secondary stolons that 

originated from primary stolon nodes that had emerged during Period 1 (Table 6.4). There 

were insufficient numbers of axillary buds showing outgrowth on secondary stolons that 

originated from primary stolon nodes that had emerged during Period 2, to justify statistical 

analysis. 

The contrast between treatments with burial and without burial during Period 1 

(BIB, B/0, B/0 U vs. OIB, OIB U, 0/0) was significant (Table 6.4). Branching 

probabilities for the treatments BIB, OIB and B/0 were not different although all were 

significantly less than for the 0/0 treatment. Defoliation regime had no influence on 

branching probabilities. Excision of the stolon apex had a positive and significant (P<0.01 )  

effect on branching probabilities where the treated stolon segments were buried for both 

treatment periods. 
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Table 6.4 The probability of axillary bud outgrowth from nodes on secondary stolons 
originating from nodes that had emerged during Period 1 on stolons subjected 
to the different burial/cultural treatments described in Table 6. 1 .  Means and 
standard errors of means, significance of the treatment main effect and 
significance of specific treatment contrasts are presented.  

6.3.4 

Period 1 

010 0.42 ± 0.060 

OIB 0. 18  ± 0.04 1 

B/0 0. 1 8  ± 0.069 

BIB 0.09 ± 0.052 

BIB P 0.02 ± 0.0 1 2  

BIB EA 0.30 ± 0.034 

OIB u 0.27 ± 0.057 

B/0 U 0.20 ± 0.057 

Specific contrasts : 

Period 1 burial vs. no burial P<0.00 1 3  

Period 1 vs Period 2 burial ns 

Defoliation vs No defoliation ns 

OIB vs. 0/0 P<0.0 1 87 

MEAN TOTAL NUMBER OF BRANCH NODES PER PRIMARY 

STOLON NODE 

For primary stolon nodes that emerged during each treatment period there was 

a significant (P<0.00 1 )  main effect of treatment on mean number of branch nodes per 

primary node (Table 6.5). 

For primary stolon nodes that emerged during Period 1 ,  burial during Period 1 

depressed (P<0.0001 )  numbers of branch nodes per primary stolon node, although burial 

of these nodes during Period 2 had no significant effect (Table 6.5).  Undefoliated stolons 

had more nodes per primary stolon than defoliated stolons. Excision of the stolon apex 



122 

significantly increased number of branch nodes per primary stolon node when treatment 

involved burial for both periods. 

For primary stolon nodes that emerged during Period 2 burial of the treated 

nodes during Period 1 depressed number of branch nodes per primary stolon node whereas 

burial for Period 2 significantly (P<0.03) increased numbers of branch nodes (Table 6.5). 

Thus the contrast between treatments involving B/0 and OIB was highly significant. 

Defoliation regime had no significant effect. 

Table 6.5 Mean number of branch nodes per primary stolon node for primary stolon nodes 
that emerged during Periods 1 and 2 on stolons subj ected to the burial/cultural 
treatments described in Table 6. 1 .  Means and standard errors of means, 
significance of the treatment main effect and significance of specific treatment 
contrasts are presented. 

Period 1 Period 2 

0/0 1 8.5 ± 1 .86 2.9 ± 0.67 

OIB 1 1 .3 ± 1 .34 3 .2 ± 0.32 

B/0 8.7 ± 1 .78 1 .7 ± 0.37 

BIB 3 . 1 ± 0.90 3 .0 ± 0.3 1 

BIB P 2.5 ± 1 .09 1 .6 ± 0.27 

BIB EA 1 2.2 ± 1 .28 

OIB u 1 7.9 ± 2.06 3 .7 ± 0.55 

B/0 U 14.0 ± 1 .72 2. 1 ± 0.45 

P<0.0001 P<0.0005 

Specific contrasts: 

Period 1 burial vs. no burial P<0.0001 P<0.002 1 

Period 1 vs Period 2 burial P<0.01 15 P<0.000 1 

Defoliation vs No defoliation P<0.0035 ns 

OIB vs. 0/0 ns P<0.02 19  
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6.3.5 EFFECT OF NODE POSITION ON BRANCIDNG PROBABILITY OF 

TREATED NODES 

Probability of branch development from axillary buds decreased (P<0.0002) as 

node position from apex (as at the end of Period 1 ,  12  April 1 989) increased (Fig. 6. 1 ) .  

The node position by treatment interaction was significant (P<0.0035) (Fig. 6.2) and low 

values at node position 6 of treatments buried during treatment Period 1 (BIB, BIB P, 

BIB EA and B/0) resulted in the low mean value for this position in Fig. 6. 1 .  

6.3.6 TREATMENT EFFECTS ON YIELD CHARACTERISTICS OF STOLONS 

6.3.6.1 PRIMARY STOLONS 

The means for each treatment for stolon DW, internode length and diameter of 

primary stolon that emerged during each of the three periods of the experiment are 

presented in Table 6.6. Treatment main effects were significant (P<0.00 1)  for all three 

variables in Period 1 .  Stolon DW per node varied significantly with defoliation regime 

(P<0.001 )  but not in response to burial treatments. For internode length the converse 

occurred, there was no response to defoliation but a depressive effect (P<0.001 )  of burial 

during Period 1 .  Stolon diameter was greater in undefoliated stolons (P<0.0003) and in 

treatments buried during Period 1 (P<0.0001 ) .  

For primary stolon tissue that emerged during Period 2 ,  treatment main effects 

for the three variables were again significant (P<0.0 1) .  Stolon DW per node was greater 

in undefoliated stolons (P<0.0025) and may have been reduced (P<0.0494) by burial during 

Period 1 .  Internode length followed the same trends as for Period 1 .  Stolon diameter was 

greater in undefoliated than in defoliated stolons (P<0.000 1) but was not affected by burial 

treatments. 

For primary stolon tissue that emerged during Period 3, the only factor 

significantly influencing the three yield characteristics was the defoliation regime (P<O.Ol) .  

S tolon diameter and internode length were both greater for undefoliated stolons and these 

combined to greatly increase (almost three-fold) the DW per node of undefoliated stolons 

over defoliated stolons. 
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Figure 6 . 1  Mean probability of axillary bud outgrowth from nodes that 
emerged during Period 1 :  node position 1 represents the first (youngest) 
node differentiated from the apex as at April 1 2. Data meaned over treat­
ments and replicates. (Error bars indicate ± SEM.) 
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Figure 6.2 Mean probability of axillary bud outgrowth from nodes emerging 
during Period 1 on stolons of the various treatments (treatment abbrevia­
tions and descriptions are given in Section 6.2.3 . 1 )  in which the standard 
defoliation regime was applied, node position 1 represents the first (young­
est) node differentiated from the apex as at April 1 2. 
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Table 6.6 Mean dry weight per node, internode length and stolon diameter at harvest of 
primary stolon that emerged during Periods 1 ,  2 and 3 in stolons subjected to 
burial/cultural treatments as described in Table 6. 1 .  Means and standard errors 
of means are presented. 

Treatment Period 1 Period 2 Period 3 

DW per node (mg) 

010 10.59 ± 0.566 10.24 ± 1 .032 6.96 ± 0.677 

OIB 9.5 1 ± 0.562 1 1 .58 ± 0.637 6.74 ± 0.542 

B/0 10.28 ± 0.804 6.07 ± 0.898 5.60 ± 0.493 
BIB 10.04 ± 0.6 1 2  7.67 ± 0.478 5.70 ± 0.686 
BIB P 7.66 ± 1 .2 1 1 9.35 ± 1 .972 5 .73 ± 1 .03 1  
BIB EA 9.56 ± 0.63 1 

OIB u 25.80 ± 1 .67 1  19.68 ± 3 .048 1 8 . 1 8  ± 0.940 
B/0 U 23.32 ± 3 .309 14.73 ± 1 .9 1 8  14. 14 ± 1 .240 

Internode length (cm) 

010 1 .45 ± 0.068 2. 1 1  ± 0.08 1 2. 19  ± 0.093 
OIB 1 .4 1  ± 0.080 2. 1 0  ± 0.055 2.05 ± 0.066 
B/0 1 .05 ± 0.084 1 .37 ± 0.077 1 . 8 1  ± 0. 1 39 
BIB 1 .05 ± 0.066 1 .36 ± 0. 1 1 8 1 .73 ± 0. 1 86 
BIB P 0.95 ± 0.058 1 .47 ± 0. 107 1 .87 ± 0.2 12  
BIB EA 1 .06 ± 0.045 
OIB u 1 .45 ± 0.089 2. 1 7  ± 0. 146 2.77 ± 0. 1 53 
B/0 U 0.93 ± 0.093 1 .54 ± 0. 194 2.42 ± 0. 1 19 

Stolon Diameter (cm) 

010 0.24 ± 0.008 0.24 ± 0.006 0.20 ± 0.006 
OIB 0.24 ± 0.006 0.25 ± 0.008 0.20 ± 0.005 
B/0 0.28 ± 0.0 15 0.2 1 ± 0.0 1 0  0.20 ± 0.006 
BIB 0.3 1 ± 0.004 0.24 ± 0.007 0. 1 9  ± 0.0 12  
BIB P 0.26 ± 0.0 1 1 0.23 ± 0.008 0.21 ± 0.007 
BIB EA 0.28 ± 0.0 10 
OIB u 0.30 ± 0.006 0.3 1 ± 0.007 0.26 ± 0.007 
B/O U 0.38 ± 0.022 0.27 ± 0.0 1 1 0.25 ± 0.0 12  
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The means for each treatment for stolon DW and internode length of branch 

stolons originating from primary stolon nodes that emerged during Period 1 or 2 are given 

in Table 6.7 For branches from nodes that emerged during Period 1 ,  DW and internode 

length were not affected by burial treatments but were greater (P<0.0 1 )  in undefoliated 

stolons than in defoliated stolons. For branches from nodes that emerged during Period 2 

the only significant effect was that the DW per node of undefoliated stolons was greater 

than in defoliated stolons. 

Table 6.7 Mean dry weight per node and internode length of branch stolons originating 
from primary stolon nodes that emerged during Periods 1 and 2 on stolons 
subjected to the burial/cultural treatments as described in Table 6. 1 .  Means and 
standard errors of means are presented. 

Treatment Period 1 Period 2 

DW per node (mg) 
010 3 .29 ± 0. 133  3 .72 ± 0.563 
OIB 3 .40 ± 0. 1 84 2.76 ± 0.35 1 
B/0 2.47 ± 0.248 3 .45 ± 0.843 
BIB 3.57 ± 0.774 2.54 ± 0.76 1 
BIB EA 5.47 ± 0.845 
OIB u 8.69 ± 0.394 6.55 ± 0.69 1 
B/O U 7.40 ± 0.6 12  6.69 ± 0.930 

Internode length (cm) 
010 0.99 ± 0.03 1 0.65 ± 0.096 
OIB 1 .01  ± 0.059 0.97 ± 0.097 
B/0 0.82 ± 0.07 1 0.64 ± 0.053 
BIB 1 . 18 ± 0. 1 48 0.88 ± 0.056 
BIB P 1 .30 ± 0.242 0.98 ± 0.087 
BIB EA 0.84 ± 0. 1 19 
OIB u 1 .30 ± 0.04 1  1 .42 ± 0. 1 62 
B/O U 1 .28 ± 0.063 0.99 ± 0. 1 82 
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The discussion of results in this chapter begins by considering the effects of the 

vanous treatments on axillary bud outgrowth. In the next two sections results are 

interpreted so as to discuss aspects of the viability of axillary buds and the results 

previously obtained in Chapter 4. Then the fourth and fifth sections discuss, respectively, 

the observation that burial induces thigmomorphogenetic responses in stolons and burial 

as a factor contributing to the patchiness of the environment presented to white clover 

plants in the field. The final section presents conclusions. 

6.4.1 RESPONSES TO EXPERIMENTAL TREATMENTS 

Under these more controlled glasshouse conditions no inhibition in axillary bud 

outgrowth was observed when stolons were buried after emergence in the light (treatment 

0/B) .  Even when nodes emerged in the dark and were then subsequently exposed to light 

(treatment B/0) the probability of bud outgrowth at 0.76 compared reasonably with the 

control, full light treatment (0.93), especially when it is considered that the depression was 

largely accounted for by the low value of the oldest axillary bud (Fig. 6.2). A substantial 

depression of the probability of axillary bud outgrowth occurred only when axillary buds 

emerged and remained in the dark (under soil) until they were positioned 5 to 1 3  from the 

stolon apex, eg. treatment BIB . Thus buds could be stimulated to grow by exposure to 

light at any time whilst they were at node positions one to eight, but if buried until position 

was greater than eight such exposure failed to stimulate outgrowth. As mentioned 

previously (Chapter 4.4) under pastoral conditions there is also little branch initiation once 

node position exceeds eight (Chapman 1983;  Davies & Evans 1 990; Hay et al. 199 1 ,  

Newton et al. 1 992) . 

Burial of stolons plus apices also influenced the outgrowth of axillary buds of 

secondary stolons. The 0/B treatment reduced branching probability of axillary buds of 

secondary stolons compared to the 0/0 control treatment (Table 6.4) even though for 

primary stolon the branching probabilities (Table 6.3), internode lengths and weights 

(Table 6.6) did not differ between treatments. Two factors contribute to this result. Firstly, 

at the time of burial of the 0/B treatment, the secondary branches comprised five emerged 

nodes or less and axillary bud outgrowth from secondary stolons is normally suppressed 

until the stolon comprises four emerged nodes (M.J.M. Hay, unpublished data) . Secondly 

the burial of the stolon and apex of secondary stolons would result in further inhibition of 

axillary bud outgrowth on these stolons in the same manner as was apparent in buried 

primary stolons. Upon removal of soil at the conclusion of Period 2 a proportion of the 

secondary buds would have passed beyond the zone of maximum responsiveness for 

axillary bud outgrowth thus resulting in a decrease in probability of axillary bud outgrowth. 



128 

The probabilities of outgrowth of axillary buds of primary or secondary stolons 

did not differ between the defoliation regimes studied (Tables 6.3, 6.4). However, 

defoliation so as to maintain two fully expanded leaves per stolon apex significantly 

reduced DW per node and stolon diameter but not internode length within the primary 

stolon in all periods compared to undefoliated stolons (Table 6.6). Given the lack of 

difference in internode length, calculations show that the decrease in internode volume 

associated with the reduction in stolon diameter of defoliated stolons could account for 57% 

and 82% of the recorded difference in DW per node between the defoliated and 

undefoliated stolons of the 0/B and B/0 treatments, respectively. Thus a change in the 

specific density of stolons would account the remainder of the difference in DW per node. 

The greater probability of axillary bud outgrowth of 0/B compared to B/0 treatments 

would provide more branch stolons with capability to export carbohydrate to the primary 

stolon (Chapman et al. 1992b). This would maximise the negative effects of defoliation 

on the supply of carbohydrate for starch storage, thus increasing the potential for difference 

in specific density between the two defoliation regimes of the 0/B treatment. 

The lack of response of internode length to defoliation regime is surprising as 

factors related to differences in defoliation intensity (stocking rate and number of mature 

leaves supporting an internode during development) were ranked two and three in 

importance out of ten factors considered likely to influence internode length (Sackville 

Hamilton 1 990). Under these experimental conditions stolon diameter exhibited a plastic 

response to both defoliation (negative) and burial during Period 1 (positive) whereas 

internode length showed only a negative response to the burial treatment. 

Excision of the stolon apex stimulated the outgrowth of proximally positioned 

axillary buds which, with the exception of those at the two most acropetal nodes, had no 

subtending leaves and so no possible light stimulus. Thus it is likely that it was removal 

of some control mechanism with excision of the apex that was responsible for this axillary 

bud outgrowth. There is the possibility that an ethylene wounding response may have 

precipitated outgrowth of the axillary buds (Harper 1977) although it is noted that excision 

of leaves did not precipitate such responses. 

The presence of an apex on a stolon exerts an influence on axillary bud 

outgrowth usually referred to as apical dominance (Thomas 1 987b ). The number of nodes 

basipetal to the apex at which axillary bud outgrowth is inhibited varies according to 

growth conditions (Davies & Evans 1 990a; Turkington et al. 199 1 ). After nodes mature 

beyond the zone influenced by apical dominance, initiation of outgrowth can be stimulated 

by favourable conditions at the bud site. As the potential of an axillary bud to develop 

declines sharply with increasing node position (Davies & Evans 1990a), eg. potential is 
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40% and 20% at node positions 3 and 1 0  respectively (Newton et al. 1992), any delay in 

initiation of outgrowth by apical dominance will ultimately decrease the probability of 

branching from the bud. A sudden change in environmental conditions at the apex and 

along stolons (imposition of burial treatment) did not affect outgrowth of axillary buds 

already primed for growth, which implies that apical dominance effects are restricted solely 

to the initiation of outgrowth of axillary buds. 

Results from this study are consistent with a model that the degree of apical 

dominance present is related to the sink strength of the apex for any limited endogenous 

plant resource and therefore does not reflect a direct sensing of the environment at the 

apex. Although not examined in this study others have found that shading of the stolon 

apex alone does not significantly influence stolon growth or frequency of branching at 

nodes (Harvey 1979; Newton 1986). This is evidence that sensing of the environment by 

the apex is not a factor driving the apical control mechanisms(s). Harvey ( 1 979) and 

Thomas ( 1 987b) have concluded that any one resource in short supply at the apex will 

increase the number of nodes at which axillary bud outgrowth is inhibited, a conclusion 

which is consistent with the results of this study. 

Stolon burial by 2 cm of potting mix or burial plus covenng with black 

polythene (treatment BIB P) gave similar probabilities of axillary bud outgrowth (Table 6.3) 

suggesting that the burial treatment effectively excluded light. On the other hand this result 

does not exclude the possibility that burial did not effectively exclude light and that lack 

of light was not responsible for the depressive effect of burial on branching. Given the 

depressive effects of shading of axillary buds on outgrowth of buds obtained by others (eg. 

Newton 1 986; Davies & Evans 1990a) the former conclusion seems more likely. 

6.4.2 VIABILITY OF AXILLARY BUDS 

A factor contributing to the decrease in probability of axillary bud outgrowth 

when buds were buried for both periods (treatment BIB) may be a decrease in the viability 

of axillary buds associated with the normal course of ontogeny of axillary buds. Evidence 

in support of this suggestion is afforded in a recent study of axillary bud viability in white 

clover in pastures (Newton et al. 1992). By node position 4 axillary bud outgrowth had 

occurred at 20% of nodes with approximately 3 %  and 17% of nodes bearing live and 

incipient (first leaf at Carlson ( 1966a) developmental stage 0. 1 -0.9) branches, respectively. 

Incipient branch occurrence was appreciable at node position 2 and at peak levels ( 15-20% 

of nodes) for node positions 4-7 but declined at positions > 7. Successful branch initiation 

was most likely to occur when axillary buds were positioned 4-8. In this context it is 

interesting to note that values for node positions 5 and 6 of the B/0 treatment (Fig. 6.2) 
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had depressed branching probabilities indicating that they were probably approaching the 

critical stage of ontogeny as regards axillary bud development by the time of their exposure 

to light. Comparison of BIB and B/0 treatments for branching probability of nodes formed 

during Period 1 (0.29 and 0.76, respectively) indicated that axillary buds were blnd
large 

viable at the end of Period 1 and that in the BIB treatment loss of potential to develop 

occurred during Period 2 when nodes developed to be in positions 5 to 12. 

Additional evidence indicating that the axillary buds at nodes emerging in the 

dark are viable is afforded by comparison of BIB and BIB EA (excision of apex) 

treatments. The excision of the stolon apex at the conclusion of Period 1 induced an 

increase in probability of axillary bud outgrowth at nodes formed during Period 1 from 

0.29 (BIB) to 0.73 BIB/EA. A stolon scoring at the conclusion of Period 2 (27 April) 

indicated that the response in bud outgrowth had chiefly occurred during Period 2 as at this 

time probabilities were 0.25 (BIB) and 0.63 (BIB EA) respectively. It is worthy of note 

that this response of axillary bud outgrowth to excision of the apex occurred in buds 

covered in soil, with no light stimulus and at nodes, except for the two most distal nodes, 

with no leaves. 

6.4.3 INTERPRETATION OF CHAPTER 4 RESULTS 

Explanation of the depression in branching probability of axillary buds at node 

positions 1 and 2 at the time of stolon burial in the zone of burial experiment (Section 

4 .3 .3)  leads to consideration of interesting possibilities. Firstly, the light regimes of the 

stolon apex differed in the field and glasshouse experiments (Table 6.8). At burial in the 

field experiment treated stolons had both stolon and apex buried whereas in the comparable 

treatment in the glasshouse trial (OIB) the stolon but not the apex was buried. This could 

be interpreted as indicating that the light regime of the apex has a direct effect on axillary 

buds which overrode the light conditions at individual axillary bud sites. However, this 

was ruled out by the lack of response of those axillary buds that emerged and developed 

under soil (BIB) ,  to growth of the apex in light during Period 2. Either removal of soil 

(exposure of bud site to light) or excision of the apex was required to stimulate the 

outgrowth of axillary buds, light at the apex alone was not sufficient. 
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Table 6 . 8  Diagram illustrating the light regime at treated nodes and the apex o f  stolons 
subjected to various burial treatments in the glasshouse trial and in the zone of 
burial, field experiment along with the outgrowth response of axillary buds 
relative to non-buried, full-light treatments. 

Experimental Light regime of Light regime of Axillary bud outgrowth 
treatments treated nodes apex relative to 

control (full light) 
stolons 

Field Experiment Light -7 Dark Light -7 Dark 50% Nodes 1 & 2 

BIB Dark -7 Dark Dark -7 Light 3 1 % 

BIB EA Dark -7 Dark Dark -7 - 78% 
(Excised) 

B/0 Dark -7 Light Dark -7 Light 82% 

OIB Light -7 Dark Light -7 Light 1 00% 

0/0 Light -7 Light Light -7 Light 1 00% 

Secondly, there was a difference in growth of stolons following burial in that in 

the field experiment stolons were free to curve and make vertical growth to the soil surface 

whereas those in the glasshouse were restrained from making vertical growth. Gibberellic 

acid is involved in mediating vertical growth of stolons (Thomas 1 987b) and has been 

shown to inhibit outgrowth of axillary buds in white clover (Fletcher & Martin 1962). 

Thus it is possible gibberellic acid levels rather than the light regime or apical control 

factors inhibited axillary bud outgrowth at nodes 1 and 2 in the field experiment. 

6.4.4 TlllGMOMORPHOGENETIC RESPONSES 

Where the apex was buried, growth of stolon was characterised by a reduction 

in internode length and an increase in stolon diameter (Table 6.6). Such symptoms are 

typical of thigmotropic responses of white clover stolon where growth of the apex is 

offered a certain critical degree of physical impedance (Newton 1 986). Increased ethylene 

concentrations are considered to be the trigger in thigmomorphogenesis (Biro et al. 1980) 

and this is likely to be the case for stolons growing through soil. A characteristic of such 

stolons is the presence of aerenchyma-like cavities in the pith (Plate 6.2). Ethylene is 

implicated in the formation of similar looking aerenchyma in roots of several species when 

grown under anoxic conditions (Jackson 1982). This strongly suggests that stolons growing 

through soil release increased concentrations of ethylene which trigger the 

thigmomorphogenetic changes observed. 
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(a) 

(b) 

Plate 6.2 Transverse sections of (a) buried and (b) unburied stolon of 'Grasslands Kopu' 
white clover. The parenchyrnatous ground tissue at the centre of the buried 
stolon (a) has broken apart to form an aerenchyma-like cavity. The unburied 
stolon has normal parenchyrnatous ground tissue at the stolon centre (b). 
Magnification 50 X. 
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The burial treatment during Period 1 caused similar carryover effects on nodes 

produced during Period 2. The adjustments included decreased node appearance rate, 

branching probabilities, internode length and DW per node. However, for defoliated 

stolons the diameter of such treated stolen did not differ significantly from that of control 

010 stolen produced in Period 2. This indicates that the thigmomorphogenetic processes 

ceased rapidly once the stolen apex was freed from the pressure of pushing through soil 

and that the observed carryover effects on other characteristics were probably caused by 

other factors. The carryover effects noted here may reflect the reduced photosynthate 

contribution to the primary stolen from the fewer branches on the stolons that were buried 

during Period 1 (Chapman et al. 1992a, b). 

6.4.5 ENVIRONMENTAL PATCIDNESS 

Recently Turkington et al. ( 199 1 )  hypothesised that node appearance rate was 

determined by whole plant sensing of the environment (chiefly 10 cm soil temperature 

(Sackville Hamilton & Harper 1989)) while module (node) development (size of organs, 

axillary bud outgrowth) was responsive to the environment at the site of the module. Their 

study was based on biotic patchiness (induced by varying the species of the companion 

grass) while the present study investigated environmental patchiness in relation to stolen 

burial. In common with the studies by with Turkington et al. ( 199 1) ,  the treatments studied 

here induced rather small differences in node appearance (27%) but larger differences in 

characteristics reflecting development of the node, eg. axillary bud outgrowth (three-fold), 

DW per node (three-fold), internode length (55%) and stolon diameter (58%). This 

suggests that development of nodes in field populations of white clover will be sensitive 

to variations in these physical conditions (stolen burial, defoliation regime, apical excision) 

as well as to climatic (Brougham 1 962; Davies & Evans 1982; Chapman 1 983, Sackville 

Hamilton 1 990) and biotic influences (Turkington et al. 1979, 199 1 ).  

6.4.6 CONCLUSIONS 

In conclusion the following points can be made in relation to the pattern of 

stolen burial occurring in grazed pastures and its effect on axillary bud outgrowth: 

( 1 )  stolen burial will reduce the probability of initiation of axillary bud outgrowth 

only when a bud has not already commenced outgrowth, and when it is buried 

at an early stage of ontogeny (at the time of emergence of its associated node 

from the apex) and the bud site remains buried until its associated node is 

positioned eight or more from the apex. 



1 34 

(2) as axillary buds at relatively few nodes are subjected to all these conditions, 

stolon burial has a relatively minor effect on initiation of axillary bud outgrowth 

when the whole population of axillary buds of white clover in pastures is 

considered. 

(3)  although stolon burial has little adverse effect on initiation of axillary bud 

outgrowth, it significantly decreases the survival of branches (see Chapter 4) and 

so ultimately decreases branching. 
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CHAPTER 7 VARIATION IN CARBOHYDRATE STATUS OF STOLON 

TISSUE WITH 

DEFOLIATION 

SEASON, INTERNODE 

AND STOLON BURIAL 

POSITION, 

AND ITS 

CORRELATION WITH AXILLARY BUD DEVELOPMENT 

7.1 INTRODUCTION 

Chapter 3 reported that large changes took place within the populations of white 

clover in grazed pastures during spring that resulted, by late spring, in a decrease in density 

parameters (stolon biomass m-2 and growing point numbers m-2) ,  minimal values of 

parameters reflecting mean plant size (plant dry weight, numbers of stolons and nodes per 

plant) and branching frequency of nodes. A reduction in spring of the frequency of 

branch formation of white clover in grazed pastures has been previously observed 

(Chapman 1 983;  Wilman & Simpson 1988; Davies 1989; Newton et al. 1 992) . Northern 

hemisphere studies show that by spring the carbohydrate status of white clover is at a 

minimum after steady depletion of starch reserves over the winter months (Moran et al. 

1953 ;  Ruelke & S mith 1 956; Vez 196 1 ;  Murphy 1982; Harris et al. 1 983). Charles­

Edwards ( 1984a, b) suggests that a minimum intraplant flux of carbon to branch apices is 

required for their continued growth.  Thus it was considered that the decrease in branching 

activity of white clover during spring might be related to a reduction in plant carbohydrate 

status at this time. For these reasons this chapter reports on measurements taken to assess 

seasonal variation inJ and the effects of defoliation and stolen burial on, the carbohydrate 

content of white clover stolons from the field-trial pastures (Chapter 3) and the correlation 

of stolen carbohydrate content with branching activity. 

White clover in grazed swards has approximately 20% of DW as root (Young 

1958) and 55-60% as stolen (Cowling 196 1 ;  Hay et al. 1986). The carbohydrate content 

of roots is lower than that of stolons and root contents tend to mirror changes in stolen 

content (Moran et al. 1953; Vez 196 1 ;  Harris et al. 1983).  For these reasons this study 

concentrated on stolen carbohydrate contents and no determinations of root carbohydrate 

content were performed. 

As growth of white clover in moist temperate pastures is clonal (Turkington 

et al. 1 979; Chapman 1987) it means older nodes are continually dying as new nodes form 
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(Chapman 1983;  Sackville Hamilton & Harper 1 989; Hay et al. 199 1 ) .  This growth form 

suggested a hypothesis that the carbohydrate content of nodes would vary with the position 

of the node relative to the stolon apex. Examination of the carbohydrate content of stolons 

on a node by node basis was also logical from the view point of branch development as 

the axillary bud at each node has the potential to form a lateral branch or a flower (Erith 

1 924). Thus in this study all analyses of carbohydrate content were of individual internode 

segments of stolon. 

This investigation of the carbohydrate status of white clover stolons in grazed 

swards had five major objectives: 

( 1 )  to establish the diurnal variation in carbohydrate content of stolons in 

order to facilitate the interpretation of results. 

(2) to assess seasonal variation in carbohydrate contents. 

(3) to assess variation in carbohydrate content of stolon tissue with nodal 

position relative to the stolon apex. 

( 4) to measure the effects of defoliation and stolon burial on carbohydrate 

contents. 

(5) to investigate relationships between branching activity at nodes and 

carbohydrate content of adjacent stolon internodes. 

7.2 METHODS AND MATERIALS 

7 .2.1 PLANT MATERIAL 

White clover stolons were uplifted from the Kopu-perennial ryegrass swards of 

the grazing trial described in Chapter 3 over the time period 1 August 1 986 to 25 October 

1 987. Stolons selected for sampling usually had 25 or more nodes. Stolons were described 

by recording for each node the presence or absence of a leaf and axillary bud outgrowth 

( as given in Section 4.2.3 . 1 ) .  Only the leading stolon was sampled, branches along with 

roots and petiole plus leaf were cut to waste. Stolons were then dissected by cutting 

through each node. Material acropetal to the first node bearing a leaf with development 

� 0.4 on the Carlson ( 1 966a) leaf development scale was designated stolon apex. Stolon 

tissue between the first and second leaves (nodes) was designated internode one. The first 

ten such intemodes were sampled and thereafter each fifth internode through to the stolon 

base. Material was immediately freeze-dried. 
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The method of analysis for starch, sucrose and hexose contents followed that of 

Hart & Greer ( 1988) and an outline of essential features of the methodology follows. 

Freeze-dried stolon segments were ground and a weighed quantity (approximately 

2 mg) placed in a test tube. Two successive extractions were performed by digesting with 

80% ethanol at 80°C for 10 min, centrifuging and aspirating the supematant. The 

combined supematant was taken to dryness and then taken up in water for sucrose and 

hexose sugar determinations. 

Starch determination was performed on the residue pellet left after aspiration 

following the second ethanol extraction. Following addition of 0.2M KOH and incubation 

at 1 00°C for 30 min, 1M acetic acid was added to lower the pH to 5 .5 .  A pellet of 

Polyclar AT and amyloglucosidase solution in 50mM sodium acetate were added and the 

mixture incubated at 50°C for 2h. After brief centrifugation, glucose oxidase-peroxidase 

reagent (Karkalas 1 985) was added to aliquots of the supematant. the tubes were stoppered 

and then incubated in the dark for 45 min at 35°C. After cooling for 10 min the 

absorbance at 505 nm was read. The concentration of glucose in the solution was 

multiplied by 0.9 to obtain the starch concentration. 

The sucrose and hexose sugar contents were determined on aliquots of the 

aqueous solution, following clarification with Ba(OH)2, ZnS04 and Polyclar AT. After 

centrifugation, equal aliquots of the supematant were taken and one was incubated with 

invertase, the other with water. The solutions were then incubated with p-hydroxybenzoic 

acid hydrazide solution and the absorbances read at 415  nm. Sucrose content was 

estimated by subtracting the hexose content (obtained from water incubated aliquot) from 

the hexose content of the invertase incubated aliquot. 

7.2.3 DESCRIPTION AND DESIGN OF EXPERIMENTS 

7.2.3.1 DIURNAL VARIATION IN CARBOHYDRATE CONTENT 

On 19 September 1987, 3 days prior to a grazing, stolons were sampled from the 

pastures. Stolons were uplifted at the following times; 5.30 am, 9.00 am, 12.00 (noon), 

3 .00 pm, 6.00 pm, 9.00 pm and 1 2.00 (midnight). At each time three stolons were sampled 
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as previously described (Section 7 .2. 1 ). The stolon apex, the first ten designated intern odes 

and every fifth internode thereafter were analysed for starch, sucrose and hexose sugar 

content (Section 7 .2.2). 

7.2.3.2 SEASONAL VARIATION IN CARBOHYDRATE CONTENT 

Immediately prior to each of the ten grazings during the period 1 August 1 986 

to 7 August 1987, four stolons selected from randomly chosen locations were uplifted 

between 1 0.30 am and 1 2.00 noon. Stolons were then described, dissected, freeze-dried 

and subsequently analysed for carbohydrate contents as previously given (Sections 7 .2. 1 

and 7.2.2). 

7.2.3.3 EFFECT OF DEFOLIATION AND STOLON BURIAL ON 

CARBOHYDRATE CONTENT 

This experiment was designed to measure the time course of the effects of 

defoliation and burial treatments on the carbohydrate content of stolons. There were three 

treatments : 

( 1 )  defoliation; all leaves and petioles of leaf development > 0.7 (Carlson 

1 966a) were removed both from the leading stolon and its branches at the start 

of the experiment (day 0). 

(2) burial ; the leading stolon and its branches were buried at day 0 under 

2 cm of soil, although leaves with petioles longer than 2 cm were above ground. 

(3) control ;  stolons left undefoliated and unburied. 

The three treatments were applied between 1 .30 and 5.00 pm 25 September 1 987 

to six groups of three stolons of similar size. There were four replicates giving in total 72 

stolons receiving treatments. Four stolons were also sampled on 25 September to monitor 

carbohydrate content at day 0. Subsequently every five days, viz 30 September, 5 ,  10, 15 ,  

20  and 25  October, a group of three treated stolons was sampled from each replicate. On 

all occasions these samples were taken between 1 .00 and 1 .30 pm and immediately 

processed (Section 7 .2. 1 ). Carbohydrate contents were analysed using the previously given 

procedure (Section 7 .2.2) . 
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All statistical analyses were performed using SAS (SAS Users Guide, 1 988).  

7.2.4.1 DIURNAL VARIATION IN CARBOHYDRATE CONTENT 

Data were tested by analysis of variance with data of internodes grouped by 

stolon and the effect of time of sampling conservatively tested by use of the effect of 

stolons nested within time as the error term. 

7.2.4.2 SEASONAL VARIATION IN CARBOHYDRATE CONTENT 

The effect of time (month) of sampling was tested using the procedure described 

in Section 7 .2.4. 1 .  

7.2.4.3 VARIATION WITH INTERNODE POSITION IN CARBOHYDRATE 

CONTENT 

Analysis of variance was used to test the effect of internode position both across 

all samplings and for groupings of the October, November and December samplings against 

the remaining seven samplings. Curves were fitted using SAS and the method of least 

squares. 

7.2.4.4 VARIATION WITH SEASON AND INTERNODE POSITION IN 

CARBOHYDRATE YIELD 

Yield of carbohydrate per internode is the product of the dryweight and 

carbohydrate content of the internode. The effects of time of sampling and internode 

position on dryweight and carbohydrate yield were tested by analysis of variance in the 

manner previously given (Section 7.2.4. 1 and 7.2.4.3 respectively) .  

7.2.4.5 EFFECT OF DEFOLIATION AND STOLON BURIAL ON 

CARBOHYDRATE CONTENT 

Data were tested by analysis of variance with treatment and date of harvest 

effects tested by use of the combination of all the one way and two way interactions 
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involving replicates, harvest dates and treatments as the error term. Individual internodes 

were grouped by position into three categories (apical, young and basal) corresponding to 

positions 1 -3,  4-8 and ;::: 9, respectively and the significance of the treatment x harvest date 

x node category interaction tested by analysis of variance. 

7.2.4.6 STOLON INTERNODE CARBOHYDRATE CONTENT AND BRANCH 

DEVELOPMENT AT THE ACROPETAL NODE 

Pearson correlation coefficients were tested against zero to examine the 

significance of relationships between axillary bud development at a node and starch, 

sucrose or hexose sugar content of the stolon internode basipetal to the node. Branch 

development of the axillary bud at a node was categorised as: 

1 )  no development, 

2) first leaf development 0. 1 -0.9 (Carlson ( 1966a) scale), 

3) branch with ;?: 1 unfolded leaves. 

Data sets from the seasonal sampling (Section 7 .2.3 .2) and the defoliation/burial 

trial (Section 7.2.3 .3) were examined. Stolons of the seasonal sampling were grouped into 

a spring group comprising the October, November and December samplings and other 

samplings and each group independently analysed. Similarly, stolons of the control and 

buried treatments of the defoliation/burial trial were grouped and tested independently of 

stolons of the defoliated treatment. 

7.3 RESULTS 

7.3.1 DIURNAL VARIATION IN CARBOHYDRATE CONTENT 

There was no significant diurnal variation of starch, sucrose or hexose sugar 

content in stolons of Kopu white clover (Fig 7. 1 ). Even though the mean starch value at 

midnight was twice that of the three morning samplings the main effect of time of sampling 

was non-significant. 

7.3.2 SEASONAL VARIATION IN CARBOHYDRATE CONTENT 

Seasonal changes in the mean contents of the carbohydrate fractions of stolons 

were dominated by significant (P<0.028) variations in starch content (Fig 7.2). Starch 
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Figure 7. 1  Diurnal variation in starch (•), sucrose ( •) and hexose (•) 
content in stolons of Kopu white clover sampled at seven times during 
19 Se_ptember 1987 . (Sampling times are indicated. Error bars indicate 
± SEM.) 

141  



,....__ 

� 
0 
� 

.§ 
� 
;::s 

...._... 

...... s= a,) 
...... 

s= 0 
u 

100 

50 

142 

A S 0 N D J F M A M J J A 

1986 

Spring Summer Autumn Winter 

1 987 

Figure 7.2 Seasonal variation in mean content of starch (.&), sucrose (e) and 
hexose (•) in stolons of Kopu white clover. (Error bars indicate ± SEM at 
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content decreased abruptly in spring (October) to a minimum of 301-lg mg- 1 and increased 

over summer to a maximum of 1461-lg mg- 1 in March. Starch content then steadily 

decreased during winter to a value of 821-lg mg- 1 by August 1987. The increase in starch 

content from August to September 1 986 just prior to the large decrease in October was 

significant. 

Mean contents of sucrose and hexose sugar did not vary significantly with season 

(Fig 7.2) .  

The overall mean contents of starch, sucrose and hexose sugar were, respectively, 

102.9 ± 1 .7 1 ,  57.0 ± 1 . 19 and 34.7 ± 0.84 11g mg· 1 DW of stolon which gave a total non­

structural carbohydrate content of 1 9.5% of stolon DW. 

7.3.3 VARIATION WITH INTERNODE POSITION IN CARBOHYDRATE 

CONTENT 

Mean starch, sucrose and hexose sugar contents of an internode all varied 

(P<O.OOO l )  with the position of the internode in a stolon (Fig 7.3) . Greatest changes were 

evident in the starch contents which increased rapidly from low values at the stolon apex 

(2 1 ± 2.2 11g mg-1 ) to maximal levels ( 1 22 ± 9.5 11g mg-1 ) by position 4. Starch contents 

remained high for internodes 4 to 10 but then declined with position. A fitted curve, 

Hoed' s  special function, y = axbecx, (a = 53 .68, b = 0.722, c = -0.83), described the 

relationship of starch content with internode position (2 = 0.898). 

The relationship of sucrose content with internode position was well described 

(? = 0.962) by the asymptotic function, y = aeb'X. (a = 82.27, b = - 1 .758). Sucrose content 

increased from a low value at the stolon apex (8 ± 1 .7 11g mg- 1) so that by internode 8 

(75 ± 7.4 11g mg- 1) content approached the asymptotic value (Fig 7.3).  

The content of hexose sugars was highest in nodes nearest the stolon apex and 

decreased slightly as node position increased (Fig 7.3) .  The exponential function, y = aebX, 

(a = 4 1 . 1 4, b = -0.0247) best described (? = 0.787) this relationship. 

However when the late spring/early summer samplings of October, November 

and December were grouped for comparison with the other seven samplings, the season 

(group) by node position interaction for the starch and hexose sugar fractions was 
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significant (P<0.00 1 )  but that for sucrose non-significant. This reflected different patterns 

of distribution of starch and hexose sugar among nodes during late spring, early summer 

(Fig 7.4) while distribution of sucrose remained similar throughout the year. 

7.3.4 VARIATION WITH INTERNODE POSITION IN CARBOHYDRATE 

YIELD 

The two components that determine carbohydrate yield of each internode are 

carbohydrate content (previously described Sect. 7.3.3) and dryweight (DW) of the 

internode. Variation in internode DW with position (Fig 7 .5) followed an asymptotic 

function, y = a + b [ 1  -e-cx] , (a = 4.79, b = 5 .74, c = 0.258). Mean internode DW increased 

rapidly from 4.8 mg at position 1 to 9.8 mg at position 9, a value which closely approached 

the asymptotic value (Fig 7.5). 

S tarch yield per internode increased five-fold from position 1 to 4 (Fig 7.6). 

This reflected the greater DW and starch content per internode at position 4 relative to 

position 1 .  S tarch yield per internode did not vary with node position for positions ;::: 4. 

In general, sucrose yield (Fig 7 .6) followed the pattern of sucrose content (Fig 

7.3) .  However the low sucrose content and DW per internode at position 1 resulted in a 

ten-fold difference in sucrose yield between positions 1 and 8. 

Hexose sugar yield per internode was not influenced by position (Fig 7.6). 

Changes in hexose sugar content and DW per internode with position compensated and 

similar yield per internode resulted regardless of position. 

7.3.5 SEASONAL VARIATION IN CARBOHYDRATE YIELD 

Mean yield of starch per internode varied (P<O.OO 1 )  with season (Fig 7. 7) and 

had two peaks (September and March) and two troughs (October and August). The 

maximum occurred in March (2.2 1 ± 0.28 1 mg) and the minimum in October (0.26 ± 0.052 

mg). Seasonal variation in mean sucrose or hexose yield per internode was not significant. 
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7.3.6 EFFECT OF DEFOLIATION AND STOLON BURIAL ON 

CARBOHYDRATE CONTENT 

The starch content of internodes varied (P<0.0001 )  with stolon treatment. Mean 

starch content per internode was similar for control (85 ± 3.4 j.lg mg- 1DW) and buried 

(86 ± 3 .3!Jg mg- 1DW) stolons and higher than that of defoliated stolons (37 ± 2.6 j.lg 

mg- 1DW). The stolon treatments (control, buried and defoliated) did not influence mean 

content of sucrose at 47 ± 1 .8, 49 ± 2 .0 and 43 ± 2.0 j.lg mg- 1DW or of hexose sugar at 34 

± 1 .9, 28 ± 1 .5 and 37 ± 1 .7 j.lg mg- 1DW, respectively. 

As stolon treatments only affected starch contents, the time courses for starch 

contents following treatment imposition are presented (Fig 7.8). A significant treatment 

x harvest x internode position interaction (P<0.05) was driven by the rapid initial depletion 

and subsequent replenishment of starch in the first three internode positions relative to that 

which occurred in positions ;::: 9 in stolons of the defoliation treatment. This contrasted 

with the control and burial treatments, in which there was little variation in starch content 

with harvest date and maintenance of a consistent relationship among internode positions 

with respect to starch content over time. 

No significant difference (P>0.543) was found among the mean starch contents 

of defoliated stolons after 30 days (64.6 ± 9 .04 j.lg mg- 1DW) and content at day 0 (64.4 ± 

8.2 1 !Jg mg- 1DW). 

7.3.7 STOLON INTERNODE CARBOHYDRATE CONTENT AND BRANCH 

DEVELOPMENT AT THE ACROPETAL NODE 

Where data were pooled within the seasonal sampling study and the 

defoliation/burial experiment there were no significant correlations between branching status 

of axillary buds and the starch, sucrose or hexose content of the basipetal stolon internode. 

For both studies, treatments which substantially affected the contents of the carbohydrate 

fractions of stolons were identified and independently analysed. There was no indication 

at any internode position that starch, sucrose or hexose content in the stolon internode was 

correlated with branching status of the acropetal axillary bud in data from the seasonal 

sampling (Table 7 . 1 )  or the defoliation/burial experiment (Table 7 .2). 
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Figure 7.8 Starch content at each internode position (numbered from the stolon 
apex) in stolons of white clover sequentially harvested at five day intervals over a 
30 day regrowth period following imposition of defoliation ( o), burial (o) or control 
(no treatment, �) treatments on 25 September, 1987 (Day 0). Values for control 
stolons at Day 0 are presented. 
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Table 7. 1 Correlation of branching status of the axillary bud at each of the first ten node 
positions with starch, sucrose or hexose content of its basipetal internode in stolons of 
Kopu white clover sampled in the seasonal variation study, (a) spring samplings pooled and 
(b) other samplings pooled. Pearson correlation coefficients (r), the probability of 
significance (p) and the number of observations (n) are presented. 

1 2 3 4 5 6 7 8 9 10 

(a) Spring Samplings 
Starch 

r .056 -.259 -.306 -.3 10  .39 1 .050 . 1 83 .439 -. 1 75 .605 

p .87 1 .470 .359 .383 .298 .876 .569 . 1 76 .607 .064 
n 1 1  10  1 1  1 0  9 1 2  1 2  1 1  1 1  10  

Sucrose 
r - .235 -.290 .707 - .032 .56 1 .023 -.079 .070 .345 .645 

p .5 14  .386 .015 .934 . 148 .946 .8 1 8  .848 .329 .06 1 
n 1 0  1 1  1 1  9 8 1 1  1 1  1 0  1 0  9 

Hexose 
r .388 . 1 67 -.048 - . 1 84 . 1 1 1  .032 .203 - .042 - . 1 3 1  - .689 

p .268 .624 .888 .636 .794 .926 .549 .908 .7 1 8  .040 
n 10  1 1  1 1  9 8 1 1  1 1  1 0  1 0  9 

(b) Other Samplings 
Starch 

r .063 . 1 1 3 .035 . 1 1 8 .3 1 7  . 1 97 -.207 - . 1 06 .363 -.060 
p .721 .646 .883 .6 1 1  . 1 5 1  .380 .356 .647 . 1 06 .807 
n 1 8  1 9  20 2 1  2 2  22 22 2 1  21  19 

Sucrose 
r - . 1 68 - .039 - .232 -.358 - .320 -. 1 26 . 1 75 - .006 - .009 . 147 
p .473 .875 .326 . 1 1 1  . 1 47 .578 .437 .979 .968 .549 
n 1 8  1 9  20 2 1  22 22 22 2 1  2 1  1 9  

Hexose 
r - . 1 35 -. 1 24 -.243 -.364 - .050 . 1 62 . 1 67 .044 - .285 . 1 9 1  
p .58 1 .6 1 2  .302 . 105 .824 .47 1 .458 .849 .2 10  .433 
n 1 8  1 9  20 2 1  22 22 22 2 1  21  1 9  
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Table 7.2 Correlation of branching status of the axillary bud at each of the first ten node 
positions with starch, sucrose or hexose content of its basipetal internode in stolons of the 
burial/defoliation experiment (a) control and burial treatments pooled and (b) the defoliation 
treatment. Pearson correlation coefficients (r), the probability of significance (p) and the 
number of observations (n) are presented. 

1 2 3 4 5 6 7 8 9 10 

(a) Control and buried stolons 
Starch 

r . 1 07 - .08 1 -.022 - .061 - .049 .040 -.034 .067 -.077 - . 1 16 

p .533 .627 .890 .700 .797 .800 .83 1 .675 .635 .465 
n 36 38 4 1  43 42 42 43 42 40 42 

Sucrose 
r . 1 04 .247 . 1 25 .080 .290 . 1 08 . 1 88 - .085 -.2 1 2  - . 1 16 
p .558 . 1 47 .445 .6 1 6  .066 .497 .240 .595 . 1 84 .465 
n 34 36 40 42 4 1  42 4 1  4 1  4 1  42 

Hexose 
r - .082 .041 .289 . 1 25 .22 1  .084 .000 - . 1 66 -. 1 70 - . 1 6 1  

p .646 .8 1 2  .070 .429 . 1 65 .596 .999 .30 1  .289 .320 
n 34 36 40 42 4 1  42 41  4 1  4 1  40 

(b) Defoliated stolons 
Starch 

r .328 - . 1 1 8 -.096 .033 . 147 -.279 .409 -.378 .214 .354 
p . 1 84 .640 .696 .893 .560 .248 .082 . 1 1 0 .379 . 1 37 
n 1 8  1 8  1 9  1 9  1 8  1 9  1 9  1 9  1 9  1 9  

Sucrose 
r - .3 1 5  .005 -. 1 70 - . 1 82 - .469 - . 1 14 -. 1 09 - . 1 8 1  - .365 . 1 25 
p .203 .983 .485 .456 .057 .641 .657 .458 . 1 36 .622 
n 1 8  1 7  1 9  1 9  1 7  1 9  1 9  1 9  1 8  1 8  

Hexose 
r .050 .309 .049 - .033 .056 .44 1 .237 .207 .267 .344 
p .845 .227 .843 .895 .830 .059 .329 .396 .285 . 1 63 
n 1 8  1 7  1 9  1 9  1 7  1 9  1 9  1 9  1 8  1 8  
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The first five sections in this discussion relate to the five objectives of the work 

outlined in the introduction (Section 7 . 1 )  each of which is considered in turn. The effects 

of diurnal, seasonal and internode positional variation on the starch, sucrose and hexose 

contents of stolon tissue are discussed in that order. The fourth section considers the 

effects of defoliation and burial on the content of the three carbohydrate fractions. The 

fifth section discusses the lack of correlation between the content of starch, sucrose or 

hexose in an internode and the outgrowth of the axillary bud at the node distal to it. A 

conclusions section completes the chapter. 

7.4.1 DIURNAL VARIATION 

The results obtained have implications regarding the sampling of white clover 

stolons from pasture for assessment of carbohydrate status. The lack of large diurnal 

fluctuations in the carbohydrate fractions of stolons means that during the photoperiod time 

of sample collection is not an important constraint. Gordon et al. ( 1 987) similarly reported 

no clear diurnal fluctuation in starch and hexose sugar content but found sucrose levels to 

increase during the photoperiod and decrease during hours of darkness in single plants 

grown in a growth cabinet. This diurnal variation in sucrose content was probably masked 

in the field-grown stolons by fluctuations in environmental conditions other than 

photoperiod. In retrospect, a diurnal sampling which included greater numbers of stolons, 

but with grouping of internodes within stolons for analysis, could have improved the 

precision of information on diurnal fluctuations without increasing the number of 

carbohydrate analyses. The highly significant variation between stolons in swards at any 

sampling indicates a requirement for several stolons (plants) in a sampling so that 

representative carbohydrate contents are obtained. The pronounced and consistent 

variations in the carbohydrate fractions with internode position means that field samplings 

must be representative of the distribution of nodes among node positions in the white 

clover population sampled. Another important factor affecting starch levels in stolons is 

defoliation (Tesar & Ahlgren 1950; Stewart & Bear 195 1 ;  Moran et al. 1953; Vez 1 96 1 ;  

Murphy 1 982; Gordon et al. 1986; Danckwerts & Gordon 1989; Baur-Hoch et al. 1 990; 

Fig 7 .8)  and variation in severity of defoliation of stolons at previous grazings would be 

a factor contributing to the large variation among stolons in carbohydrate status at a 

sampling. Any sampling programme must accommodate all of the above effects. 
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In most respects seasonal variation in starch content of stolons followed the 

pattern observed in the northern hemisphere in that there was a pronounced early autumn 

buildup (Vez 196 1 ;  Boiler & Nffsberger 1983) followed by a steady decline through winter 

(Wood & Sprague 1952; Ruelke & Smith 1956; Vez 196 1 ;  Harris et al. 1983). Peculiar to 

these data was the abrupt decrease in starch content to low levels in mid-spring (October) 

(Fig 7.2).  The lack of seasonal variation in hexose content is consistent with results of 

previous work (Ruelke & Smith 1 956; Moran et al. 1953; Vez 1 96 1 ); however, the increase 

in sucrose content in mid-winter (Wood & Sprague 1952; Ruelke & Smith 1956) was not 

apparent in this environment. The observed differences in results obtained between this 

study and the others cited can probably be related to the more favourable growth conditions 

for white clover in winter at Palmerston North (Fig 3. 1 )  compared with the continental 

winters prevailing in Europe and North America. At Palmerston North active growth is 

maintained throughout winter (Table 3 .2) which in turn limits the rate of depletion of starch 

in stolons. There was no increase in sucrose contents in winter as is found when osmotic 

adjustment increases the tolerance of frosting temperatures (Vez 1961 ) .  Whereas low 

carbohydrate status of stolons was associated with net loss of stolon biomass in winter in 

northern hemisphere studies (Wood & Sprague 1 952; Vez 196 1 ;  Harris et al. 1 983), low 

starch content and net loss of stolon biomass occurred in spring in this study (see Fig 7.2 

and Fig 3.5, respectively). The sudden drop in starch content of stolons in October 

parallels other physiological changes within white clover populations at this time and these 

aspects will be considered in more detail in Chapter 8. As mean dryweight per internode 

is also at a minimum in spring the mean yield of starch per internode in October is only 

1 1 % that of the maximum measured for March (Fig 7 .7) clearly indicating energy reserves 

are at a minimum at this time. 

7.4.3 VARIATION WITH INTERNODE POSITION 

Starch is the major component of total carbohydrate in stolon (Fig 7 .2) . The 

variation in starch yield with internode position has ramifications for the growth of white 

clover in grazed swards. If the yield of starch at each position is weighted by the 

proportion of nodes in the population at the position, the contribution of each node position 

to the overall starch storage can be calculated. The distribution of nodes at each node 

position has been calculated for white clover in nearby sheep-grazed swards (Hay et al. 

1 99 1 )  and if it is assumed that a similar distribution exists within this population the 
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contribution of each node position to total starch yield can be calculated (Table 7.3) .  The 

node positions 1-3 account for 25% of the node population but only 1 3 %  of starch yield 

while nodes 4- 10 (39% of nodes) contribute 50% to starch yield. Hence nodes 1 - 10 

account for approximately 64% of both nodes and starch yield. The lower yield of starch 

and sucrose in nodes 1 -3 has ecological advantages for white clover. These nodes bear 

virtually all of the leaves in grazed pastures (Davies & Jones 1986, 1988; Jones & Davies 

1 988; Brock 1988; Brock et al. 1 988), are not firmly anchored by roots (Brock et al. 1988) 

and are susceptible to loss by defoliation ( 1 0% of stolons were without apices, Chapter 3 .4, 

in these swards). However, any defoliation of the first three internodes has a relatively 

small effect on the overall energy status of plants due to the low carbohydrate content of 

these internodes. 

In the only comparable report found, Moran et al. ( 1 953) measured variation in 

carbohydrate status of white clover stolon segments comprised of nodes 1 -5 ,  6- 10 and >10  

and obtained similar results except that starch content of intern odes > 1 0  was higher than 

in nodes 5- 10 in the autumn samplings in that environment. 

7.4.4 EFFECT OF DEFOLIATION AND BURIAL 

As predictable from previous work (Moran et al. 1953;  Vez 1 96 1 ; Murphy 

1982), defoliation lowered the starch content of stolons to minimal values over days 10- 1 5  

following defoliation (Fig 7 .8). The abrupt decrease by day 5 in sucrose and hexose 

contents and subsequent rapid recovery by day 10 after defoliation observed in 

glasshouse/growth cabinet grown plants (Moran et a/. 1953;  Gordon et al. 1986; Baur-Hoch 

et al. 1 990) was not detected in these field grown plants. Careful interpretation of Fig 7.8 

provides insights into the controlled nature of the remobilisation of starch in white clover 

stolons following defoliation. The starch levels of defoliated stolons on day 5, 10  and 15  

after defoliation (Fig 7 .8) indicate that there i s  remobilisation initially from all nodes but 

that preferential exhaustion of internodes nearest the apex to minimal levels (0.4- 1 .0% of 

DM) occurred first and then with time internodes were successively depleted back along 

the stolon so that by day 1 5  the first 12 internodes were all similarly exhausted of starch. 

Similarly the replenishment of starch in stolons commenced with some storage in all 

internodes but with an indication that full replenishment initially occurred in the youngest 

internodes and then progressed back along the stolon. Replenishment was complete by day 

30 at which time the pasture was ready for another grazing. The reason for the depressed 

values of defoliated stolons at day 25 (Fig 7 .8) is unknown but does not appear to be due 

to unusual weather patterns, eg low radiation, temperature or rainfall .  
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Table 7.3 Table of calculation of the percentage of total starch in stolons at various 
internode positions in the Kopu white clover population utilising the distribution of nodes 
among node positions as given by Hay et al. ( 1 99 1 )  for white clover populations in 
pastures grazed by sheep. 

Weight of starch 
% of total nodes at (mg per internode 

Internode Starch yield each node position position) in a % of total 

position (mg) (from Hay et al. representative internode starch 
( 1 99 1 )) sample of 1 00 

1 .2 1 1  8 .30 1 .75 1 .87 

2 .488 8.22 4.0 1 4.29 

3 .8 1 8  8 . 1 8  6.69 7 . 1 7  

4 1 .093 7 .69 8.41 9.0 1 

5 1 .084 6.5 1 7 .06 7.56 

6 1 . 1 1 6 5 .83 6.5 1 6.97 

7 1 .241 5 .38 6.68 7 . 1 5  

8 1 .252 5 . 1 9  6.50 6.96 

9 1 . 178  4.63 5 .45 5 .84 

1 0  1 .526 4. 10  6.26 6 .70 

1 1 -20 0.95 25 .01 23.76 25 .45 

> 20 0.94 1 0.95 10.29 1 1 .02 

Burial by 2 cm of soil (intact leaves maintained above soil) had no influence on 

the carbohydrate status of stolons, which implies that any influences of burial on branch 

development of axillary buds were via mechanisms other than carbohydrate supply. 

7.4.5 INTERNODE CARBOHYDRATE CONTENT AND BRANCIDNG 

In the grazing trial of this study the interval between grazings (defoliations) was 

constant in that plant development corresponding to approximately three node appearances 

occurred per grazing interval (Chapter 4.2.2). Thus an internode positioned 10 to 12 on 

a stolon has been subjected to three defoliation cycles and its starch content would have 

been depleted and replenished three times with the severity of the depletion dependent on 

initial status (Moran et al. 1 953; Hartwig et al. 1 990) which is dependent on season (Vez 

196 1 ;  Fig 7.3) and severity of previous defoliations (Moran et al. 1953) particularly the 
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latest defoliation (Danckwerts & Gordon 1989; Baur-Hoch et al. 1990) . In the regrowth 

cycle measured during October 1987, when mean starch levels were low (5.2% of DW) at 

the end of the regrowth period, 70 to 95% of starch in stolen internodes was remobilised 

following defoliation (Fig 7.8). Given the cyclic pattern of depletion and replenishment 

of starch content in stolons and that sucrose and hexose contents were relatively stable, the 

lack of any relationship between branching and internode starch, sucrose and hexose 

content immediately prior to defoliation (Sect. 7.3 .6) is understandable. For white clover 

in these grazed swards it is concluded that the carbohydrate status of stolen intemodes does 

not affect branch development from axillary buds. Recently Hartwig et al. ( 1990) 

demonstrated that carbohydrate supply was not the major factor involved in the decrease 

in nitrogen fixation in white clover immediately following defoliation. This study provided 

no evidence to suggest that carbohydrate supply within the plant limited plant performance 

in these swards. 

7.4.6 CONCLUSIONS 

In conclusion, although there were considerable responses in the starch content 

of stolons to both season and defoliation, burial had no effect and none of these factors 

significantly affected sucrose and hexose contents of stolons. The lack of relationship 

between branch development of axillary buds and carbohydrate status of the basipetal 

internode is explained by the non-significant variation in content of hexose sugars in 

stolons as these are the forms of carbohydrate directly metabolised (Butler & Bailey 1973) 

and there was no evidence to suggest that the level of supply was limiting. 
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CHAPTER 8 GENERAL DISCUSSION ; ECOLOGY AND PHYSIOLOGY 

OF WIDTE CLOVER WITH RESPECT TO BRANCH 

DEVELOPMENT AND BURIAL OF STOLON 

The overall objective of this study was to undertake investigations into the 

effects of stolon burial on branching of stolons such that the knowledge gained could be 

utilised to further describe and understand the pattern of clonal growth of white clover in 

pastures. The following discussion, comprised of three sections, considers and develops 

the findings of the study as they relate to this objective. In the first section the results of 

investigations into the effects of stolon burial on branching are discussed before there is 

a discussion of how burial may affect the functioning of stolons and, thence, indirectly 

,influence branching. The second section outlines how the study contributes to knowledge 

of the correlative control of branching. In the final section the new information arising 

from this study is integrated with previous knowledge so as to further understanding of, in 

particular, the spring period of the seasonal cycle of clonal growth of white clover in 

grazed swards. 

8.1 STOLON BURIAL, BRANCIDNG AND STOLON FUNCTION 

The strong seasonal cycle of stolon burial in winter measured in the field trial 

(Chapter 3) is consistent with previous measurements in Manawatu (Hay 1983, 1985; Hay 

et al. 1983), elsewhere in New Zealand (Hay & Chapman 1984; Hay et al. 1987) and in 

United Kingdom (Grant et al. 1986; Sackville Hamilton & Harper 1 989). Although factors 

such as drought and overgrazing (Hay & Chapman 1 984; Hay et al. 1 987), low earthworm 

population density (Hay et al. 1 987) and high rainfall (Hay et al. 1 987), especially on 

heavy soils (Grant et al. 1 986), can modify the seasonal trend in stolon burial, late winter­

early spring is normally associated with maximal and late summer with minimal burial of 

stolon. 

A framework for evaluating the branching response of white clover to 

environmental variables was proposed by Turkington et al. ( 199 1 ) ,  elements of which aid 

interpretation in this study. Three basic attributes of stolon development affect branching 

over time: (a) rate of node/axillary bud appearance, (b) position of first branching node 

(ie. position of the associated node in plastochrons when outgrowth of the axillary bud is 

observed) and (c) probability of branching (ie. probability of an axillary bud forming a 

branch). 
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Stolon burial has little effect on the node appearance rate of the primary stolon 

of plants (Grant et al. 1 99 1 ;  Chapter 6). However burial in association with defoliation 

significantly reduces node appearance rates of secondary (branch) stolons (Grant et al. 

1 99 1 )  and secondary stolon growth generally (Chapter 6). No significant effect of burial 

on the node position of first branch appearance was measured in the glasshouse trial 

(average node position of first incipient branch for buried and non-buried stolons, 

3 .6 ± 0.74 and 3 .4 ± 0.52 respectively). However burial significantly depressed the 

probability of successful branch establishment both in the field (Sackville Hamilton 1982; 

Chapter 4) and in the glasshouse (Grant et al. 199 1 ;  Chapter 6). 

The physiological basis for the negative effects of stolon burial on branching in 

white clover will now be discussed. Burial of stolons with soil alters the environment of 

stolons and axillary buds by influencing the temperature, light, moisture and atmospheric 

regimes and by exerting physical pressure or resistance to stolon surfaces particularly where 

meristems are actively expanding. Although this study has focused on the alteration of the 

light regime induced by burial some other effects of burial of stolon will also be considered 

in the following discussion. 

When stolons or leaves grow through soil the pressure exerted on them induces 

thigmotropic responses which are expressed as thickening of stolons (Newton 1 986; 

Chapter 6) or a thickening of the petiole. Field studies (Chapter 4) and glasshouse studies 

(Grant et al. 199 1 ;  Chapter 6) indicate that burial of formed stolon, without defoliation, has 
outgrowth 

no significant effect on the probability of initiation ot · "'f an axillary bud but results 

in a significant depression in the probability of establishment of a branch at a node 

(Sackville Hamilton 1 982; Chapter 4). This implies that burial increases the mortality rate 

of axillary buds once outgrowth has commenced. The first leaves produced by axillary 

buds are smaller than parent stolon leaves (Wilman & Simpson 1 988;  Hay et al. 1 993) and 

so have reduced chances of forcing their way through to the soil surface. Axillary buds 

developing in soil, in the dark, are totally dependent upon the parent stolon for 

photosynthate as they are unable to photosynthesize. Supply from the parent stolon is 

dependent upon growth conditions, with defoliation of the parent stolon resulting in 

cessation of supply (Chapman et al. 1 992a, b). Thus axillary buds developing in soil not 

only have additional energy requirements imposed by thigmomorphogenetic responses but 

may have growth potential further reduced by a variable and limited supply of 

photosynthate. These factors combine to increase the mortality of axillary buds developing 

in soil over those developing above ground. 
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Burial alters the light regime by effectively reducing the light intensity to zero. 

Stolon intemodes exposed to light photosynthesize at rates which are greater than stolon 

respiratory losses (Harris et al. 1983), contribute about 5% or more to total photosynthesis 

of white clover (Korte & Parsons 1 984; Ryle et al. 1988), contribute significantly to carbon 

uptake during the first few days following defoliation (Davidson et al. 1 990) and are 

1 2-22% as efficient as leaves per unit surface area (Chapman & Robson 1992). When 

plants are severely defoliated and photosynthate is a scarce resource, shading (or burial) to 

prevent photosynthesis by stolons significantly impacts on the carbon economy of plants 

and a manifestation of this is an increase in death rate of older basal stolon, thus decreasing 

plant size (Chapman & Robson 1992). Burial of stolon systems of plants coupled with 

defoliation, although having little effect on the primary stolon, significantly affects 

secondary stolons by reducing node appearance and probability of branching and increasing 

mortality by 34% relative to unburied defoliated plants (Grant et al. 1 99 1 ) . This response 

is consistent with recently measured changes in intraplant partitioning of carbon following 

defoliation in that carbon supply from the primary stolon to young branches ceases and the 

sink strength of developing leaves on the primary stolon increases (Chapman et al. 

1 992a, b). The additional penalty of stolon burial in prohibiting stolon photosynthesis 

exacerbates the period of carbon shortage in young branches thereby increasing their 

mortality rate (Grant et al. 199 1 ) . 

Probability of initiation of axillary bud outgrowth is not affected when 

undefoliated stolon tissue has emerged in light and then been buried (Grant et al. 199 1 ;  

Chapter 4 ;  Appendix 5. 1 ;  Chapter 6). However as the severity o f  defoliation o f  stolons 

increases, probability of initiation of axillary bud outgrowth decreases. This response is 

explicable in terms of sink-source theory in that defoliation limits carbon availability which 

is then preferentially allocated to re-establish developing leaves at the parent stolon apex 

(King et al. 1978; Chapman & Robson 1 988; Chapman et al. 1 99 1 a, b). Davies & Evans 

( 1 990a) reported an all or nothing response to defoliation and shading on initiation of 

axillary bud outgrowth and suggested a photomorphogenetic response was involved. This 

interpretation is questionable as stolons were pretreated by shading (exclusion of 84 or 94% 

of photosynthetically active radiation) to the extent that reduced carbon availability 

increased the expression of apical dominance so as to inhibit axillary bud outgrowth at 

nodes one to five. lntraplant carbon availability was subsequently further reduced by 

defoliation and photosynthetic capacity available for recovery reduced by completely 

shading stolon at node positions 2 to 5. Hence this rather drastic response is also 
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explicable in terms of source-sink relationships in line with other studies (Grant e t  al. 199 1 ;  

Chapter 6) . Also, as the shading treatment of stolons was neutral with respect to light 

quality, photomorphogenetic responses over and above the effects of reduced 

photosynthetically active radiation would not be expected (Solangaarachchi & Harper 

1 987b; Thompson & Harper 1988). The sensing of light or a photomorphogenetic signal 

is not a prerequisite for initiation of axillary bud outgrowth as initiation occurs in the dark 

when certain correlative (eg. removal of apical dominance) (Newton & Hay 1 992; 

Chapter 6) and environmental (Newton & Hay 1992) conditions are met. For example, 

probability of initiation of outgrowth of axillary buds formed under soil and maintained in 

soil increased from 0.29 to 0.73 when the stolon apex was excised (Chapter 6). It is 

possible that excision induces a wounding response which substitutes for a prerequisite light 

mediated signal although buds at nodes six away or approximately 6.4 cm from the site of 

apical excision showed greatly enhanced development in response to the excision (Fig 6.2) 

which means such a wounding response would have to be readily and widely translocated. 

If the latter possibility is discounted (excision of leaves at the base of petioles immediately 

adjacent to the axillary bud induced no such wounding response (Chapter 6)) it can be 

hypothesised that initiation of axillary bud outgrowth has no prerequisite for light 

stimulation at bud sites and that plant control of development is via activation of inhibitory 

mechanisms. 

The known mechanisms of inhibition of axillary bud outgrowth are via apical 

dominance, phytochrome-mediated responses to light quality and a correlative mechanism 

inducing a period of dormancy in spring. Inhibition due to source-sink relationships has 

a general effect in determining the extent of apical dominance and rate of development (and 

mortality) of branches whereas phytochrome-mediated responses are more localised 

operating perhaps at the individual axillary bud level within plants. Findings of Moulia 

et al. ( 1 989) were consistent with this concept of control by inhibition of initiation of bud 

outgrowth in that where total radiation supply was uniform but light quality was varied 

using end-of-day changes to red light supplied, probability of branching varied but number 

of nodes to first branch (apical dominance) remained unchanged. It is pertinent to note that 

changes in light quality induced by the presence of white clover leaves exaggerate the 

effects of reduced photosynthetically active radiation rather than induce a different range 

of plant responses (Solangaarachchi & Harper 1987) although changes in red to far-red 

ratio induced by canopies of grass species also significantly reduced node appearance rate 

as well as greatly decreasing branching frequency compared to neutrally shaded plants at 
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the same level of photosynthetically active radiation (Thompson & Harper 1 988). The 

above hypothesis would suggest that the stimulation of branch development sometimes 

observed in white clover following defoliation of swards (Brougham 1 958; Sanderson 1 966; 

Davies & Evans 1 990b; Grant & Barthram 1 99 1 )  results from the altered light environment 

(increased photosynthetically active radiation and red to far-red ratio) removing the 

conditions which activate the processes involved in maintaining inhibition of bud 

development rather than from providing any direct stimulatory effect. The correlative 

processes that induce the dormancy of buds in spring are unknown but they affect all nodes 

in the stolen system of a plant and are not affected by excision of leaves and roots or 

separation of nodes and incubation under optimal conditions (Newton et al. 1 990, 1 992). 

Stolen burial did not affect the carbohydrate status of stolons when leaves were 

positioned above the soil (Chapter 7). Defoliation history is the major determinant of 

starch content (refer to Chapter 7) but causes only minor fluctuations in sucrose and hexose 

contents (Moran et al. 1953; Gordon et al. 1 986; Baur-Hoch et al. 1 990; Chapter 7). 

However, burial in association with defoliation impacts heavily on the carbon economy of 

plants (Grant et al. 1 99 1 ;  Chapman & Robson 1 992) and reduces initiation of outgrowth 

(Chapter 6) and development/survival (Davies & Evans 1 990a; Grant et al. 1 99 1 ;  

Chapter 6) of axillary buds on the main stolon and also on secondary stolons (Grant e t  al. 

199 1 ;  Chapter 6). On average stolons are defoliated twice during the period an axillary 

bud is positioned three to eight from the stolon apex and hence with maximum potential 

for initiation of outgrowth. During this period starch contents are constantly changing 

within stolons in response to defoliation (Moran et al. 1953; Vez 196 1 ;  Murphy 1 982; 

Chapter 7) while sucrose and hexose contents in stolen remain reasonably constant during 

regrowth (Chapter 7).  There were no significant correlations of content of any 

carbohydrate fraction in intemodes with probability of development of the associated 

acropetal or basipetal axillary bud (Chapter 7) which given the lack of variation in sucrose 

and hexose sugar content and the fluctuating starch content in response to defoliation is not 

an unexpected result. These findings were based on measures of total content of a 

carbohydrate fraction and so do not contradict explanations of patterns of axillary bud 

development based on fluxes of carbon, derived from current photosynthate or 

remobilisation of reserves ,  the direction and magnitude of which are determined by source­

sink relationships. 
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Under New Zealand conditions maximal rates of initiation of new adventitious 

nodal roots per plant (Brock et al. 1988; Newton & Hay in press) and greatest rates of new 

root production and branching of new roots at depths below 5 cm (Caradus & Evans 1977) 

occur in white clover in late winter-early spring when burial of stolen is maximal, soil 

moisture is usually non-limiting for growth (Chapter 3) and temperatures are suboptimal 

for major pathogenic organisms (Ski pp & Gaynor 1987). Successful establishment of nodal 

roots requires high humidity for initiation of growth (Knight 1953;  Trautner & Gibson 

1966; Ueno 1 982; Stevenson & Laidlaw 1985;  Thomas 1987b) and moist soil to aid root 

penetration into the soil (Ueno & Yoshihara 1 968); stolen burial promotes both these 

conditions as the soil buffers stolons from the more extreme changes in moisture content 

or humidity that occur at the soil surface. Thus burial through aiding initiation and 

development of nodal roots reduces the probability of limitation of branch development 

through the lack of a nodal root at the node of origin (Knight 1 953;  Chapman 1983). 

However burial through reducing successful branch establishment will ultimately reduce 

the numbers of nodal roots on plants as roots at nodes that have no branch have lower 

survival rates (Newton & Hay, in press). 

Absorption of nutrients is a further physiological function of stolons. Stolons 

actively absorb phosphate (Hay & Dunlop 1 982; Dunlop & Hay 1985;  Hay et al. 1986b) 

and plants may obtain more than 5% of total phosphorus in this manner (Hay et al. 1986b). 

Stolen burial assists nutrient uptake by exposing the whole surface area of stolons to the 

soil solution of the nutrient enriched upper zone of soil (Ozanne 1976) and improving 

access of the soil solution into stolons through increasing the potential for microbial lysis 

of the stolon cuticle and hypodermis (Hay et al. 1982) . Hence stolon burial by encouraging 

both direct nutrient uptake by stolons and initiation and development of nodal roots acts 

to improve the nutritional status of plants and this in turn may improve branching by 

minimising the influence of apical dominance (Harvey 1970, 1 979; Thomas 1987b; 

Chapter 5) .  

8.2 CORRELATIVE CONTROL OF BRANCHING 

Results from this study extend knowledge of the correlative control of branching 

in white clover. Results from Chapter 6, in particular, lead to the development of some 

important concepts relating branching and axillary bud ontogeny. Two aspects very 

apparent in any study of branching of white clover are that initiation of branch development 
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occurs only at a limited number of node positions basipetal to the apex (Chapman 1983; 

Davies & Evans, 1990a, Hay et al. 1 99 1 ;  Newton et al. 1 992; Chapter 6) and that 

branching is precluded at a variable number of nodes immediately basal to the apex (Erith 

1 924; Harvey 1979; Sackville Hamilton 1 987a; Thomas 1987b; Sackville Hamilton & 

Harper 1 989; Davies & Evans 1990a; Turkington et al. 1991 ;  Caradus & Chapman 199 1 ;  

Hay e t  al. 1 99 1 ;  Davies & Jones 1 992 Chapters 5 ,  6), a characteristic generally considered 

to be an expression of apical dominance (Thomas 1987b). When axillary buds on stolons 

of the BiB treatment (Chapter 6) were exposed to light, their outgrowth occurred only at 

nodal positions of eight or less from the stolon apex and not at nodes positioned > 8 from 

the apex.  The lack of outgrowth of axillary buds at the older nodes is unlikely to result 

from loss of viability as even in stolons sampled from pastures the viability of buds at node 

position 10  remained at 35-40% (Newton et al. 1 992). Such a result suggests then, that 

correlative factors are operating within the plant which concentrate resources for the 

outgrowth of the more distally situated axillary buds. Hence it is hypothesized that within 

an intact stolon the ontogeny of an axillary bud includes a 'window of opportunity' for 

effective initiation of development. This ' window of opportunity' spans the developmental 

period of the bud from its release from apical dominance through to its development to a 

node position greater than eight. Although there is genetic variation (Erith 1 924; Caradus 

& Chapman 1 991 )  apical dominance normally inhibits vegetative axillary bud outgrowth 

at node positions 1 and 2 (Thomas 1987a; Hay et al. 1991) but its extent (the number of 

nodes basipetal to the apex affected) is sensitive to the availability of resources at the apex 

(Harvey 1979; Newton 1986; Thomas 1987b; Chapter 5). Severe resource limitations can 

result in effectively preventing the initiation of axillary bud outgrowth by extending the 

extent of apical dominance to node positions beyond eight thereby closing off the 'window 

of opportunity' for bud outgrowth (Caradus & Chapman 199 1 ;  Chapter 6). The basal limit 

to the 'window of opportunity' could not be rigidly defined. In Welsh pastures, initiation 

of axillary bud outgrowth is thought to cease after a bud passes on from node position 7 

(Dutta 1988;  Davies & Evans 1990a). Under New Zealand conditions Chapman ( 1 983) 

found most branch initiation occurred within 4 to 8 weeks of node appearance, indicating 

a maximal node position of eight which is a result consistent with the findings of Newton 

et al. ( 1 992). However Hay et al. ( 1 99 1 )  estimated that some initiation of branching 

occurred up to node position 10  although most had taken place by node 7 .  In general 

under field conditions the 'window of opportunity' for branch initiation (defined as the 

production of a fully expanded leaf) is the period of node development inclusive of from 

node position 3 or 4 through to node position 7 or 8. 
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Severe reductions in levels of resource availability within plants were found to 

reduce plant branching by increasing markedly position of first branching node relative to 

the stolon apex and by decreasing node appearance rate. There was no change in 

probability of outgrowth of axillary buds that contributed to the decrease in plant branching 

(Chapter 5) .  Hence, as such severe resource limitations seldom occur in productive 

pastures it is unlikely that the observed low probabilities of a node branching in the field 

are the result of low levels of intraplant resource reducing the probability of outgrowth of 

axillary buds. 

When nodes emerge from the stolon apex in soil and remain buried, probability 

of initiation of outgrowth of axillary buds decreased some 60-70% under the conditions of 

a glasshouse experiment (Chapter 6). This indicated that outgrowth of axillary buds is 

responsive to environmental treatments. If after the production of eight nodes the main 

stolon apex was excised, the level of outgrowth of the buried buds was largely restored. 

Hence the burial treatment reduced outgrowth of axillary buds through an inhibition process 

rather than by increasing the mortality of buds. These results also indicate that inhibition 

of axillary bud outgrowth was not caused by an absolute deficiency in photosynthate supply 

but was probably initiated by plant sensing of the light environment and the response 

mediated via an apical dominance mechanism which would involve alterations to the 

balance of plant growth hormones present (Thomas 1987b). 

The small experiment reporting on the effects of burial and defoliation treatments 

applied to individual stolons within plants (Appendix 5. 1 )  demonstrated the independence 

of action of node appearance rate and position of first branching node as stolon 

characteristics influencing branching and also the independence individual stolons had 

within plants for both these characteristics. Grant et al. ( 199 1 )  reported differing node 

appearance rates between branch stolons and the main stolon of plants under burial and 

defoliation treatments. Such results clearly differ from the proposal that node appearance 

rate is common for apices within a plant (Turkington et al. 1 99 1 ) .  Whereas plants in this 

study (Appendix 5 . 1 )  had no main stolon apex, those of Grant et al. ( 199 1 )  did. Thus 

within-plant differences in node appearance rate were obtained regardless of the presence 

of the possible integrative role of the main stolon apex (Newton 1986). In pastures 

intensively grazed by sheep, calculations based on plant (Hay et al. 1 99 1 )  and population 

(Hay et al. 1 988) data indicate that 35% of apices are present in plants without a main 

stolon apex and hence any correlative/integrative effects such an apex may confer. 
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The number of nodes from the apex to the first branch (position of first 

branching node) is an attribute not of individual nodes but of the stolen and is integrated 

over the microenvironments of all nodes contributing resources to the apex. Thus nodes 

from other stolons that contribute resource to a particular stolon will also influence the 

characteristic, of position of first branching node, of that stolen. This property of the 

stolen (branch) was not fully addressed in the analysis by Turkington et al. ( 1 99 1 )  which 

constitutes a significant gap in understanding as variation in this property (see earlier and 

also Chapter 5) can be an important mechanism of adaptation to an unfavourable 

microenvironment at the individual branch level. The characteristic, position of first 

branching node, varies independently of node appearance rate (Turkington et al. 1 99 1 )  and 

probability of axillary bud outgrowth (Moulia et al. 1989) and is an attribute of white 

clover morphology/growth that is now receiving increasing attention (Sackville Hamilton 

1 987a; Sackville Hamilton & Harper 1 989; Moulia et al. 1989; Davies & Evans 1990a; 

Hay et al. 1 99 1 ;  Turkington et al. 1 99 1 ;  Chapter 5).  

In conclusion, the following model is suggested as controlling initiation of 

axillary bud outgrowth in white clover. Outgrowth of axillary buds is the norm and control 

of development is via mechanisms that inhibit this development. The first of these, often 

referred to as apical dominance, has the limits of its influence determined by the abundance 

of resource(s) at the stolen apex and is therefore a function of the collective acquisition of 

resources by all nodes supplying the apex. Apical dominance is manifested as a delay in 

initiation of axillary bud outgrowth seen as an increase in the position of first branching 

node relative to the apex or in extreme environments inhibition until a bud has passed 

through the 'window of opportunity' for bud development (see earlier discussion). The 

second inhibitory mechanism is activated by sensing of the light environment, possibly via 

phytochrome. Both these mechanisms are very responsive to changes in the environment. 

The third mechanism is a correlative inhibition operating in spring for a period of four to 

six weeks in response to unknown factors (Newton et al. 1 990, 1992; J.R. Caradus & 

J. van den Bosch unpublished data) . This model (hypothesis) requires testing by a series 

of experiments, involving examination of responses of both treated and untreated, nodes 

and stolons of plants which have individual nodes or stolons subjected to a range of 

treatments including variation in neutral light shading, light quality, defoliation regime and 

nutrient supply. This work must be designed to test for the independence of operation of 

the inhibitory processes and define the extent of independence of activity of each axillary 

bud within plants to these processes. 
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8.3 BURIAL AND THE AUTECOLOGY OF WIDTE CLOVER IN PASTURES 

The observations reported in this study have relevance for growth of white clover 

in grazed pastures. During autumn and early winter, surface casting by earthworms is the 

major mechanism of stolon burial (Hay et al. 1987). Stolons may be partially or 

completely buried and subject to various degrees of defoliation intensity at burial . In such 

cases the stolon tissue has emerged while on the soil surface before burial and is equivalent 

to the 0/B treatment of the Chapter 6 experiment. This treatment had no effect on the 

probability of initiation of axillary bud outgrowth at nodes on primary stolon but halved 

that of nodes on secondary stolons. Although initiation of branch outgrowth on primary 

stolons is not affected by burial in this manner, successful branch establishment is 

significantly and consistently reduced (Sackville Hamilton 1982; Chapter 4) with the effect 

greatest at the youngest nodes (Chapter 4). In late winter-early spring factors such as 

treading by stock are equally important in the burial of stolons (Hay et al. 1 987) and 

increased severity of defoliation often occurs in many farming systems at this time (Brock 

1988) which acts to heighten the negative effects of burial (Grant et al. 199 1 ;  Chapter 6). 

The most severe negative effects of burial on axillary bud outgrowth occur at 

nodes (axillary buds) which emerge and then develop in soil, ie. axillary buds which 

correspond to those of the BIB treatment in Chapter 6, as both the initiation of outgrowth 

(Chapter 6) and survival of developing buds (Chapter 4) are reduced under such conditions. 

However, growth of stolon maintained in the dark is negatively geotropic (Thomas 1987b) 

and apices of buried stolons respond to the darkness by curving and growing vertically to 

the soil surface (Maige 1 900; Hay 1 983 ; Thomas 1987b; Grant et al. 199 1 ) .  This response 

of rapidly returning the apex to the soil surface therefore, minimises the number of nodes 

(axillary buds) in this category. Relatively few nodes emerge in soil and are then 

subsequently exposed to light although some re-exposure of nodes buried by earthworm 

casts occurred in early spring in Wales when stock reintroduced to pastures trampled down 

wormcasts (Sackville Hamilton & Harper 1989). 

Approximately 65-70% of annual production of nodes per stolon apex occurs 

during the peak growing season (November to April) (Chapman 1 983) when apices are on 

the soil surface and burial processes are inactive or active for short periods following heavy 

rainfall (Hay et al. 1 987). Hence the majority of axillary buds developing in environmental 

conditions with potential for rapid growth, are on the soil surface and not subjected to the 
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effects of burial. During the off season (May to October) most stolons are subjected to 

some degree of burial (Hay 1 983 ;  Sackville Hamilton & Harper 1989) most of which 

occurs after formation of stolon on the soil surface. This form of burial has minor effects 

on the initiation of axillary bud outgrowth on mature stolon axes (Chapter 6) but major 

depressive actions on initiation of axillary bud outgrowth on secondary branch stolons and 

on the survival of developing branches (buds) on both primary and secondary stolons 

following initiation of outgrowth. There was a three-fold depression in the survival of 

developing buds in undefoliated stolons (Chapter 4) and defoliation is known to aggravate 

the problem (Grant et al. 1 99 1 ).  This decrease in axillary bud development due to burial 

of stolon contributes along with plant fragmentation, plant death and spring dormancy of 

axillary buds to the reduction in density of growing points in swards in spring (Chapter 3). 

These effects have also been observed as a reduction in spring of branching frequency of 

stolons (Wilman & Simpson 1988) and of populations (Hay et al. 199 1 ;  Chapter 3) as well 

as a low probability of branch establishment on nodes appearing during winter (Chapman 

1 983 ;  Davies 1989). The consequences for the white clover population of lower growing 

point densities in spring is very dependent upon the particular environmental and 

managerial conditions that prevail during the spring early summer period (Jones 1 933 ;  Hay 

& Baxter 1984, 1989; Brock 1 988; Hay et al. 1988, 1989b; Davies & Evans 1 990b; Grant 

& Barthram 199 1 )  although in some situations yield components are determined more by 

the density of growing points or stolon in spring than by subsequent environmental 

conditions during the regrowth period (Harris et al. 1 983;  Dennis et al. 1984; Collins et al. 

1 99 1 ) .  

This study also contributes some insight into the physiology underpinning the 

abrupt changes that occur in spring when fragmentation of stolon systems into smaller units 

results from accelerated death of older buried stolon (Brock et al. 1988; Hay et al. 1 988, 

1 989a, 1989b, 1 990; Chapter 3). In this environment a flush of initiation and development 

of adventitious roots occurs in late winter-spring (August to November) which doubles the 

number of root systems per plant (Brock et al. 1 988) and increases the rate of new nodal 

root production and branching of new roots at soil depths >5 cm (Caradus & Evans 1 977) .  

The proportion of nodes supporting adventitious roots also increases from 30 to 56% over 

this spring period (Newton & Hay in press). Nitrogen fixation rates increase five- to 

seven-fold over winter rates to peak during September to November (Brock & Hoglund 

1 979; Crush 1 989). These large increases in rates of root growth and nitrogen fixation both 

peak in October and result in a quantitatively significant increase in the demand for carbon. 
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In addition the sink strength of developing leaves also increases during early spring over 

winter values as dry weight per leaf increases four- to five-fold (Brougham 1962), and node 

appearance rate also increases two- to four-fold (Davies & Evans 1 982; Chapman 1983) 

in response to increasing temperature at stolon apices (Sackville Hamilton & Harper 1989). 

Thus there is a considerable increase in sink demand in both roots and leaves for carbon 

which peaks in October. It is suggested that during September and early October the 

carbon demand for growth exceeds plant capacity to supply photosynthate (potential limited 

by the effects of low temperature (see Hart 1987)) and carbon is remobilised from reserves 

and this underlies the rapid decrease in starch content of stolon at this time (Hay et al. 

1989c; Chapter 7). 

Although not directly measured, it is suggested that the accelerated death rate pf 

older buried stolon commences after depletion of starch to low levels in stolons has aided 

the establishment of new adventitious root systems at younger nodes. Also occurring in 

the spring period when the sink strengths of roots and developing leaves are high and the 

starch content of stolons is decreasing is a temporary seasonal dormancy of the axillary 

shoot buds (Newton et al. 1990, 1992) although a causal link between these changes and 

bud dormancy has not been established (Newton & Hay in press). Reduced shoot growth 

during periods of strong root growth is a response observed in many grassland species 

(Troughton 1957). A similar spring dormancy of buds has been identified in other clonal 

species such as Elymus repens (Leakey et al. 1977) and Elymus farctus (Harris & Davey 

1 986) when most rapid root and shoot growth and carbohydrate (E. repens) or nitrogen (E. 

farctus) are in short supply. It has been suggested that vegetative axillary bud development 

may also be influenced by physiological changes related to flowering that are expressed in 

spring as day length exceeds 1 2  h (Newton et al. 1992) . 

The information obtained on the carbohydrate conte{\ts of stolon (Chapter 7) can 

be utilized to significantly increase the depth of understanding of the processes underlying 

the observed seasonal growth pattern of white clover populations in grazed pastures in this 

environment. Characteristics of the white clover population in spring following the burst 

of plant fragmentation can be calculated. Mean stolon DW per plant is c 50% of that in 

autumn (Brock et al. 1988; Chapter 3). If it is assumed that the same processes occurred 

in the white clover population in spring 1986 as was measured in 1 988, then the following 

calculations can be derived: 
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October IN ovember March 

Starch content (%DW) (Fig 7 .2) 3.3 14  6 

Mean stolon DW/plant (mg) (Table 3.4) 45 106 

Mean stolon starch Wt/plant (mg) 1 .5 1 5  5 

Relative starch Wt/plant (%) 10 1 00 

This value for the relative decrease in starch per plant in spring is comparable 

with the 89% reduction calculated on an internode basis (Chapter 7).  

The above table indicates that in late spring white clover populations comprise, 

in the main, small plants with low reserves of carbohydrates. As outlined above, at this 

time the sink strengths of leaves and roots are very high and clover also faces competitive 

stress from the faster growing companion grasses such as perennial ryegrass (Mitchell 

1 956; Williams 1 970; Rhodes 198 1 ;  Burdon 1983; Frame & Newbould 1986). The 

physiological status of the white clover population in spring, just described, has agronomic 

implications. Small plant size is associated with decreased survival and productivity in 

many plant communities (Harper 1977). Although plant density would be expected to 

increase in spring following fragmentation of larger plants into an increased number of 

smaller plants this, in general, does not occur (Hay et al. 1989a) which implies that the 

death rate of plants is such as to account for the lack of increase in density. It is worthy 

of note that any decrease in plant density in spring, if plants lost are small (first- or small 

second-order plants) may not be parallelled by an equivalent percentage decrease in 

growing point density (Hay et al. 1 99 1 ) . Overall, this evidence suggests that survival rates 

of small plants in white clover populations in spring are reduced even in populations which 

show little variation in growing point density. 

Brock et al. ( 1988) suggest that in spring the white clover population may be 

particularly vulnerable to stress (drought, applications of nitrogenous fertilizer and lax 

defoliation regimes) and that this could be involved in the sudden, unexplained declines in 

white clover populations (Spedding & Diekmahns 1972; Stewart & Haycock 1 984; Fame 

& Newbould 1986). The severe effects of spring droughts (Vartha & Hoglund 1 983; Brock 

1 988) in reducing white clover stolon biomass by >70% supports this view. Brock ( 1 888) 

ascribes reduced plant size and lack of development of root systems in spring as the 

reasons for the particularly adverse effects of spring as opposed to autumn droughts. White 

clover populations are considered to be particularly vulnerable to any stress until mid­

summer (January) (Brock 1988) as during this period new root and stolon systems are 
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developing to re-establish plants back to the pre-spring levels of mean plant dry weight and 

branching complexity and starch reserves are being replenished. 
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1 )  In the field trial, time of year (season) was the factor associated with major 

changes in the proportion of stolon buried, total stolon density, clover dry matter 

production and the branching structure of the white clover population. Although 

there were significant differences among the Tahora, Pitau and Kopu cultivars 

for seasonal growth rate, dry matter allocation to stolon and leaf, growing point 

density and plant density there were no differences in the mean node number per 

plant or branching structures of the populations. 

2) Sequential sampling of undefoliated stolons either artificially buried or growing 

on the soil surface found probability of initiation of axillary bud outgrowth to 

be unaffected by burial but probability of survival of the outgrowing axillary bud 

to be significantly reduced which resulted in a three-fold lowering of probability 

of branch establishment at buried nodes. Axillary buds most affected by burial 

were at node positions 1 and 2 at the time of burial. Most of the negative 

effects of burial were evident after a burial period of three grazing cycles 

(approximately three months) . Date and depth of burial of stolon had minor 

effects on the extent of the response. 

3) Imposed treatments of neutral shading, defoliation and limitation in phosphorus 

supply significantly reduced node appearance rate (by 67%, 30% and 25% 

respectively) ,  could increase node position of fust branch (two- to three-fold), 

but had no significant effect on the proportion of nodes initiating branching. In 

general, where leaflets only were defoliated (petioles remained intact) values of 

assessed plant attributes were intermediate between undefoliated and defoliated 

stolons. Limitations of light and phosphorus supply influenced dry matter 

allocation to leaf and root in opposite directions. 

4) Burial of already formed stolons had no influence on initiation of axillary bud 

outgrowth at nodes on the primary stolon but decreased outgrowth of buds on 

secondary stolons. This depressive effect in secondary stolons could be 

explained by the pattern of apical dominance in small branches and the ontogeny 

of axillary buds. Where axillary buds were on stolon tissue that emerged in soil 
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but was then exposed to light (after burial for a maximum of seven plastochrons) 

initiation of axillary bud outgrowth was significantly reduced (by 17%) although 

if burial continued for a further five plastochrons the reduction was 64%. 

Excision of the stolon apex, after burial for a period of seven plastochrons 

induced a probability of axillary bud outgrowth similar to that obtained by 

exposure to light at this time even though buds remained buried and received no 

light stimulus. These results indicate that burial of stolon decreased outgrowth 

of axillary buds by inhibition rather than by decreasing the viability of buds. 

Responses of stolon systems to burial were consistent with intraplant allocation 

patterns of carbon based on source-sink relationships. 

5) Diurnal variation in contents of starch and hexose and sucrose sugars in stolons 

was not significant. Contents of hexose sugars and sucrose varied little with 

season or in response to burial or defoliation treatments. Starch contents varied 

five-fold with season (minimal and maximal contents in late spring and late 

summer respectively) , ten-fold in response to defoliation but were unaffected by 

burial. Following defoliation starch contents in stolon were depleted 

preferentially from internodes immediately proximal to the apex and depletion 

progressed basipetally along the stolon. Starch contents were minimal about 

1 5  days after defoliation. Subsequent repletion also occurred initially at 

internodes immediately proximal to the apex and progressed basipetally. 

Starch, sucrose and hexose contents of stolon internode all varied significantly 

with position within the stolon. No significant correlations were found between 

any of the carbohydrate fractions in the internode basipetal to an axillary bud 

and initiation of outgrowth of the bud at any node position. 

6) Results of this study were consistent with an hypothesis that in a stolon with a 

functioning apex there is a 'window of opportunity' for initiation of outgrowth 

of axillary buds which spans the interval of bud ontogeny from its release from 

inhibition by apical dominance until the bud is positioned more than eight nodes 

from the apex. 

7) Expression of apical dominance (number of nodes from apex to first node 

position with axillary bud outgrowth) is determined by abundance of resource 

at the stolon apex. This is a function of the microenvironments of all metamers 
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contributing resource to the apex and this may include metamers from other 

stolons. Apical dominance is therefore a characteristic of a stolon but is 

influenced by all metamers that supply resource to the stolon. It is independent 

of other attributes such as node appearance rate and probability of successful 

branch establishment at metamers within the stolon. 

8) It was hypothesised that in white clover initiation of axillary bud outgrowth 

occurred unless inhibitory processes (apical dominance, phytochrome mediated 

processes or spring dormancy) were activated to prevent initiation. All reported 

responses of initiation of branching to treatments could be interpreted within the 

confines of this model which indicated that initiation of bud outgrowth has no 

prerequisite for light stimulation. 

9) It was suggested that in spring increased demand for carbohydrate initiated by 

greater growth and nitrogen fixation rates in roots and increased production of 

leaf tissue initiated changes in intraplant allocation patterns of carbon which 

resulted in the observed rapid decrease in starch content in stolon in October. 

This was accompanied by an acceleration in death of older, basal stolon in 

October which fragmented larger plants, so altering the plant population by 

increasing the proportion of plants of less complex branching structure and 

decreasing mean plant dry weight. 

1 0) Following plant fragmentation in October, the physiological status of the 

population (decreased mean plant DW and carbohydrate reserves) was 

considered to have agronomic consequences in that it reduced ability to tolerate 

stress (environmental or managerial) and so increased the probability of large 

decreases in population density upon occurrence of adverse conditions. This 

period of increased vulnerability was considered to extend until January by 

which time mean plant DW and carbohydrate content had usually recovered to 

pre-spring values. 

1 1 ) In regard to the population dynamics of white clover in grazed pastures the 

consequences of the effects of stolon burial on branch establishment in winter 

were not considered great because; 
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(a) several physiological and biotic factors act to significantly limit the 

branching potential of white clover in spring which means that the effect 

of burial of stolon is just one (physical) factor acting in the same 

direction as others. 

(b) low node appearance rates over winter, when rates of stolon burial are 

greatest, acts to limit the formation of new nodes at this time and so 

reduces the number of axillary buds that are most susceptible to 

negative effects of burial. The most susceptible buds are those that 

emerge in and remain buried with soil. 

(c) in the field, burial of stolon induces a negatively geotropic response that 

results in stolon curvature and a rapid return of the apex to the soil 

surface which in turn limits numbers of nodes that emerge in and 

remain buried with soil. 

(d) other environmental and managerial regimes in spring usually have a 

major influence in determining the productive potential of the white 

clover population for the growing season; but burial in summer could 

have greater impact as node appearance rates are high which means that 

the reduction in branch survival on primary stolons coupled with a 

decrease in outgrowth of axillary buds on secondary stolons will lower 

total numbers of branches and nodes produced. 
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APPENDIX 3.1 DETAILS OF TRIAL MANAGEMENT DURING THE 

ESTABLISHMENT PERIOD (NOVEMBER 1985 - MARCH 1986) 

1 0- 1 2  December 1985. A hard grazing with a mob of approximately 300 sheep 

6-9 January 1986. A similar grazing to above. It was observed that an 

infestation of penny royal (Mentha pulegium L.) was not defoliated. 

1 5 - 1 6  January. A hard grazing to prepare for spraying of penny royal. 

17  January. Trial sprayed for control of penny royal with a mixture of MCPB 

(6 l ha- ') and Combine (2 l ha-1) .  

10 February. Trial was topped with clippings returned. 

1 0  March. Trial was topped and herbage removed. 

25 March. Trial was topped and herbage removed. 

27 March. Basal fertiliser at the following rates was applied; 800 kg ha· ' 30% 

potassic superphosphate; 5 kg ha· ' Copper sulphate; 5 kg ha· ' Zinc sulphate; 0. 14 

kg/ha· ' Sodium molybdate; 1 t ha· ' Dolomite. 



APPENDIX 3.2 Mean (± SEM) daily rate of net dry matter accumulation (kg DM ha·1 d"1) for white clover, grass and total herbage in Kopu, Pitau and 
Tahora swards during each regrowth period. (Regrowth periods numbered by the harvest number of the pre-grazing cut). 

Regrowth Period 

Sward 

Type 2 3 4 5 6 7 8 9 1 0  1 1  12  1 3  14  1 5  1 6  17  1 8  

CLOVER Kopu 4.6 ± 3.2 ± 1 0.8 ± 6.9 ± 5.3 ± 3 . 1  ± 1 .3 ± 6.3 ± 8.4 ± 5.2 ± 2.4 ± 1 1 .0 ± 10.0 ± 2.8 ± 10.0 ± 5.7 ± 2. 1 ± 

0.78 0.33 0.89 1 . 1  0.88 0.96 0.33 0.98 0.98 0.5 1  0.53 1 .2 1  1 .72 0.74 1 .0 1  0.44 0.40 

Pi tau 3.0 ± 3.0 ± 5.6 ± 1 .9 ± 4.9 ± 1 .7 ± 1 .4 ± 4.3 ± 5.6 ± 3.9 ± 1 .7 ± 8.9 ± 7.6 ± 4.9 ± 14.9 ± 5 . 1  ± 3.0 ± 

0.57 0.35 0.83 0.36 1 . 1  0.40 0.37 0.70 0.64 0.57 0.42 1 .2 1  0.98 0.95 1 .34 0.50 0.45 

Tahora 2. 1 ± 2.0 ± 7.7 ± 6.6 ± 8.2 ± 5.6 ± 2.3 ± 7 . 1  ± 5.7 ± 3.5 ± 1 .00 ± 1 1 .5 ± 9.0 ± 6.9 ± 20.5 ± 7. 1  ± 1 .7 ± 

0.47 0.33 0.7 1 0.89 0.80 0.72 0.46 0.89 0.64 0.35 0.32 0.92 0.97 0.77 1 .54 0.29 0.38 

GRASS Kopu 12.3 ± 14.5 ± 32.7 ± 42.6 ± 35.6 ± 30.3 ± 15.0 ± 27.7 ± 1 9.6 ± 17.3 ± 15 .4 ± 49.3 ± 57.5 ± 66.9 ± 49.4 ± 29.6 ± 40. 1 ± 

1 . 1 1  0.99 1 .36 4.27 2.70 3.51 1 . 10 2 . 1 2  1 .9 1  1 .43 1 .03 1 .78 3.30 3.28 2.49 1 .56 2.82 

Pi tau 17.0 ± 1 3.8 ± 34.9 ± 50.9 ± 32.9 ± 32.2 ± 14.7 ± 20.6 ± 19.9 ± 17 . 1  ± 1 5 .7 ± 49.3 ± 60.9 ± 62.3 ± 48.5 ± 29.7 ± 38.4 ± 

1 .69 1 .44 1 .73 4.63 2.43 2.59 1 .63 1 .53 1 .84 0.85 0.99 2.55 2.92 2.50 1 .92 1 .90 2.34 

Tahora 1 5 . 1  ± 14.2 ± 40. 1 ± 44.5 ± 34. 1 ± 36.2 ± 15.5 ± 28.7 ± 23.5 ± 1 8 . 1  ± 1 8.3 ± 54.2 ± 59.5 ± 64.9 ± 4 1 . 1  ± 27.6 ± 37.7 ± 

0.96 1 . 19 1 .6 1  2.59 2.26 2.50 1 . 1  2. 1 2  1 .5 1  0.82 1 . 16 2.34 3.04 2.58 3 . 1 2  1 .67 1 .61  

TOTAL Kopu 17.0 ± 17.7 ± 43.5 ± 49.6 ± 40.9 ± 33.5 ± 16.3 ± 34.0 ± 28.0 ± 22.5 ± 17.8 ± 60.3 ± 67.5 ± 69.8 ± 59.4 ± 35.3 ± 42.2 ± 

1 .05 0.94 1 .37 4.05 2.37 3.70 1 .08 2. 1 9  2. 1 1  1 .48 1 .38 2.01 4.03 3.36 2. 14 2 . 1 4  2.92 

Pi tau 20.0 ± 1 6.8 ± 40.5 ± 52.8 ± 37.8 ± 33.8 ± 16.4 ± 25.3 ± 25.5 ± 2 1 . 1  ± 17.4 ± 58.2 ± 68.5 ± 67.2 ± 63.4 ± 34.8 ± 4 1 .5 ± 

1 .48 1 .42 1 .52 4.6 1 1 .97 2.70 1 .62 1 .63 1 .63 1 .01  1 .22 2.46 3.22 2.57 2.23 1 .60 2.40 

Tahora 17.2 ± 16.2 ± 47.8 ± 5 1 . 1  ± 42.3 ± 4 1 .8 ± 17.9 ± 35.8 ± 35.8 ± 2 1 .6 ± 19.3 ± 65.8 ± 68.8 ± 7 1 .8 ± 6 1 .6 ± 34.7 ± 39.4 ± 

1 . 19 1 .24 1 .32 2.79 2.52 2.81 0.9 1 1 .94 1 .94 0.8 1  1 .25 2.73 3.73 2.57 2.98 1 .65 1 .52 

....... -....) -....) 
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APPENDIX 5.1 EFFECT OF BURIAL AND DEFOLIATION TREATMENTS 

APPLIED TO INDIVIDUAL STOLONS WITIDN PLANTS ON 

THE INITIATION OF OUTGROWTH OF AXILLARY BUDS 

A5.1.1 INTRODUCTION 

A small, short-term experiment was undertaken to investigate the extent of 

integration of the response of characteristics determining plant branching structure among 

stolons within plants where stolons were exposed to differing microenvironments by 

subjecting individual stolons within plants to differing buriaVdefoliation treatment 

combinations. 

A5.1.2 METHODS 

Ten stolon cuttings from a single 'Grasslands Pitau' genotype were planted, 2 1  

June 1985, each into an individual plastic tray (30x40x5 cm) filled with potting mix 

(Section 5 .2 . 1 .2). Cuttings were maintained within a heated glasshouse and allowed to 

establish before treatments were applied on 5 September 1985. Four successive branch 

stolons along the main stolon of each plant were randomly assigned one of four treatments 

and the remainder of the plant was defoliated and the main stolon severed distal to the node 

bearing the youngest branch stolon assigned a treatment. 

The burial treatment involved covering the stolon with 2 cm of potting mix such 

that where the petiole of a leaf was longer than 2 cm, the leaf was maintained in light. 

Stolons that were defoliated had the petioles of all leaves of morphological developmental 

stage > 0.3 (Carlson 1966a) severed within 2 mm of the junction of petiole and stolon. 

The four treatments of branch stolons were: 

1 )  stolon not buried or defoliated 

2) stolon not buried but defoliated 

3) stolon buried but not defoliated 

4) stolon buried and defoliated 
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At this time plant location treatments were imposed by transferring five of the 

ten plants out of the glasshouse to a concrete apron (outside location) where mean daily 

maximum and minimum temperatures over the experimental period were 1 5 . 1  ± 1 .72 and 

6.8 ± 2.93°C, respectively and maintaining five plants within (inside location) the 

glasshouse (mean daily maximum and minimum temperatures 26. 1 ± 3 .84 and 1 2.2 ± 

1 .32°C, respectively). 

Just pnor to application of treatments the developmental stage of the leaf 

(Carlson 1966a) and the activity of the axillary bud (Section 5 .2. 1 .5) at each node of each 

treated stolen was recorded. Then on each stolon the node bearing the first leaf proximal 

to the apex of Carlson ( 1966a) developmental stage > 0.6, was marked with nail varnish. 

At harvest, 23 September 1 985, for each stolon, nodes distal to the marked node were 

assessed for leaf development and axillary bud activity as described above. Stolons were 

severed at the marked node and stolon length and dry weight of leaf and stolen measured 

for growth distal to the marked node. 

Statistical analysis was by analysis of variance with data classified by location, 

plants within location, burial and defoliation. Main effects for these classifications were 

tested and the following first-order interactions calculated; location by burial, location by 

defoliation and burial by defoliation. All reported variables at harvest were thus analysed 

using the general linear model procedure in SAS. In addition, data for the number of nodes 

per stolon at the start of the experiment were similarly tested. The purpose of this analysis 

was to test for the possibility that results could have been strongly biased by the 

preferential allocation of particular treatments to larger or smaller stolons within plants. 

As there were no significant differences among treatments for number of nodes per stolen 

at the start of the experiment, this form of bias was considered not to influence the reported 

results. 

A5.1.3 RESULTS 

Table A5 . 1  presents results of the effects of treatments on measured plant 

characteristics. 
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Table AS.l Treatment means (±SEM) of growth characteristics of stolons from the 
experiment in which stolons within plants were individually subjected 
to imposition ( +) or not (-) of defoliation (D) and/or burial (B) 
treatments and where plants were grown either inside or outside a 
glasshouse. 

Plant growth Stolon Treatments Location 
characteristic Treatments 

1 2 3 4 
-B-D -B+D +B-D +B+D Inside Outside 

Node appearance 1 .4 1 .28 1 . 13 1 .04 1 .78 0.68 
Rate (nodes week - t )  (0. 1 66) (0.2 1 0) (0.205) (0.234) (0.069) (0.062) 

Position of first 2.2 2.5 1 .8 1 .9 2.2 2.0 
branching node (0.20) (0.23) (0.25) (0.26) (0. 1 5) (0. 19) 

Probability of axillary 
bud outgrowth 1 .00 1 .00 1 .00 0.9 1 0.98 1 .00 

Mean internode length 1 .40 1 . 1 6 1 .76 1 .39 1 .64 1 .23 
of treated stolon (cm) (0. 1 70) (0.087) (0. 100) (0. 1 23) (0.082) (0.090) 

Mean internode DW 6.9 3.7 1 0.6 5 .9 7.4 6.2 
(mg) ( 1 . 1 5) (0.34) ( 1 .98) (0.85) ( 1 .07) (0.99) 

The higher temperature regime in the inside glasshouse location as compared to 

the outside location was associated with a major (P < 0.000 1 )  effect on node appearance 

rate and increased (P < 0.00 1 )  internode length but not stolon dry weight per node. Inside 

or outside location did not influence the position of the first branching node or the 

probability of initiation of outgrowth of axillary buds. 

Node appearance rate was reduced (P < 0.003) by burial of stolon but not 

significantly affected by defoliation. Position of first branching node was significantly (P 

< 0.01 2) decreased by burial but not influenced by defoliation. As axillary bud outgrowth 

occurred at almost every node, treatment effects on probability of axillary bud outgrowth 

were non-significant. 

Defoliation depressed both internode length (P < 0.004) and internode dry weight 

(P < 0.0002) whereas burial of stolon increased (P < 0.005 and P < 0.004, respectively) 

these values. 



A5.1.4 DISCUSSION AND CONCLUSIONS 

1 8 1  

This experiment assessed the responses of individually and differently treated 

stolons which were interconnected within plants. The imposed treatments of stolon burial 

and defoliation are both events that can occur to parts of plants either alone or together 

when pastures are grazed. 

The most interesting result was the finding that node appearance rate differed 

among stolons within a plant in response to the treatments applied to individual stolons 

within a plant. Turkington et al. ( 199 1 )  examined plants which had branch stolons on 

either side of the main stolon growing into differing grass species and found that node 

appearance rate of all stolon apices within a plant were similar but that this common node 

appearance rate differed between plants grown with different combinations of grass species .  

On the basis of these results it was postulated that the plant was able to sense the whole 

of its environment, integrate this information and then modify the node appearance rate of 

all apices to a common value. In that the response of node appearance rate to treatments 

was found to occur at the individual stolon level within plants, the results of this 

experiment clearly do not support the hypothesis proposed above. 

Defoliation and burial had minimal effects on either the probability or timing of 

outgrowth of axillary buds, once again suggesting that the negative effect of burial on 

branching observed in the field (Chapter 4) is likely to accrue from its effects on the 

survival of branches. There was a non-significant trend towards a lower probability of 

branching under the burial plus defoliation treatment such as was found by Davies & Evans 

( 1990a). 

The response of plants to the more favourable glasshouse location was 

predictable (Sackville Hamilton & Harper 1989) with much greater node appearance rates 

and significantly greater internode dimensions than in plants at the colder outside location. 

The less favourable colder outside location did not however, significantly affect either the 

position of the first branching node or probability of initiation of axillary bud outgrowth. 
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