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Introduction 

In order to achieve high animal production from grass-legume pastures 

such as are used in New Zealand, it is necessary to meet three basic 

requirements. 

(a) I.a.rge amounts of high qua.li ty feed must be grovm, the seasona.l 

distribution of which must approximate the seasonal curve of 

animal requirements. (Conservation practices can be used to 

rectify minor discrepancies.) 

(b) A large proportion of this feed must be harvested by the animal. 

(c) Efficiency of conversion within the animal must be at a high level. 

(McMeekan 1956) 

Agronomists are concerned primarily with the first of these factors, 

but as maximum production for a system is approa ched, the second factor 

assumes major importance. These aspects roust be studied against the 

background of a wide range of ma.rn.gement techniques that may be employed 

in defoliating pastures. In the past, the importance of both leaf area 

grass tiller density and organic reserve materials have been studied as 

they are influenced by defoliation management, and their role has to some 

extent been determined. {Milthorpe and Davidson 1965). The emphasis in 

such investigations has been on the initial stages of regrowth from 

defoliation and there remains a number of aspects of primary productivity at 

medium and high leaf .Area. Index values (L.A.I. i.e. the area of leaf per unit 

area of grow1d) requiring investiga t ion (Brougham 1962, Alberda 1965a, Brown 

and Blaser 1968). One of these aspects, leaf death, is the subject of the 

investigation reported below and has been selected because of its 

significance to both productivity and utilisation. 

In order to sustain high growth rates, it is desirable to maintain 

maximum light interception {high L.A.I.) for as great a proportion of time 

as possible without incurring dry matter losses or suffering severe 

reductions in the efficiency of the light intercepting leaves (L.A. Hunt and 
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Brougham 1967). Information is, therefore, requirecl on the extent to which 

leaf death results in reductions of green (high quality) herbage, and on rates 

of leaf death at successive stages of regrowth which may provide an insight 

into the mechanisms that influence productivity at later stages of growth. 

In order to maximise utilisation, it is necessary to channel as much 

as possible of net _primary production through productive domestic animals. 

Information is also required therefore, on the stages of regrowth and 

seasons in which dry matter losses via death and decomposition reach 

significant proportions. 

In this study an attempt has been made to provide some of this 

inforfilt~tion through measuring growth and death in a perennial ryegrass­

white clover sward. 

Chapter 1. 

Review of Literatur~. 

1.1. Notes on senescence. 

The most comprehensive treatment of the phenomenon of senescence in 

plants has been ma.de by leopold ( 1964). leopold defines senescence as 

11 the deteriorative processes which naturally terminate .the functional life 

of an organ or organism." Thus senescence is a completely natural process; 

"unnatural" influences that cause the premature death of leaves being 

collectively referred to as agents of "ageing'. However, as current knowledge 

of both natural and unnatural factors influencing leaf death in pastures is 

limited, this distinction has not been attempted with regard to the results 

discussed below. Consequently, "senescence" will be used to encompass the 

effects of all processes that lead to leaf death. 
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Leopold describes four general types of senescence:-

(a) Overall senescence, whereby the entire plant dies by some systemic 

function (e.g. as with annuals). 

(b) Top senescence, involving the death of only the above ground 

portions so that ~he root and underground systems remain viable. 

(c) Deciduous senescence, as occurs annually with deciduous woody 

plants whereby all the leaves die but the stem and roots remain viable. 

(d) Progressive senescence, involving the least drastic change as 

there is only a gradual progression of death of leaves from the base 

upwards as growth of the plant proceeds. 

Overall senescence obviously occurs in most pastures due to the 

inevitable intrusion of annual species such as Poa annua., barley grass, etc. 

It may also be induced in perennial species due to agents such as disease, 

pasture insects, treading etc. Top senescence also occurs with a number 

of pasture weed species. Generally, the perennial pasture species such as 

perennial ryegrass and white clover exhibit progressive senescenc.e although 

reproduction development in the ryegrass will eventually result in top 

senescence, i.e. new shoots arise from the base of the flowering tiller. 

However, progressive senescence of perennial pasture grass plants eventually 

includes tillers as well as leaves, for even tillers that fail to flower do 

not live much longer than a year (I.anger 1963). In other words, individual 

tillers exhibit progressive senescence until such time as top senescence 

occurs. 

Studying a system involving more than one type of senescence obviously 

may lead to complications. A study of tiller senescence alone would take no 

account of the progressive senescence of healtey tillers that occurs during 

their life time of up to a year or more. Individual tillers bear only three 

to four healtb;y leaves at any one time (Alberda 1965b, L.A. Hunt and Brougham 

1966) but produce a new leaf every 1 to 3 weeks depending upon the 
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environmental conditions (Ryle 1964) • A study of leaf death without 

recognition of tiller death incorporates the risk of over-estimating 

the rate of leaf death on healthy tillers through including high leaf 

death rates from senescing tillers. This risk is not considered to be great, 

however, as the proportion of dying to healtby tillers is likely to be small,· 

being greatest perhaps at times of stress. At such times it is usU9.lly recently 

formed tillers that die first (Langer 1963) and as the leaves of these will 

weigh little they will not greatly affect death rate per tiller. Also the 

assumption made above that dying tillers have a higher leaf death rate may not 

be true in which ca se varying rates of tiller senescence will have no effect 

on leaf death rate per tiller. 

The general pattern of senescence in individual leaves has been 

described by Leopold (1964). The leaf reaches its peak of photosynthetic 

effectiveness about the time it completes its period of most rapid. expansion. 

Thereafter there is a gradual lowering of efficiency until the leaf is shed 

from the pl.ant. The decline in photosynthesis rates begins soon after the leaf 

reaches full size and as the ass imilative powers deteriorate, so alco does the 

respiratory ability. During the progressive development. of yellowing, there 

is a fall in the protein nitrogen content which is possib_ly structurally 

relatea. to the degradation of chlorophyll. The R.N .A. content also declines 

and t t ere is a general hydrolysis of carbohydrate components and losses of· 

organic acids. The general picture is therefore one of a loss of assimilative 

powers and a general catabolism of cell components, trends which begin soon 

aftez· the leaf reaches maturity. 

1 .2. Senesc~n.9e _ _§,P2_§.,eilJ;l.L~-~-~t'1±'~~. 

1.2.1. Gener~_lj~~_E~el:-2~ 

It has been suspected for some time t.bat significant quantities of 

pasture herbage are lost under situations where leaf dea.th is encouraged. 

Macfayden (1957) suggests that in grasslands and probably most terrestrial 
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communities, by far the greater amount of net primary production is channelled 

not through her bi vors but through decomposer food webs. Donald ( 15156) 

considered that leaf death due to shading was a major factor determining 

ceiling yields. Brougham (1956) suggested that reduced spelling periods 

for a utumn-sown pastures could help avoid extensive decomi:·o s ition losses in 

such situations. 

Current opinion appea rs to favour leaf dea th as the major ca use of 

reductions in growth rate at high L.A.I. values, so t.ba t a t yield ceilings 

the rate of leaf production is offset by the ra t e of leaf dea th. _(Barnard 

1964, Bean 1964, L.A. Hunt 1965, Brougham 1966, Mccree and Troughton 1966) . 

It may be however, tha t other factors are important, such as an increa se 

in respiration relative to photosynthesis or changes in the structure of t he 

leaf ca nopy. (Alberda 1965b) Even at low L. -.:i. .I. va lues, situa t ion s may 

exist whereby leaf senescence occurs at significant rate s . For example 

Willoughby (1965) reports that even a t very high stocking ra t es, tiller 

defoliation in a set stocked pasture is not a s fre quent as is commonly 

believed. Willoughby suggests th-1t even in such a seemi ngly highly 

utilised sward, much pasture (far greater than has hitherto been considered) 

is enabled by the infrequent defoliation to be lost t hrough death and decay. 

1.2.2. Dead matter- in pastures. 

Dead matter accumulation (leaf fall less leaf decomposition) begins 

during the re.growth of pastures as soon as lea ves senesce and fall. This 

may occur immediately where defoliation is lenient, but rates of leaf dea th 

are genera lly lowest immediately after defolia tion and highest at high 

L.A.I. values (Huoka nui 1960, Bean 1964, Hunt and Brougham 1966, Agyare and 

Watkin 1967). In the absence of defoliation and complete decomposition, 

the accumulation of litter can eventually interfere with the development 



- 6 -

of new shoots to the extent that the plant is choked to death (Luff 1965). 

Measurements of the extent of leaf d.eath in pastures and some forage 

crops have been made in a variety of ways. The simplest technique that 

has been used is to make period.ic measurements of the net yield of dead 

material (Campbell 1964) and draw general conclusions from the large 

fluctuations in this amount. Campbell ( 19&;.) found the litter yield 

in pastures to be much greater in the summer than in other seasons, 

inferi·ing that decomposition rates were retardec1 under dry conditions 

and perhaps that leaf death rates were ePl:ia.nced. The vast reduction 

in this store of dead material as the season changed frorn summer to 

autumn indicated large losses due to decomposition at this time. 

Increased grazing pressure effectively reduced the absolute amount 

of dead rua,terial but did not have a big effect on the percentage composition. 

The obvious disadvantage of this method is tha t the net yield of 

dead matter varies both with leaf senescence rates and decomposition 

rates. It is quite possible to record no changes in the dead matter residue 

for long per·ioa.s of time even though rates of senescence and decomposition 

may be high. However, these measurements do provide indications of the 

times at which more detailed measurements should be made to obtain the 

most inf'ornation. 

A mor-e accurate assessment of the relative extent of leaf dea th 

bas been made through studying the rates of production and senescence 

on individual plants. Watson and Baptiste (1938) labelled leaves of 

mangold and sugar beet plants with Indian ink. In this way they were 

able to determine that the leaf death rate of mangold leaves was nearly 

twice as great as that of sugar beet. This resulted in one t hird of the 

sugar beet and one half' of the mangold lea,ves produced over the growing 
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period being lost mainly through normal senescence but also partly 

through accidental damage. 

Similarly Bean (1964) measured rates of leaf production and 

senescence on individual cocksfoot tillers. The rate of leaf death was 

low immediately after defoliation, but subsequently it equalled the rate 

of leaf production (0.5 - 1.0 leaves per tiller per 2 weeks). Such data 

emphasises that leaf death can be an important factor during the later 
/ 

stages of pasture regrowth. However, because data is available only on 

the number of leaves dying, no conclusion about the extent of the dry 

matter loss can be w~de. Assuming that the oldest leaves died first, there 

is likely to be a considerable diffei·ence in leaf size between those leaves 

dying and those being proclucec1 (Jew is 1965). Also, the extent of the weight 

loss undergone by the leaf during senescence through the redistribution of cell 

constituents (I~opold 196L~, Hopkinson 1966) will influence the final dry 

matter loss. Brougham (1958) found that white clover leaves weighed 

considerably less when senescent compared with their earlier values at 

full maturity. 

Re.tes of leaf production and deat h have been studied by Brougham (1958) 

and L.A. Hunt and Brougham (1966) at a stage when net changes in the size 

of the system were small, i.e. near the ceiling yield. In such situations 

the rate of input in terms of leaf production and the rate of output in 

terms of leaf senescence are the same, and by measuring the rate of input, 

an indirect measure of the rate of output is obtained. Thus Brougham (1958) 

found that in a white clover sward at a ceiling yield in the early summer, 

the rate of leaf production and death was one L.A.I. unit every 5 days. As 

the amount of dead material was constant, the rate of decomposition was 

also one L.A.I. unit every 5 days. In terms of dry matter, this was in 

excess of 20 lb d.m. per acre per day. Similarly, L.A. Hunt and Brougham 
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(1966) measured the rate of leaf production and. the number of leaves 

supported_ on Italian ryegrass tillers at a similar stage of growth. 

From the data obtained it was estimated that the leaf' death rate was 

in e:x:cess of 10 lb d.m. per acre per day. This was approximately one half 

of the maximum growth rate that can be expected from swards of short 

rotation ryegrass and white clover at that time of the year (early winter). 

Because the above techniques require steady state conditions, they 

cannot be used to measure death rates at successive stages of growth 

or to examine changes in death and decompositio11 rates associated with 

environmental changes. However, they do provide a starting point, showing 

the need for data on death rates in various plant communities, during 

different seasons, and at successive stages of regrowth if factors 

influencing productivity and energy floy; are to be fully appreciated. 

Together with the work by Bean (1964) and ~atson and Baptiste (1938), 

they emphasise that the :nature of the communities studied is one in 

which an active turnover of leaves results from the well nigh continuous 

processes of leaf production and senescence. The art of productivity 

management inust include not only maximising the former but also 

minimising the latter (Brougham 1961). 

1.3. Factor_§ affe.2.:E-11.£ leaf de~. 

There are few reported experiments in which the main object of the 

investigation has been to study the extent to which variation in leaf 

longevity exists and what factors may be influential. However, a certs.in 

amount of information, incidental to stuoies on other aspects of plant 

growth, is available and some tentative conclusions can be made from the 

more frequently reported observations and opinions. 

1 • .3. 1 • Intense ~~.9-ing. 

Leaves at the base of a plant canopy are shaded to a varying 
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degree depending upon the extent to which they are vertically distributed 

through the canopy and the light intercepting capacity of leaves above 

them. Where the shading is not intense the leaves can be expected to make a 

reduced contribution to overall photosynthesis (Donald 1961) although this 

a spec t is no•1; no t considered to be of major :importance ov1ing to the 

reduced photosynthetic capabilities of older leaves (Milthorpe 1963). 

Intense shading, (complete darkness) however , has been demonstrated by 

Frank and Kenny ( 1955) to cause degeneration of' chlorophyll and by Vickery 

e t al (1937) to genera lly accelerat.a yellowing and browning (senes cence) pro­

ces se s in cultured tobacco leaves. leaf death or acceleratec3. leaf death in 

the field has been attributed to intense shading by a number of authors. 

(Mitchell and Calder 1958, Brougham 1962, Lancashire and Keogh 1964, 

Alberda 1965a, L.A. Hunt 1965, L.A. Hunt and Brougbam 1966, Puckf3ridge and 

DoM.ld 1967). Direc t evidence in eupport of t he se opinions ha s been 

provided l iy Hopkinson ( 1966) who showed that shaded cucumber lea ve s died well 

before unshaded ones. Also Broug.bam ( 1958) found tba.t the time taken for 

white clover leaves to senesce w s progre s sively decrea sed a s high L.A.I. 

values were r eached. Both of these experiments involved species that 

displayed horizontally disposed leaf laminae and intense shading ca n be 

assumed to have involved the ent ire leaf. Shading also has an a dverse effect 

on species wj_th more erect leaves where complete shading of the leaf i3 ensured. 

Luca.nus et al ( 1960) found that shading ryegrass tillers to 20 - 25Jc of 

full daylight reduced their ability to survive. In this case, however, 

enhanced senescence is probably confounded with carbohydrate starvation 

of the tiller as a whole. Puckeric1ge and Donald ( 1967) reported large 

differences in the onset and rate of leaf a nd tiller senescence in wheat 

plants associated with density. The date of conimencement of leaf 

senescence ranged from week 10 at _the highest density to week 17 at the 

lowest density. At week 20 the ratios of green, senescent and dead leaf 

were 1.0: 0.72: 0.33 at the lowest density and 1.0: 0.52: 1.87 at the 

highest. In discussing reasons for these differences the authors conclude 
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that on the basis of studies made by V.asserman (1964), shading and nitrogen 

stress are probably important. 

It appears, therefore, that intense shading of leaves will cause a marked 

increase in the rate of leaf senescence. This has only been demonstrated 

conclus ively, however, where shading involves the entire lea:f. Whe1~e 

leaves are distributed semivertically through the canopy this condition 

will probably only apply to very short leaves at high L.A.I. values, if 

at all. 

1.3.2. Wilt~ 

Wilting is a factor which, when severe enough, obviously results in 

leaf senescence and death as is evidencea_ 1>y the widespread death that has 

occured during periods of drought . Leopold (1964) mentions both elevated 

temperatures and moisture deficit as factors that hasten senescence 

processes but gives little indication of the e:xtent to which these stresses 

must develop before they become operative. 

Catsky (1962) studied the development of water saturation deficit 

(i''1.!:i.D.) in old and young leaves of wilting cabbage and rape plants. 

It was found t bat during the ::low wilting of plants, a definite preference 

in water supply for young leaves was established. This condition was obvious 

when med.ium W.s .D. values were reachect (i.e. from 8 to 20}-c). During total 

lack of water in the plant, the old and mature leaves wilted markedly and 

died. 

Similarly, Mc\'l' illiam ( 1968) found the availability of moisture to be 

important in controlling senescence in Pha.laris. Two closely related 

medi terranean type grasses (Phalai:_~~-£E£2£, ~J.£!,fi-.!L!:~fp~, both fro.a; 

Morocco) were studied in relation to perenniality, one being an annual 

and the other a perennial. ,Although senescence usually becomes apparent 
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soon after anthesis with these species, where flowering pl.ants -were 

maintained at field capacity senescence Vias considerably delayed. When 

top watering ·Ms withheld at the time of flowering, plants senesced quite 

r apidly even though water w_as available to the deep roots below 3ft from 

the surface. The important factor influencing the expression of 

senescence appeared to be the drying of the surface soil which contained 

the bulk of the fine root systen:. '£his effect may be due not only to restric­

ted water supply but also to the consequent unavailability of plant nutrients 

that are concentrated. at the surface. (Mitchell 1957) . 

The onset of senescence in re sponse to moisture stress v.as acceleratea. 

by high temperature. Moisture stress also had a greater effect during 

flowering compared with the vegetative phase . Youn6 vegetative plants of 

both specie s recovered from moistur-e stress with little or no loss in leaf 

area, whereas when the same stress was applied to flowering plants it caused 

rapid senescence, and death in the ca se of the annual. There appears to be 

certain species differences in the senescence response to flo~ering. 

L.A. Hunt and Brougham (1966) found that as Italian ryegrass plants 

approached flowering there was a marked reduction in both the rate of 

appearance and senescence of leaves. This contrasts with the enhanced 

senescence associated ,dth senescence :tn Phalaris noted by McWilliam (1968_). 

The difference probably reflects adaptation differences between Mediterranean 

and •'temperate grassland species, as senesc_ence and summer dormancy is a 

survival mechanism with Phalaris (Ji;cWilliam 1968). 

The magnitude of the moisture stress required to induce senescence in 

the annual after flowering was quite loV'I which again is probably a reflec­

tion of its survival mechanism. For both species studied however Mc'iiilliam 

( 1968) concluded that the d.ominant factor controlling the onset of 

senescence wa~ the availability of water. 



- 12 -

Gates (1955) studied the effec t of moderate and severe wilting on 

the growth of tomato plants. Marked depression of growth rate, net 

assimilation rate, and lamina weight relative to stem weight occurred 

with relatively brief periods of water shorta.ge. The treatment effects 

were interpreted as a tendency towards senescence during wilting and a 

return to a more juvenile condition upon rewatering. 

From the limitec1. information available, it appears that moisture 

stress and. high temperatures can be important factors influencing leaf dea th 

rates. The stresses to which re sponse occurs , hov,ever , appears to vary 

with species; medium to high stresses probably being necessary except with 

those species in which moisture stress is a "signal", triggering the death 

of annuals or a phase of dormancy in perennials . 

• · 1 . 3.3. Nutrient def.!..cJ.!!!1..9..Y 

Nutrients apparently differ in their effects on leaf' longevity. 

Watson (1956) reports that nitrogen increases leaf area throughout ~he 

growth period. Phosphorus increases leaf area particularly at the early 

stages of regrowth but later it hastens the senescence of leaves. 

Potass ium on the other hand is most effective at the later stages of growth 

and tends to delay the sene scence of leaves. Nitrogen retards and reduces 

leaf abscission and conversely nitrogen deficiency increases abscission 

(Addicot et al 1955). Addicot also notes that deficiencies in Ca, Zn, S 

and Mg may also result in premature abscistdon. 

Direct evidence of ~he effect of nitrogen on gramminae is provided by 

Walkley ( 1941). Nitrogen applied to the roots of barley plants resulted 

in mature leaf (not already yellowing) becoming a noticeably darker green. 

With the controls, however, the greater part of each leaf died, so that 

it was concluded that the treatment arrested senesceuce. Similarly, 

~asserman (196l~) (See Puckeridge and Donald 1967) found that nitrogen 
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deficiency will contribute to the death of V1heat leaves. Puckeridge and 

Donald (1967) considered that nitrogen deficiency and shading were the two 

most likely factors responsible for the marked d:ii'fer ence.s in senescence 

they found to be associated with density (see section 1.3.1.). 

1 .3 .4. ~fil..9.?_l damage. 

Apart from the peysiological influences of the environment on leaf 

longevity, a number of factors may cause the death of both young and old 

leaves due to direct mechanical damage. One of the mo st common of these is 

leaf burn due to frost or in some cases, ur:ine. Another common factor is 

the clirect action of animals' feet. For example I.a.ncashb:·e ( 1961) 

demonstrated that treading can result in a significant decrease in the 

rye gras s tiller population. 

Frost damage is reported by Watson and :Baptiste ( 19.38) to cause a. 

rapid increase in the death rate among old leaves. Wiegert and Evans ( 196Ji.) 

attribute the death of old and senescent material in an "old field" to 

frosts that mark the approach of winter. Similarly Agyare and Watkin (1967) 

found that frost damage in the winter can result in reduced areas of green 

leaf. Corbett ( 1957) when studying ~inter grazing under rather severe 

conditions found that there were species differences in susceptability to 

frost damage. Ryegrass was much less barely than cocksfoot, apparently due 

to the much lower crude fibre content. The close growing .1rass of fine leaves 

of ryegrass also resulted in a slow drying fo ggage which v~as apparently more 

conducive to decomposition. As a result wastage of ryeg:mss Vias estimated 

at 4<4; while that from cocksfoot was only 10-)f. . 

In some situations the physical effects associated with low temperatures 

.may not be as important as the physiological effects of certain pathogens. 

'.I.'hus Lebeau ( 1966) has shown that in Canada, winter killing of turf grass 

and forage crops is seldom due to supzero temperatures alone, but is often 
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caused by dessication or attack by fungi, (e.g. snow mould on turf grass 

and winter crown rot on forage crops). Apparently the low temperatures 

enable enzymes secreted by the pathogens to gain access to compounds within 

the host tissue. 

Finally, instances may be found reported in the literatui·e where 

reductions in leaf area result froL<l abrasions and tearing of leaves by 

environmental f'orces. For example Marshall ( 1967b) reports favourable 

effects on crop yields through avoiding wind. damage to leaves by the 

use of shelter belts. Similarly, l'ungan (1934-) describes how reductions 

in the leaf area of corn crops may occur through injury by hail. 

1.3.5. Genetic ir)Lluenc~. 

Differences in the leaf death rates be tween species can be e:icpect ed 

where differences in leaf longevity exist due to genetic in:f'luences. This 

may be direct, as between clover and grasses, or indirect ref'lec t ing species 

or even varietal resis tances to harsh conditions or disease. For example 

it .bas been shown by lancashire and latch (1966) that ryegrass varietal 

differences in susceptabili ty to crov,n rust markedly affect the proportion 

of green leaf lost through senescence and death. Similar·J.y, differences 

in tolerance to winter burn between gTass species can have a big influence 

on the proportion of ~asta ge (see section 1.3.~. ) . 

Some estima.tes of lif'e expectancy of pastm·e specie s may be found in 

the literature. Brougham (1958b) found that white clover leaves, in the 

summer, had a life expectancy of 5 to 6 weeks. Bean (1964-) rei:,orts the 

li:f'e e}:pectancy of cocksfoot leaves to be from 8 to 10 weeks. Similarly 

L.A. Hunt and Brougham ( 1966) estimate the average life expectancy of Italian 

ryegrass leaves as approximately 8 weeks. Considering the number of factors 

reported above that are suspected as having a .measurable irifluence on leaf 

longevity, and the differing conditions under ,,,hich the above estimates 
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were !P.ade, direct comparisons are difficult to make. It is likely that as 

yet not all of the important influences en leaf longevity are appreciated. 

For example, work by Brougham ( 1962) has shov.n that marked differences in 

the life expectancy of clover leaves in an undefoliateo. stand of white clovei· 

occur from season to season. During the winter months clover leaves lived 

as long as 8 weeks; i.e. as long as Italian ryegrass leaves in an undefoliated 

s tand in the same sea.son. (L.A. Hunt and Brougham 1966). 

It appears, therefore, that bas ic data on the f a ctors affecting leaf 

death in pastures, and. their relative importance have yet to be reported 

in the literature to the extent that firm conclusions can be made. The 

indications are hc·,,ever, that leaf longevity i s adversely affected by much 

the same f a ctors that adversely affect growth generally. leaves tend to 

die when depri vea. of light , moisture, certain nutrients, and when they are 

physically damaged, but these effects may be more severe with some species 

than with others. 

As with leaf death aspects of decomposition in pastures have generally 

been neglected. in terms of research .. in favour of factors affecting earlier 

stages of regrowth. This is in contrast with studies on forest cot.r.munities 

where the importance of decomposer organisms in recycling nutrients is widely 

appreciated. Decomposition rates of forest litter are generally ver·y slow 

compared with pasture litter however, (e.g. 50}~ dry matter loss in 2 years, 

see \'!ill and Styles 1967) and so have little utility even as comparisons. 

1 .~ .• 1. Decompos,i,t_ion rates_ ~ _J),§..~.t.W'~s,. 

Estimates of decomposition rates of litter from pasture species have 

been reported by Brougham (1958) and L.A. Hunt and 3rougoom (1966). Both 

these estimates were made when the swards had obtained yield ceilings so 

that leaf death rates and decomposition rates can be e)q)Elcted to be reasonably 

high for the conclitions prevailing. Brougham ( 1958) found that in a pure 
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stand of white clover at its ceiling yield in the early summer, dead leaves 

decomposed at a rate of 1 L.A.I. unit per 5 days, resulting in a release 

of 3 - 4 lb of nitrogen. From the data it can be calculated that dry matter 

losses were in excess of 20 lb d.m. per acre per day. L.A. Hunt and Brougham 

( 1966) found the dc1.ily loss of ~y matter due to decomposition in an unde-

2 foliated stand in the winter to be approximately 1 .2 gm per m ( 1 o. 7 lb 

per acre per day). 

Decomposition rates of dead _vegetation in an ola_ field in Michigan 

have been presented by Wiegert and Evans ( 1964.). These authors found that 

litter disappeared at rates varying from 1.3. to 8.4 . mg per g.per day on 

"uplands" and from 1 .8 to 13 .6 mg per g. per day in "swales". :b,rom the 

mean dead w.ntter yields on these areas these values correspond to an average 

of approximately 1 g. per m2 per day (8.9 lb per acre per day) for the 

uple,nds and 3 g. per m2 (26.8 lb per acre per c1.ay) in the swales. In view 

of the high dead matter yields measured by Wiegert and Evans (mean 197 per 

2 2 m on "uplands", l ~17 g perm in" swales"), these rat es are slow compared 

vii th those of Brougham ( 1958) and L.A. Hunt ancl Brougham ( 1966). 'fllis is 

probably a reflec t ion of t he build up of a s lowly decomposing residue that 

can occt!Z' over the years in the absence of regular defoliation (Luff 1965). 

Several factors may be suspect ed of affectine deccr:1position rates in 

pastures. For example, species differeP.ces in the chemical compos ition 

of deac1 leaves may result in differing <lecomposition rates. leaves that 

have a relatively high nitrogen cont ent will facilitate a rapid build up 

of the decomposer populations. leaves that are rela tively high in structural 

cor:1po.nent s ·will decompose slowly as such components tend to be most resistant . 

Environmental factors conducive to the gro,·ith and build up of decomposer 

organisms can be expected to be those that will result in rapid decomposition 

rates. 
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A common observation is that decomposition rates tend to be highest 

where the herbage is kept moist. Brougham (1958) observea. that decomposition 

was rapid under moist and delayed under G.l'J" conditions. Corbett ( 1957) 
.. 

considered decomposition of set foggage to be a factor resulting in higher 

wastage of ryegrass compared with the d.rier cocksfoot herbage. Campbell 

(196.lf-) noted that pasture litter increased to maximurn values during the dry 

summer months and was rapidly reduced by decomposition at the onset of the 

autumn rains. Other authors that mention moisture as a factor incre::i.sing 

decomposition rates include \, iegert and Evans (1964), Luff (1965), \'dtkamp 

( 1966) and \':ill and :3tyles ( 1967). 
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Chapter 2,. 

EXPERIMEN':rA.L METHODS 

2.1. Introduction 

An experimental area at the Palmerston North station of Grasslands 
t 

Division D.s .I.R. (lat 40°30 S) was sown on 10.9.65 with a mixture of N.z. 

certified perennial ryegrass (Lolium ru:re.nu~ L. variety 11 G-rasslands Ruanui") 

and white clover (Trifolium repens L. variety "Grasslands Huia") at 30 and 

4 lb of seed per acre respectively. + The pasture was rotationally grazed 

by sheep until the beginning of the experiments at which stage it consisted 

of approximately 8W; ryegrass and 2CY,/4 clover. 

The soil forms part of a river terrace and was originally mapped as 

a complex of Manawatu fine sandy loam and Manawatu mottled silt loam. These 

are recent silty soils from river alluvium and have been flooded and received 

fresh alluvium during historic times. Natural dra inage is good to slightly 

imperfect. However, since the area was mapped, levelling has been carried 

out in an endeavour to make the area more uniform, and during this process 

much of the origina.1 structure was destroyed leading to soil compaction 

and imped...'l.nce of natural drainage. ( J. D. Cowie per s comm) • Drainage in 

the first winter after sowing was poor but there has been a marked 

improvement subsequently. 

Natural fertility is medium, with possible additional requirements 

for phosphorus, lime and perhaps sulphur. (J .D. Cowie pers comm.) At 

sowing the area. received 10 cwt of lime and 3 cwt of superphospha te per 

acre. Additional dressings of 2 and 3 cwt per acre of superphosphate were 

+ For convenience, perennial ryegrass and white clover will be referred to 

as "ryegrass" and "clover" respectively, for the remainder of this text. 
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.made in the following autumn and spring respectively, the latter applic­

ation being at the beginning of the first experiuent (2.9.66). It was 

considered that sufficient fertilizer had been applied to remove any nutrient 

limitation to growth. 

Two experiments were carried out in the spring of 1966 (5.9.66 - 2L.11.66) 

and again in the following autumn ( 1J+.2 .67 - 26.4.67). For convenience the 

spring and autumn experiments will be considered simultaneously. 

Experiment (1) was designed to measure the rate of pasture regrowth 

from defoliation. Such measurements are necessary first to enable comparison 

and integration with measured dea th rates and secondly to assess stages of 

regrowth at which possible significant variations in deat~1 rate occur. 

Experiment (2) was designed to measure aspects of leaf death in pastures. 

In order to do this objectively, it has been necessary to distinguish 

between leaf dea th rates and dead leaf decomposition rates. Leaf death 

measurements were made frequently enough to avoid decomposition. The extent 

of the decomposition of the dead leaf was found from the difference between 

the leaf fall to any given date and the actual dead matter yield at that 

date. Estimates were also made of the relative decomposition rates of ryegrass 

and clover leaves. 

2.2. Methods. 

On September 1st, 1966, the exper imental area wa s mown to approxi­

mately ¾" above growid level with a rotary mower, and again topped to 

reduce some of the natural variation in the sward as socia ted with an~1Jal 

excreta. At the end of the spring experiment~5.11.66) the plots were 

mown and the clippings discarded. From 14.12.66 to 16.12.66 the area was 

grazed by sheep and on 19.12.66 topped with a rotary mower. The pasture 

was then mown on 9.1.67 with a Dennis reel type mower and again on 14.2.67, 
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the latter defoliation being associated with the start of the autumn experi­

ment. The above management resulted in considerable growth between 

defoliations and as a result excessive tillering did not occur, probably 

due to low light intensity at the base of the sward. (Mitchell and Coles 

1955). 

Experimental plots were laid out on September 5th, 1966 and 14th 

February, 1967 as follows:-

2.2.1. Experiment (1) 

Pasture growth was measured by adopting the sequential cutting technique 

first used by Brougham (1955). From previous experience at Grassl.ands 

Division it was considered that four replications would be sufficient. 

Four replicates, each 36' x 14' were marked out with wooden pegs 

leaving 2' pa.thY1ays around and between replicates. Each replicate was then 

divided in 12 subplots of 11~• x 3' which were marked at each end with wire 

pins. '£hus the regrowth from defoliation for each replicate could be measured 

on 12 succeeding dates by single defoliations. 

The first cut was made on 14th September, 1966 in the spring trial and 

on 22nd February, 1967 in the autumn trial. One subplot in each replicate 

was chosen at randol!l to be used for the first cut. Later cuts were made on 

immediately adjacent subplots either progressively to the left or to the 

right, the direction being chosen at random for each replicate. 

2.2.1.1. Dry l,ia~ Yield :Mea·surements. 
I 

On each cutting date a 2' wide strip was mown down the centre 

of each subplot to a height of ½ - ¾"aboveground level using a Dennis 

reel-type mower. The length of the mown strip was measured and recorded 

for each subplot. This left a margin of 1 foot between successive cuts 

which would prevent any complications through edge effects (Black 1961). 
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The mown herbage together with grab samples for botanica l composition 

analysis were weighed and the fresh weights for each replicate recorded. 

The mown herbage was then thoroughly mixed and a sub-sample of over 100 gms 

of fresh material was then accurately weighed out from each subsample and 

dried for 24 hours at approximately 180°F. 

2.2.1.2. Botanical Composition An.eJ.xsis . 

Immediately before mowing, grab samples (5 in the spring, 20 in 

the autumn), were taken at random down the length of each subplot for 

botanical composition analyses. Each grab sample consisted of a handful 

of herb9.ge from approximately 2 - 3 square inches cut to mowing height with 

a pair of band shears. By t aking samples in this manner instea d of sub­

sampling the shorter mown herbage , the herbaeG dissection was made 

correspondingly easier. The samples were taken indoors, thoroughly mixed 

and a subsaraple of 15 - 20 gm dissected into ryegrass, clover, other species 

and dead matter fractions. Each fraction was dried at approximately 180°F 

for 24 hours and weighed. 

From the results of the dry matter deter minations and the botanical 

composition analysis, the yields of ryegrass, clover, other species, and 

dea d matter were calculated for each cutting date. 

2.2.1 • .3. waf Area. Index Mea s~ments. 

In the spring experiment leaf area mea surements were made. Two 

½ square foot qua.drats were placed at random in each subplot immediately 

before mowing and the herbage cut to ground level. (1 square foot was 

subtracted from total area harvested during dry matter yield calculations). 

Each sample was taken indoors, carefully mixed and a subsample of about 20 gms 

fresh weight taken for dis section. The remainder of the sample wa s dried 

for 24 hours at 180°F and weighed. The subsample was dissected into ryegra. s s 

leaf, ryegrass stem, dead ryegrass, clover leaf, clover stem, dead clover, 
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and other species. Thirty ryegrass leaves were then selected at random and 

measured once for length and twice for width, the latter measurements being 

.made ½ and J of the way down the length of the leaf. Thirty core samples 

were taken from thirty clover leaflets selected at random giving a total 

area of cores of 8.48 sq. in. All the above fractions were dried and 

weighed along with the re!!la.inder of the original ~~mple. The weight of 

ryegrass and clover leaf per quadrat was then calculated from the percentage 

of ryegrass and clover leaf and the total weight per quadrat. The area of 

the thirty measured leaves and the weight of those leaves was then used to 

calculate the leaf area: weight ratio for ryegrass and clover. The area 

of leaf per quadrat and eventually the leaf area index was then derived 

from the leaf area: weight ratio and the weight of leaf per quadrat. 

2.2.1.4. Plant D~nsitx Mea surements 

Plant density measurements were made on _each subplot immedia tely 

after each mowing and, in the autumn experiment, at the initial 

defoliation. 'l'his was done by taking at random 25 (spring) or 30 {autumn} 

" tiller plugs from each subplot, each plug being 211 in diameter. The number 

of ryegrass tillers and clover 'plants' were counted from each plug. From 

the mean value of ryegrass and clover 'plants' per plug an estimate of the 

ryegrass and clover plants per square foot was obtained. 

2.2.2. ExPeriment (2) 

2.2.2.1. Leaf Death Rate 

The leaf death rate in the pasture was mea sured by collecting dead 

leaves from a number of tagged plants along line transects frequently 

enough to avoid any weight loss from the leaves due to decomposition. In 

the spring the collections were made every two days but on the basis of the 

spring results, the collection interval in t he autumn exper iment was extended 

to four days! 



- 2.3 -

The experimental plots each 4 f't wide by 36 ft long and containing 2 

line transects, were marked out with wooden pegs as soon as the pasture was 

defoliated. The line transects were located 1½ ft in from the 2 f't wide 

pathways, and during tagging, were marked by stretching a thin cord between 

wooden pegs at each end of the transect. Shortly af'ter defoliation 70 

plants were tagged systematically along each line transect. The large number 

of plants per transect was considered desirable to ensure measurable 

quantities and minimum variation at each collection date. By systematically 

tagging plants, personal bias for either ryegrass or clover was avoided and 

each line transect contained ryegrass and clover plants in proportions 

representative of the pasture population. 
I 

Tillers were tagged with lengths of button cotton (spring) or white wool 

(autumn) to aid in rapid relocation at each collection date (see Fig. 1). 

However as the pasture canopy obstructed any view of' the tag after a few 

weeks it was necessary to devise some method of quickly arriving at the 

approximate position of each plant. This was achieved by pushing into the 

ground 2 ft wire pins 6 inches behind each plant as viewed from the pathway. 

In this way the plants in both line transects in any one plot could be marked 

by a single row of pins ha.lf'way between the t wo transects. (See Fig. 2). 

The marker pins were numbered from one end, every 10th pin being marked with 

a twist of wire, the number of twists corresponding to the number of tens 

t I'at had been counted, i.e. number 30 had 3 twists and number 40 had 4, etc. 

Thus any tagged plant could immediately be referred to by noting the line 

transect that it was in and its number in that transect. 

The plants were tagged with the aid of a metal frame in which six 

pointers were rigidly held six inches apart, and the supports at each end 

three inches away f'rom the nearest pointer. The frame was pushed into the 

ground at one end of the line transect so that the first pointer was 

approximately six inches in from the end of the plot. The closest ryegrass 
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Fig 1 a 

1 b Clover 1 c Ryegrass 

Fig 1 Examples of Tagged \Plants' 
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Fig 2 The Frame and Line Transect 
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or clover plant to the tip of each pointer was tagged and the frame removed. 

By moving the frame along the line transect and placing the rear support 

in the hole made earlier by the front support, the next pL~nt to be tagged 

was located six inches away frorn the last. In this way the frame was moved 

progressively along the line transect systematically locating plants at six 

inch intervals. 

At each collection date all tagged plants in appropriate transects 

were inspected and any dead leaves removed with a pair of forceps. Six 

replicate transects were used in the spring experiment and four in the 

autumn. A dead leaf was defined as any leaf in which grea. ter than 5070 

of its area was brown or yellow. (I.anger 1956) Clover leaves were easily 

distinguished as either dead or alive as the colour change is rapid, but 

ryegrass leaves tended to change colour progressively from_the top down­

wards. Thus occasionally some ryegrass leaves were harvested that still 

displayed some green pigmentation. 

Dead leaves from any one transect were placed in a closed plastic 

container bearing a letter identifying the tra nsect as they were harvested. 

Any dead plants ·were noted and the date at which their death was observed 

recordea.. The tag from the dead plant was then tied to the wire pin either 

by its middle or one end, depending on which transect it belonged to. At 

the next inspection date time would thus not be wasted by looking for plants 

that had died. 

After all replicate transects were inspected the containers were taken 

indoors and the ryegrass and clover leaves separated for each transect. 

The number of leaves and the dry weights (after drying for 24 hours at 180°:E') 

were recorded for ryegrass and clover separately. 
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2.2.2.2. Disturbance of the Canopy. 

Regular inspection of the tagged plants resulted in a certain 

a.mount of sward disturbance. This was barely noticeable at ear~ stages 

of regrowth but wa s more obvious when the pasture grew longer. The use of 

wire locating pins removed the need to search for tagged plants however, 

and by carefully dividing the canopy for inspection, the disturbance was 

minimized. However, in the spring and especially after inspections had been 

made on rainy days, evidence that the canopy had been d.isturbed remained 

as much as 48 hours later. Therefore in the autumn experiment light inter­

ception measurements were made in order to assess whether or not the 

disturbance was great enough to influence the light regime at the base of 

the sward. 

The percentage of daylight tbat penetrated into the sward was measured 

by using a small (1.8 x 1.1 cm) barrier layer seleniu~ photo cell connected 

to a sensitive galvanometer (Barrowman 1956). Measurements were made in 
., 

bright sunlight around local noon when light fluctuation is minimal 

(Brougham 1958a). Readings were taken at six sites roughly equally spaced 

along the length of each line transect for the transects involved in death 

rate measurements and also for identical transects involved in estimating 

relative decomposition rates which were not inspected as frequently (i.e. 

every 8, 16 or 24 days). At each measurement site, a reading wa s first taken 

in bright sunlight and then a second reading was ma.de with the recording 

head carefully pushed into the base of the sward so as to approximately 

coincide with the line transect. 

2.2.2.3. Relative Decomposition Rate Measurements. 

Decomposition rates for total dead matter can be estimated from 

measurements of leaf death rate and the dead matter yield at the various 

cutting dates. To provide information on the relative decomposition rates 

of ryegrass and clover a further 12 line transects in the spring and 8 in 
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the autumn were tagged in an identical manner to those described above. 

The transects involved in measuring death rate were harvested frequentfy 

enough to avoid losses by decomposition. The transects involved in the 

relative decomposition rate measurements were harvested at longer intervals 

so that decomposition of the first dead leaves occurred. These harvest 

intervals were 4 days, 8 days and 24 days in the spring and 8 days and 16 

days in the autumn. 

The amount and number of ryegrass and clover leaves to die over an 

interval of say 24 days can be estioa.ted by integration of the death rate 

measurements over that period (i.e. the summation of the 2 or 4 day 

samplings). The difference between this amount and the quantity of ryegrass 

and clover leaves actually harvested in 24 days provides an estimate of the 

degree to which leaves that died in that period have decomposed. Thus the 

decomposition rates of ryegrass and clover leaves that died in that period 

can be compared. Any absolute decomposition rate so obtained underestimates 

the actua.1 decomposition in the field to the ex.tent tha.t decomposition of 

any leaves that may die before the measurements were made continues. A 

summary of the dates at which experiments began and measurements were .made 

is given in appendix 1. 

2.2.3. Statistical Procedure. 

Analyses of Variance and Regression, and Standard errors of the mean 

were calculated according to methods described by Snedecor (1956). ,-
Mathematical equations were fitted to both the gro~th rate and death rate 

data in order to provide the best estimate of growth rate and death rate at 

any time for further cooputation. logistic equations (with 3 parameters) 

were fitted using the iterative procedure of Derr.ing (1954) (see appendix 2). 

The logistic, fitted with 3 pa.rameters . (A, Band C) was as follows:-

w A 
= ( 1) 
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where Yi = yield in lb dry r1~a tter per acre and t = time measured in days 

from initial defoliation. This equation is the solution of the differential 

equation 

dW Q 'iv (A-W) 
dt = A 

expressing the idea that growth 

cm rate, dt , is a dynamic function of both growth present at any instant and 

the amount of growth yet to be added before ceiling yield is rea chec1. 

From equation ( 1) several important parameters of g-rowth can be 

determined:-

(a) The maximum growth possible is given by (A) 

(b) The maximum rate of growth is given by (g) 
l1-

(c) '.I.'he maximum rate of growth occurs at a time given by t 
Log B 

= e 
C 

Mathematical calculations were simplified by use of an I.B.M. 1620 

con1putor program designed by Miss Vi . Humphries of the Applied Mathematics 

Division, D.s .r.R. 

The method of orthoganal polynomials (Snedecor 1956) was used to fit 

polynomials of successively higher order to the death rate data and to test 

for significance at each stage. The equations were fitted to the cumulative 

death curves as these showed least variability and greater conformity to 

polynomial form. The appropriate curves representing death rate were then 

obtained by differentiation of the fitted curves. The highest significant 

order of fitted polynomial was the quartic. In the interest of conformity, 

quartics were fitted to nearly all cumulative curves, even though in some, 

significance vias not quite obtained. The only exception was with the 

cumulative curve of ryegrass death per unit area in the autumn, where a 

particularly good. fit was obtained with the cubic, and a poor fit with the 

quartic. 
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Cha~t.e.t..,J 

RESULTS 

3.1. Ex;p_eriment (1) 

3.1.1. Dry Matter Yield Measurements. 

The .measurements of pasture growth are s.1:i..ov:n in Fig. 3 as lbs dry 

matter per acre plotted against time in d.ays. Logistic equationa, shown 

to adequa.teTy~~~be pasture growth at Palmerston North by Brougham ( 1956) 

have been fitted to the data for total herbage, ryegrass and clover. 

The parameters from the fitted. curves are shown in Table 1. 

Table 1 

r-::;---r--;=eter:---r:.E. of Es::t:-­
i Sp~::-To~~-;.:::+~~;~, :~ o.o:;:-1-~-~9~:9 
I Ryegrass j 5632.B 

1 
20.{;; I 0.0599 j ± 656.379 

I Clover I 1928.4 39.515 f 0.1l,-86 ! 605.866 
Autumn Total Herbage I 2070.4 21.893 i 0.0959 ! 79.092 

Ryegrass 1 355.7 9.634 ; 0.0877 :!: 47 .632 
t I 

Clover j 1704.7 28.596 0.1009 :!: 56.505 ______ ..___. ______ _.__.__ ..... ____ 
Two important para~ters of growth derived from the logistic equation 

are given in Table 2. 

Table 2 

... , - -~··-------+·----- Growth Paramet:;,:---· . --r 
Data Described 

1---· -.. -•--·-----· . 
!Spring •rotal herbage I 
f Ryegrass 

I Clover 

(

1 Autumn Total Herbage 
Ryegrass 

! Clover 

Maximum rate of grotith Time to maximum f 

----·--·~~(~~~·~/ da=--~-r---~~:'.~~_:~ te ·-~~~2----t 
116.583 f 38.6 j 
84.355 so.4 I 
71.640 24.9 ,. 
49.639 32.2 
1.119 25.s l 

43.022 33.2 I 
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The experimental data to which the logistic equations were fitted may 

be found in appendix 3. 

3. 1 • 2. Pla~t p OI>ula.t.ions 
./ 

Measurements of ryegrass and clover plant unit densities are shown 

in Fig 4 plotted as the number of plant units per square foot against time 

from defoliation in days. Smoothing processes were employed in order to 

obtain the best estimate of plant densities at any particular date i.e. 

where the da.ta presented varied little from obvious trends (e.g. data for 

ryegrass populations in spring) adequate smoothing was obtained by plotting 

the mean values of successive pairs of measurement points. Linear 

regressions were fitted to the data for clover populations in the spring 

as it was more variable, and to the data for both ryegrass and clover 

populations in the autumn. No reduction in the sums of squares of deviations 

from regression could be obtained through fitting curvilinear regressions to 

the autumn data. The equations of the regression lines fitted are presented 

in Table 3 and a summarycf the data and al1.alyses of regression is given in 

appendix 4. A regression equation for the spring ryegrass data is presented 

for comparative purposes. 

t-----D,~~------:::::o::~~i=~ -~-~~ Re:••.•i=n -~~ 
b x S 

y = a + yx by.x Spring 
I 

y = 961.1 -10.813x :!: 1.~.&~ 

y = 29_:'.3 -_ 0.923x __ +-- :!: 1:,_472 

y = 269.7 - 2.655x I :!: 0.625 

y = 107.9 + 2.793.:___j__ :!: 0.923 _______ _ 

I llyegrass 

Clover 

r R::-
1 Clover L ___ , __ 

Significance was obtained in all regressions with the exception of the 
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spring clover data. However, the regression line obtained is still 

regarded as the best estimate of clover plant populations at any date within 

the experwental period. 

At the beginning of the spring exper:ilnent, the ryegrass density was 

high. Allewing undisturbed growth for the duration of the spring 

experiment severely reduced the ryegraas plant numbers per square foot from 

over 800 te 150. The spring clover plant density measurements, although 

more variable than ryegrass, showed little evidence of aey ~ajor change with 

time. 

Ryegrass density measurements decreased also during the autumn 

experiment (270/Ft2 to 80j.Ft2) but clover measurements showed a definite 

increase (140/Ft2 to 330/Ft2). 

3.1.3. Leaf Area Index Measurements 

Measurements of total, ryegrass, and clover l~af . area indices for the 

spring experiment are plotted in Fig. 5 against time from defoliation in 

days. Clover leaf area increased rapidly to ~n index value of 2.5 - 3.0 

after which further increases were substantially slower. The rate of 

increase in ryegrass leaf area was slower than that of clover in the initial 

phase and after a maximum index value of 6.0 was reached the leaf area 

declined. As a result the total leaf area shows an almost linear increase 

to a maximum index value of 9.00 (after 6 weeks) followed by a gradual 

decline. 

3.2.1. Death rate per Transect 

3.2.1 .1. Dry Weight of Dead Matter per Transect per D& 

Death rate measurements per transect per day are expressed 

1n terms of gms of dry matter per transect and are calculated as a mean 
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from 4 or 6 transects. A summary of the data is presented in appendix 5. 

The cumulative death curve, derived by integration of the death rate 

data, is a much smoother curve than that of death rate and the form of the 

curve more definite. From observation it appeared that the form of the 

cumulative death curve could be adequately represented by a polynomial, 

perhaps a cubic or quartic. In order to obtain the best estimate of death 

rate at any particular day from defoliation, OrthogallB,l Polynomials were 

fitted to the cumulative death rate data. The highest significant order 

of the curves fitted was the quartic. (See section 2.2.3.) The curve of 

death rate, derived by differentiation of the fitted curve was, therefore, 

the cubic. 

Figs. 6 and 7 show the experimental data and fitted polynomials for 

the cumulative death data and the death rate data respectively. The 

formulae of the fitted equations and the standard error of the estimate 

are given in Table 4. 

Polynomials fill~..JE...,g.Y_~ight measureniente-2.LJ.ea.f death. 

,,-~=-of ___ F ___ ula f f · _t_t_d_l - -~-1 --------S-' .-E-._o_f __ l 
Data orm o 1 e po ynomia Estirr~te 

!--------·------,----- ------------1• 

t Spr,i,P,6 
Total: I 
Y = 574.533 + 25.759t + 0.1828qt2 - 0.00433t3 - 0.00003qt4 +_ 14.02 t 

Ryegrass: l 
y = 226.177 + 10.1&.-t + o.094ot2 - o.001a9st3 - o.000036t4 ! 7.808 I 

Clover: 
y = 345.539 + 15.840t + o.15s2t2 - o.002525t3 - o.000067t4 

!_utumn 
Total: 2 3 4 
y = 575.549 + 76.185t + o.034ot - o.03165t + o.01388t 

Ryegrass: 2 3 4 
y = 149.427 + 24.4125t + o.54ot - o.o64o8t - o.00101t 

Clover: 
y = 430.414 + 51.s62t - o.951st2 

+ o.03069t3 + o.02026at4 

+ - 6.708 

:t 19.71 
+ - 5.831 

:!: 1 s.09 I 
_________________ _j 
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All curves show an increase in death rate with time from defoliation 

until a maximum is reached. In the spring both ryegrass and clover exhibit 

a decline in death rate after the maximum is reached. In the autumn, however, 

while the curve of ryegrass death rate follows a similar pattern to that of 

the spring, the clover death rate was maintained once the maximum had been 

reached for the duration of the experiment. The curve of total death rate 

in the autumn follows a similar pattern to that of clover. 

3. 2. 1 • 2. The Number of ~aves tba t_Q_;ed ~r T~~p_9s~.r_P_EL. 

The cl.a.ta of the number of leaves t hat died per day was also 

calculated as the mean of 6 or 4 transects. The data are shown plotted 

against time from defoliation in days in Fig. 8, and a summary of the data 

may be found in appendix 6. 

Fig . 8a shows that once leaf death began, the number of ryegTass leaves 

that died per transect was high and remained relatively constant until 40 

days after defoliation, after which it steadily declined. With clover, the 

number of leaves that died per transect increased to a peak approxin~tely 

32 days after defoliation, after which it declined in a .manner similar to 

th.at of ryegrass. During the autumn however, the curves for both ryegrass 

and clover show an increase from low initial values but no definite decline 

was apparent at the end of the experiment. This was undoubtedly a reflection 

of the lack of any substantial decline in plant numbers per transect in the 

autumn, such as occurred. in the spring (I!'ig. 9). The increase in the number 

of ryegrass leaves that died per transect in the .autumn began about 33 days 

after defoliation. The clover values were exceptionally high by this time, 

however, compared with the values for the remainder of the experiment. 

It is possible that some short term environmental influence resulted in the 

premature death of a number of clover leaves that were approaching or in 

various stages of senescence. Their subsequent abscence may thus be responsible 

for the relatively low number of clover leaves tbat died per transect 45 days 
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after defoliation. 

3.2.2. The [\_llllber ~],.ants' P.er Transect 

Deviation in the number of 'plants' per transect from the original 

70 .marked may occur due to -

(1) the death of 'plants' 

(2) vegetative propogation of marked 'plants'. 

i.e. tillering of marked ryegrass tillers and nodal rooting of marked clover 

stolons. Because the 'plants' were marked at random, the proportional 

increase or decrease in the transect 'plant' numbers was representative 

of the proportional trends in the pasture population as a whole. 

The number of 'plants' per transect are presented in Fig. 9 as the 

proportion of the original 70 marked plot ted agains t time from defoliation 

in days. Substantial reductions in the transect 'plant' populations occurred 

during the spring resulting in a 777; decrease by the end of the experiment. 

Relatively little variation occurred during the autumn experiment, however, 

clover transect 'plant' populations eventually increa sing by 5%, and ryegrass 

decreasing by 14%. 

3 .2 .3. Relative D_?.9ompo_sii_.;_opJ&Et 

3. 2 • 3 • 1 • QrY. We iF:;ht _1\.9.9J:1lll~l.~.t!2E...£LPea~ 

The curves showing the cumulative death of ryegrass and clover 

leaves for a range of collection intervals are plotted in Figs 10 and 11 

as gms of dry .n-.a.tter per transect against time from defoliation in days. 

In the spring experiment the cumulative dry weight curves measured 

at four day coilection intervals were essentially the same as those 

measured at two day intervals for both ryegrass and clover. Substantial 

losses v,ere associated with harvesting clover at eight day intervals during 

the first ba.lf of the experiment but no loss was apparent during the second 
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half. With ryegrass, there was an indication of some weight loss associated 

with the eight day collection interval during the second half of the 

experiment but it was not detectable stat istically. Substantial weight 

losses were associated with harve s ting at 24 day intervals with both ryegrass 

and clover. By the end of the . experimental period (80 days) the accumulation 

of dea d ryegrass leaves had been reduced by 43% and that of clover lea ves 

by 55%. 

During the autumn experiment, harvesting at eight day intervals 

indicated substantial reductions . in the accumula tion of clover leaves 

compared to four day intervals, but there 1<:a. s no con:::pe,rable reduction in 

the accumula tion of ryegrass leaves. Harvesting at 16 day interva ls 

indicated a reduction in the a ccumulation of dead leaves of both species 

although the reduction of ryegras s leaves wa s small. By t he end of the 

experimental period (61 days), the reduction in the accumulation of dead 

leaves associated v;ith harvesting at 16 day intei·vals was 22j6 for ryegrass 

and 64% for clover. 

3.2.3.2. 'rhe c~~~¼J_,,2f Dea c!_.~ay~~ 

The curves of the number of ryegrass and clover leaves accumulating 

when harvested at a range of intervals are plotted in Fig. 12 against time 

from defoliation in days. 

Decomposition of leaves to the extent whereby they cannot be harvested 

is indicated by significant reductions in the number of leaves that have 

accumula ted. R.yegrass leaves in the spring showed no sign of complete 

decomposition when ho.rvested at 4 day intervals but did show significant 

reductions in the number of accumulatihg leaves when harvested at both 

8 day and 24 day intervals. In the autumn hov1ever, harvesting at 8 day 

intervals revealed no reduction in the number of leaves harvested. Complete 

decomposition of approximately 2$b of the leaves occurred boweve1·, where 
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where leo.ves were harvested at 16 day intervals. 

The number of clover leaves accur:mlated. from harvesting at 4 day intervals 

in the sprint; was not significantly less than those from 2 day intervals 

althot1gh the two curves show some divergence between day 24 and day 44. 

Significant reductions in accumulating leaf numbers did occur however, where 

leaves were .harvested at 8 day and 24 day intervals. Similar reductions 

in the number of accumulating clover leaves occurred in the autumn 

experiment for 8 day and 16 day collection intervals, compared with 4 day 

collection interval. 

Analyses of varia.nce were carried out on light penetra t ion measure­

ments ma.de during the autumn experiment , comparing light penetration along 

transects disturbed regularly with those disturbed infrequently. There 

was no significant difference in the light penetration in the swards disturbed 

at 4 day, 8 day, and 16 day intervals on a ny of the days at which measure­

ment s were made. .A summary of the analyses of variance may be found in 

appendix 7. 

The amount of light i11tercepted at 1 cm above ground level on the 

measurei:ient days is presented in Table 5. 

% Light interception at 1 cm a..29ve _ground J!l.Y.tl 

I 
Days from Defoliation 70 light interceptiou I 

21 + 50.5- 8.54 

27 · 75.1! 8.38 
32 + 90.5- 4.20 

41 95_7:!: 3.11 I 
-- --- -~ 
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Light intercept ion increased rapidly up to day 32 at which time over 

9cyi of daylight was intercepted at 1 cm above ground level. 
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Chapte£._!h 

~USSION . 

4-.1. Bcper:i,!n~p_~l Technioues. 

In succeeding sections of Chapter 4 the results presented in Chapter 

3 are used to describe the growth and death of the pasture during 

undisturbed regrowth from defoliation. This section of chapter 4 will be 

devoted to the discussion of assumptions involved and problems encountered 

in obtaining data representative of the growth and death in one particular 

pasture. 

4.1.1. Integration of Data 

r.~easurements of pa sture growth and pasture death v1ere made on adjacent 

experiment.:.'l.1 areas. Bot ;-, measurements could not be made simultaneously on 

one plot as one type of mea surement was destructive -wherea,s the other was 

not. Integration of the growth r ate and c"',_eath r ate data t herefore, involves 

the assum1.:tion tha. t both types of measurement are representative of the same 

pasture. This assumption is not unrealistic as the area s are adjacent to 

ea ch other and therefore subject to the same soil environment, and have at 

, since sowing received identical management and fertilizer tre;J. tment. 

4.1.2. Sward Disturbance 

Sward disturbance during plant inspection in experiment (2) was 

unavoidable and it is assumed that this disturbance did not measurably af'fect 

death rate me~surements. The use of easily recognisable tags and locating 

pins greatly reduced the degree of disturbance necessary to observe the plants 

to that comparable with natural disturbance occurring on a windy day. 

However as the disturbance was occurring in the same place at 2 or 4 day 

intervals an effort was made to assess its significance to pasture dea th 

rate. 

Sward disturbance could conceivably alter the leaf ar1·angement and so 
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change the amount of light tmt penetrates to the lower layers of the sward. 

As it is possible that the degree of shade that a leaf receives will affect 

its longevity (Hopkinson 1966), an increa~e or decrea se in the light pene­

trating to ground level could result in a change in death rate. However, 

light penetration measurements made in the autumn on swards disturbed frequently 

and infrequently did not reveal any difference in the degree to which light 

penetrated the sward. These measurements were made up to and at the stage 

of approximately 95fo light interception when any difference in light 

penetration would be most readily detected at ground level. The first and 

the last measurements were made on the days at which disturbance actua.lly 

occurred. The two intermediary measurements were made between harvesting 

dates. On the basis of the above results, therefore, it is considered that 

the assu~ption that disturbance did not measurably affect leaf death rate, 

is valid. 

4-.1 .3. The Problem of Defining Individua,l Plants. 

Experiment (2) is essentially an experiment in vihich information is 

sought a.bout the pasture as a whole from studying a small sample of the 

individuals th-1.t .make up the pasture. Any study involving individuals in 

plant communities must resolve problems in def ining exactly what is to be 

regarded as an individual. The difficulty arises out of two interlinked 

properties of higher plants: plasticity and vege~4tive propogation. 

( P.arper 1 967) • For example, if sections of clover stolon were to be defined 

as plant units, a single cl.over bud protruding froo the soil surface would 

have the same numerical value as a stolon of several inches in length with 

perhaps several buds and a number of adventitious root systems. Such a 

definition will therefore result in a wide range in the biological 

significance of individual units. Also, vegetatively produced tillers and 

ramets remain attached to and partially dependent on parent tillers some­

times for considerable perio~s. (Marshall 1967a). Thus as Harper (1967) 

points out, arbitrary distinctions must be made if' plant units are to be 
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counted. 

The interweaving nature of tillers and ramets during pasture growth 

precludes attempts to count all material derived fro~ a common seed as a 

plant in an established pasture. Mitchell and Glend.ay (1958) sug5est for 

intensively grazed pastures in temperate zones, the primary growth unit is 

the individual tiller. According to their definition, "tiller" is used to 

describe all types of living shoots in a pasture. 

In experiment (2) a plant unit is required that will facilitate the 

2· accurate computa. tion of dea th rate per }' t from the mean death rate per 

2 plant, and the number of plants per l•'t • Such a plant unit roust be 

distinguishable as an individual producer of dea d leaves and relatively 

unaffected by minor environmenta l fluctuations. The tiller, defined as 

"any type of living shoot" provides a convenient plant unit for rye grass 

as far as mature tillers are concc,rned. Young tillers however, are not 

distinguism.ble as independant units for some time. Definitions of 

graminaceous plants cited by Brown ( 1954) specify t.bat where the turf can 

be dissected, to constitute an individual plant unit a tiller must have at 

least 3 rootlets. However such a definition is impracticable where plants 

are not to be uprooted and for the purposes of experiment (2) all visible 

tillers were included in the definition of a 'plant unit'. 

Clover plant units are more difficult to define owing to the creeping 

stoloniferous growth habit and associated adventitious nodal root ing , and 

the plasticity in bud formation. Glover plant units rave been defined as 

'any length of runner up to 3 inches long bearing function~l roo t lets' but 

this is not universally accepted as being practi9al (Brown 1954). Another 

method of numerating clover popuuitions, presumably used by Mitchell and 

Glenday (1958) is to count the number of clover buds ('living shoots') per 

unit area regardless of the number of buds dependent on one stolon or root 
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system. The latter rnethod was developed in the spring experiment, a plant 

unit being defined as any 'living shoot' or bud. While this system provided 

the information required it was not entirely satisfactory as bud numbers 

appear subject to considerable short term variability. In the absence of 

competition, especially for light, bud development on the stolons is 

encouraged, while the effect of competitive stress is to inhibit the devel­

opment and bring about the death of all but a few buds. The result is that 

relatively short term changes in environment can result in large fluctu­

ations in bud numbers although the quantity of stolon and clover herbage 

has changed little. In the spring experiment the number of clover 'shoots' 

per unit area displayed a much greater variability than the number of rye­

grass shoots. This variability is reflected in the correlation coefficients; 

r for clover= -0.25 whereas r f'or ryegrass = -0.95. 

An attempt was made in the autumn experiment to arrive at a definition 

of a plant unit for clover that would not be as subject to short term 

variation as that used in the spring. The 'plant unit 1 used was defined 

as any section of stolon that exhibits both leaves and a root system. Plants 

are numerated therefore, according to the abundance of root systems rather 

than shoot systems. In containing both leaves and roots, each 'plant unit' 

represents a physiologically complete system prestunably able to survive and 

flourish if dissected from other such units or the parent plant. The number 

of buds on the stolon is not critical, fluctuations in bud nunbers thus having 

no influence on 'plant' numbers but merely reflecting pla sticity in 'plant' 

size in response to competitive influences. (Donald 196.3). Changes in the 

number of root systems per stolon do affect plant numbers however. Thus, 

adventitious rooting of an elongated stolon results in the formation of a 

new 'plant unit'. Although differences in clover popuL~tion variability 

due to the definition of' a 'plant unit', were confounded with differences 

associatec1 with season, the reduction in clover variability relative to 

ryegrass variability in the autumn compared to tmt in the spring was marked 
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enough to suggest that the autumn clover plant unit was inherently more 

5ta.ble. The correla tion coefficients showed much closer agreement in the 

autumn, being -0.83 for ryegrass and 0.73 for clover. 

Obtaining a ' pl ant unit' that displ ays min:i.ma.l variability i s desirable 

a s more definite conclusions can be made owing to the greater accuracy or 

narrower confidence interval. However the ca lculation of death rate per 

Ft2 is valid what ever the definition of 'plant unit' as long as the same 

definition applies to the measurement of both leaf de~th per 'plant unit' 

and the 'plant unit' density. Thus although the a utumn and spring measure­

~ents of clover density and clover leaf death per 'plant unit' are not directly 

comparable, the autumn and spring ca lculations of death rate per Ft2 are 

comparable. 

4.1.4. The Line Transect 

Individual line transects consisted of a number of tagged 'plant units' 

(originally 70). In making calculations and drawing conclusions about the 

population as a whole, it is assumed that e.'l. ch tra nsect contains a represent­

ative sample of the parent population. This as sumption i s statistically 

valid provided t m. t the plant units constituting the transect are chosen at 

r a ndom. 

Random selection implies tmt every individual 'plant unit' in the 

population has a known probability of appearing in the sample. (Snedecor 

1956). One method commonly used to attain randomness, where mixing is 

impossible, is to limit the choice of the sample to some mechanical device 

that cannot be influenced by the controller. Efficient coverage of an 

area to be sampled is often achieved using a scheme known as- "Stratified 

Random Sampling". Bias due to too many samples being taken from a restricted 

area is avoided by dividing the area into a number of obvious sub areas 

and the number of random samples taken from each is made proportional to 
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its area. (Snedecor 1956). In its ultimate form the field is divided into 

as many equal sized areas as there are samples to be taken, one sample being 

randomly located within each area. Theoretically, there is no objection 

to equally spaced samples provided the spacing is made sufficient to ensure 

independence between sites (Mitchell and G-lenday 1958). 

The above principles were employed in obtaining a random sample of pasture 

'Plant units'. A mechanical device was used to systematica lly locate equally 

spaced 'plants'. The spacing between plants (6 inches) was considered ample 

to ensure independence between sites, i.e. the spacing was sufficiently 

l arge compared with the growth habit of the pasture species 'plant units 1 

to ensure that the location of one 'plant' as say ryegrass, did not affect 

the probability of the next 'plant' being ryegrass. 

In effect a randomly located strip of pasture 6 inches wide has been 

subdivided into sub area s 6 inches square. One plant unit has been selected 

at r andom in each sub area . It is s tatistica lly valid therefore, to make 

inferences about the parent p~pulation from the measurements made on line 

transect samples. 

4.2. Pasture Growth. 

4.2.1. _Fitting Growth Curves 

The growth curves in Experiment (1) have been smoothed by the fitting 

of logistic regressions. The technique of fitting a regression curve to 

raw growth data results in a smoothed growth curve, the form of which may 

or may not have biological significance but which provides the best estimate 

of the major trends in growth associated wi t h t he preva iling environmental 

and internal plant conditions. Short term fluc t uations of less significance 

due to experimental errors or short term changes in the environment are for 

the most part averaged out. Work by Brougham and Glenday (Brougham 1959), 

has shown that weekly fluctuations in growth rate attributable to weather 
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fluctuations can be as large as :!: 50% of the weekly groiVth rate. When growth 

- + ' is measured. on a daily basis, such fluc tuations car1 be ns great as - 1 Oaf., 

(Brougham ~~CQE)E). 'rhese figures serve as a reminder that such fluctuations 

ca n be of great importance and should not be forgotten. 

The success of usin6 mathematical curves for describing data depends 

greatly on the data lending itself to a particula r form in the first place. 

Generally, the more complex the growth process becomes and the longer the 

period over which growth is considered, the more difficult it becomes to 

approximate the process with a mathematical formula. '.1:hus although a simple 

compound interest formula can describe well the ea rly growth of an annual 

plant (Blackman 1919), no single formula , even t hough a potentia l series 

of curves, will satisfacto1·ily describe growth over the life cycle of a nimals, 

particularly man (Brody 1945). Vihere growth i s measured over a restricted 

period it may be difficult to distinguish features of· formulae found to 

s~f\;~o;ily 1, f_it growth over longer interw,.ls. (e. g . Brougham and Gleuday, 

1 967; c .f. i1.ns low and .Back, 1 967). 

The mos-t characteristic feature of growth curves generally is the 

sigmoid. or S-sha.pe that can be seen in all curves covering the n:.ajor stages 

of growth. ( Gregory 1921, 1928, Brody 1945, Thompson 1948, Brougham 1955, 

Mil thorpe 196.3). Various empirical f'ormulae have been used to smooth such 

data but these have limited general application. (Brody 1545, Thompson 1948). 

Probably the most successful is the Verhulst -Pearl curve. Both Verhulst, 

who derived his logistic in 1838, and Pearl who arrived independantly at 

the sarr.e conclusions in 1920 were concerned with t he growth of human popu­

lations. 'l'his curve has considerable biological significance to studies 

such as the growth of fruit-fly populations in a restricted space as factors 

controlling changes in population are few, easily distinguished and can be 

validly described by mathematical functions incorporated into the equation. 

Variations of the logistic used in other biological fields have been made 
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plastic in some cases by the incorporation of up to four parameters (e.g. 

Milthorpe 196.3). This has been found necessary owing to the e;-reater number 

of factors t.hat may influence growth although a ceI'tain amount of biological 

significance is retained where dominant P+Oceoses can be related to the 

mathematics of the equation, (e. g . the exponential increase of yield due to 

the relationshir, between light interception and yield immediately after 

defoliation of pastures). 

The three parameter logistic fitted to the data of Experiment (1) was 
,,--

considered to adeqt.-iatel;y> describe the data over the entire measurement 

perioc1 but a.rbi trary distinctions bad to be made between the various "growth 

phases". This is necessary because although i t can be argued biologically 

that pasture regrowth may be linear for a period after a. lin1itine;; factor 

becomes operative, there is no linear section in a logistic curve. However, 

where the data indicate that such a f a c tor· wa::, operating , changes in the 

slope of the logistic are very sll".a.11 and with the use of a stra ight edge , 

the duration of the various growth preses ca n be determined f a irly accurately. 

The logistic equations representing cun1ulative growth curves of total 

herbage fit the e.xperimental data well., both for spring and autumn. In both 

cases, the three characteristic growth phases may be distinguished:-

i.e. Phase I, indicated by a logarithmic increase in herbage 

yield in accordance with the Exponential law; 

Phase II, during which growth rate is relatively constant 

and the cUinulative growth curve is approximately linear ; 

and Phase III, in which growth rate decreases :vro1:iortio11ately 

as the ceiling yield is approached in accord.a.nee with the 

Mitscherlich I.aw. 

(Brougham 1956). 

logistic Equations also satisfactorily describe the data of ryei-rass 
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and clover growth although undue variability appeared over the last four 

measurement dates in the spring. This variability is probably unreal and 

due to errors in botanical composition .sampling. 'l'he standard error of the 

e sti.rr.a te for total herbage for the autumn is similar to that of the spring. 

(See Table 1). However the values for ryegrass and clover for t he autumn 

are 7.3% and 9.4% of the spring values respectively. 

Phase I of the total herbage growth curves lasted four wee~s in the 

spring and slightly less than four weeks in the autumn. The nature of growth 

during this phase can be explained in terms of increased light interception 

and thus photosynthetic production with successive increa ses in leaf area 

(Brougham 1955). The duration of this phase depends on the intensity of 

defoliat ion, the relative rate of increase in leaf area , and the extent t o 

which increased growth rate is uninhibited. Different fac t ors appear to be 

involved in determining maximum growth ra t e in the spring and autumn. 

In the spring experiment, the phase of approximately linear growth 

began 28 days after defoliation. This date coincides with the attainment 

of a leaf area index of 7.00 (see Fig. 5) which approximates the Critical 

L.A.I. for rye~Tass (7.10) reached by Brougham (195&) at Palmerston North 

at a similar time of the year. Although the sward was ryeg:t'.ass dominant 

(Bo% ryegrass initially) the Critical L.A.I. of the mixed pasture would be 

less tb.an 7 .oo due to the higher light intercepting capacity of the clover 

present. (Brougham 1958a). It is reasonable to assume therefore, that 

despite the extfpolation of the critical L.A.I. from one year to another, 

the ma:x:iJnum growth rate was re~ched in this experiment when complete light 

interception occurred. The intensity and manner of distribution of light 

over the photosynthetic surface were probably, therefor·e, the main factors 

preventing higher growth rates in the spring (Brougham 1960). 

In the autumn experiment however, the end of the exponential growth 
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phase was reached 26 days after defoliation, at which stage only 71l~ of the 

incident light was intercepted at 1 cm above ground level. (See Table 5). 

The gro,vth rate at that stage (near maximum as the phase of approximately 

linear growth was commencing) was 46. 6 lb per acre per day, which · is sub­

stantially lower than the growth rate at the equivalent stage in the spring 

(102.9 lb per acre per day). Compari~ons of clover growth are more revealing 

in indicating factors l:uniting growth rate as the marked seasoP.al influence 

of ryegrass growth is removed. From table 2 it is evident that the maximum 

clover growth rate (43.02 lb per acre per day), reached 33 days after 

defoliation in the autumn, was only 60f~ of the maximum clover growth rate 

in the spring (71.6 lb per acre per day) reached 24 days after defoliation. 

Growth in the autumn experimE?nt was predominantly from white clover 

(see Fig. 3) whereas in the spring the pasture was ryegrass dominant. 

Restrictions to clover growth due to competition with ryegrass would therefore 

have been least in the autumn. The light environment from September to Nov­

ember at Palmerston North is essentially the same as that from February to 

April (see Fig. 13) although it is increasing in intensity in the spring 

and decreasing in the autumn. · This results in si.mile.r patterns of leaf 

development and maximum difilensions obtained in undefoliated stands of ,vhite 

clover. (Brougham 1962). It is µnlikel.y therefore, that the seasonal d.i!'fer­

ence in clover growth rate could be explained in terms of intensity or duration 

of daylight. Similarly, the diurnal range in temperature during the first 

growth phase in the autumn (55 - 73°F, see Fig 14) was more conducive to 

white clover growth which has an optimum growing temperature of 75°F 

(Mitchell 1956), than the temperature range during the equivalent phase in 

the spring. (45 - 63°.F) 

The lower growth rate in the autumn under environmental conditions that 

were otherwise more conducive to clover growth than those in the spring, 

may be attributed to the relatively dry conditions that prevailed. Rainfall 
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from defoliation until the maxi.n1um growth_ rat e was reached, totalled O. 88 

inches (in 32 days) in the autumn compared with 2.90 inches (in 38 days) 

in the spring ( see Fig 15). It is proba ble therefor e, tbat for the first 

four weeks following defoliation in the autumn, the limited supply of moisture, 

and therefore possibly also of nutrients (Mitchell 1957), from t he relat ively 

dry soil surface layers was insufficient for utilization of more than approx­

imat ely 70}~ of the incident light at loca l noon. The reduced ava ilability 

of some nutrients may als o have been agravated by the discarding of the 

clippings (representing about 7000 lb of dry matter per acre) at the end 

of the spring e xperiment. As a consequence of this moisture and/or nutrient 

stress, the observed maximum growth rate was lower t.ban might otherwi se ha.ve 

been expected and was rea ched after a shorter interval from defoliation . 

The linear growth phase may be distinguished in all gro.vth curves with 

the e xception of the curve of clover growt h in the spring . Factors 

influencing the duration of the linear gro-wth phase and t he attainment of 

the ceiling yield are discussed in section 4-.3.4-. 

4-.2.3. Plant Po..IL\1ktl.2,p..§. 

4.2.3.1. ~nnial_R~m.§.§_,!j.JJ.~]'~ 

The estilr~ tes of ryegrass till~ ensities ma.de at the beginning 

of the spring experiment were simila r to that of\ the ryegrass component of 

11 Sheep pasture (2) 11 (85.1 / Ft2) as 'measured by Mitchell and Glenday ( 1958). 

By the end of the experiment, however, they were lower than that of "Old 

Dairy pasture" (400 / Ft
2
). 

The changes observed may be explained in terms of seasonal response 

to the microclima.te, and modification of this response by management effects 

on the microclimate. 

The seasonal pattern of tillering in perennial temperat e grass species 
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bas been described by Evans e t a l ( 1964). Active t illering occurs during 

the winter, increasing in tempo into the spring. In early spring, an 

acceleration i n leaf growth and stem elon~at ion following the i nitiation 

of flowering i s associated with a decline in tillering. After flo,1ering 

in the summer, s ome r enewa l of tillering occurs followed by a marked 

i ncrea se in tillering and root growth i n the autumn . 

At the start of the spring experiment therefore, the high perennial 

ryegrass tiller density (over 800 tillers/ Ft
2

) reflected the tillering 

a ctivity during the previous winter and autumn . As the p:i.sture had been 

regularly grazed with sheep, i t is unlikely that tillering would ha ve been 

severely inhibited through shading . (Mitchell and Coles 1955). Regular 

grazing a lso prevents individual tillers froQ gainine maximum dimensions and 

thus restricts the ir competi tive influence. During the spring experimenta l 

period , intertiller competition would have been intense a s individua l s from 

a dense population were able, in the a bsence of defoliat ion, to rea ch large 
. 

dimensions resulting i n high individw.l demana.s for the essentials of growth. 

'l'he death of ryegr ass t illers i s probably a direct result of such intertiller 

competition. ~he pattern of tiller death as measured in the line transects 

is shown in F i g . 16 as the number of 'plants' dying per day plotted against 

time from defoliation in days. Consideration of the rela tive death r ate 

per tiller (see l? i g . 17) gives a clea rer p icture of the pattern of tiller 

dea th with respect to intertiller competition. 'l'he rela t ive death r ates 

per tiller were ca lcula ted as 

where n
1 

and n
2 

are the numbers 

of tillers at days d1 a nd d
2 

from defolia tion respectively (I.anger 1956). 

n1 includes all tillers produced up to d1 but n
2 

does not include tillers 

produced during d
2 

- a1 • This is to avoid any underestimat e of relative 
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death rate through the replacement of dead tillers by new ones giving an 

inflated value of n2 • 

Comparison of Fig. 17 with Fig. 3 shows that the phase of rapid increase 

in the relative tiller death rate (from 40· to a peak at 56 days after 

defoliation) coincides with the latter half of the phase of linear growth 

during which it is considered that growth rate is limited by the manner of 

light interception. (see section 4.2.2.). This indicates that competition 

for light was probably an important factor in determining the pattern of 

tiller d.eath during this experiment. 

The pattern of tiller death a s .111easured in the line transects is not 

reflected distinctly in the 'plant' density data., which indicates 

essentially a linear relationship between plant density and time. The pattern 

of tiller death described in Fig. 16 would suggest that tiller density was 

initially relatively constant (or incre~sing in density if tillering was 

occurring) before passing through a phase of rapid reduction in tiller number, 

and then another phase of slower tiller death rate. The initial phase of 

no tiller death is not present in the 'plant' density data as no measurements 

were ma de until 14 days after defoliation a t which ti.me tiller death he.d 

begun. However the reduction in 'plant' density from day 14 to day 28 is 

substantial although the tiller death rate as measured on the line transects 

was not great. 'l'his discrepancy may be due to differences in tiller diff­

erentiation associated with the method of measurement. Random selection 

of tillers that were included in the line transects was made from those 

tillers that were of sufficient size to be tagged. Smaller tillers than 

these, however, at varying stages of emergence could have been counted in 

the tiller plugs. If such tillers were the f ir·st to die under the influence 

of intertiller competition (as occurred with "establishing" Italian ryegrass; 

L.A. Hunt and Brougham 1966), substantial reductions in 'plant' density as 
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measured by the tiller plugs would occur with little indication of tiller 

death from the line transects. 

The phase of 'rapid I and 'slower' tiller death rate indicated in Fig. 

16 can be distinguished in Fig . 4 although the change is not marked. This 

lack of definition of trends in the plant density data compared with the 

line transect data could probably have been largely avoided bad the number 

of rueasurefuent dates for the tiller plug data been increased. The data are 

not incompatible especially when the variation associated with the estimates 

of tiller density at each mea surement date and between mea surement dates 

is taken into account. The standard errors shown in l? i g. 4 include varia tion 

between plots, between tiller plugs, within subplo t s, and 'error' variation 

within t iller plugs . However, because d.ifferent subplots were sampled within 

plot s on successive sampling dates, comparison of tiller densities at differ­

ent date s involve s an addit ional source of varia tion; namely, between subplots . 

Ryegrass tiller densities changed much less during the a utumn experiment. 

2 
Initial densities were not high (up to 300/Ft ), reflecting the situation 

at the end of the spring experiment but also indicating that soree tillering 

had occurred during the intervening period. The suppres sion of t illering 

that normally is to be expec t ed in the aut umn (Evans .et al 1964) and the 

decline in tiller density during the experiment may be a ttributed to the 

combined effect s of dry weather, strong competition from white clover, and 

the shading of tiller sheaths in the absence of defoliation (Mitchell and 

Coles 1955). The pattern of tiller death as measured in the line transects 

(Fig 16) indicates that the tiller dea th rate was lovi but relatively consta nt 

with a tendency to increase at the end of the experiment, This constancy 

was reflected in the plant density data (Fig . 4) but the final increa se wa s 

not apparent. 

The relative death rat e of tillers per tiller per day (Fig 17) in the 
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autumn is also relatively constant with a tendency to increase after 44 days 

from defoliation. This increase occurs during the third phase in the regrowth 

curve (cf. Fig. 3) and thus at a later stage of regrowth compared with the 

spring. However, it also occurs shortly after the stage at which complete 

light interception occurred ( 95. 71& on day 41, see table 5), suggesting that 

competition for light may have influenced tiller death in the autumn experi­

ment also. Comparison of the relative death rates per tiller per day for 

spring and autumn using the date at ~hich the critical L.A.I. was reached 

as a common reference point (Fig 18) shows a remarkable similarity betv,een 

the curves co11sic1ering the extent to which the conditions of growth differed. 

The reference date for the spring was taken as the date at which the phase 

of approximately linear growth began and tba.t for the autumn as the day at 

which 95'fo of the incident light was intercepted at local noon. 

The data strongly suggest therefore, that competition for light was the 

major factor influencing the tiller death rate, for although ryegrass growth 

was slow in the autumn and competition for moisture and nutrients by clover 

over most of the grovith period likely to be high, the rapid increase in the 

relative tiller death rate did not occur until after the stage of com1_.1ete 

light interception had been reached. Rapid increases in tiller death rates 

bave been demonstrated pr:i.or to heading in barley (Laude et al 1967) under 

conditions in which shading was avoided. Although such an effect, associated 

with reproduction, may have been present in the spring, the close agreement 

between the relative death rate curves in Fig. 18 for the period over which 

measurements were made in the autumn (when growth was vegetative) suggests 

that its influence was small or else delayed. High rates of tiller death 

.have been attributed to shading by !anger et al ( 1964) and L.A. Hunt and 

Brougham ( 1966), and this viev; is supported with direct evidence by Lucanus 

et al (1960). However, these latter authors also showed that tiller survival 

was adversely affected by soil moisture stress and high temperatures, and 

that susceptability to these factors was increased where soil nitrogen levels 
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were also high. 111 though conditions of soil moisture stress certainly existed 

up to 36 clays from defoliation in the autumn experiment (See section L~.2.2.) 

a substantial a.mount of rain fell between 36 and 40 cays -from defoliation:­

about l+ days before the increase in relative tiller death rate (See Fig. 15). 

Also the considerable herbage cover about 44 days after defoliation (over 

1500 lb dm per acre) together with the fact that the temperatures experienced 

were not excessively high (54-°F - 70°F see Fig. 14) makes it unlikely that 

high temperatures influenced_ tiller death rate. The temperature treatment 

used by Lucanus et al (1964) averaged 80°F whereas the controls were at 

65°F. 

It is probable therefore that moisture stress and high temperatures were 

not factors influencing tiller death rate, even though dtie to the strong 

growth of the clover, soil nitrogen levels may have been relatively high. 

4-.2.3.2. White Clover '_pl§-pt' unj._ts. 

\¾hite clover bud densities in the spring (Pig. 4-) changed little 

during the experiment and again the variation between subplots was such that 

in the absence of additional sampling dates, trends indicated in the line 

transect data (Fig. 16) were obscured. Little is known of how the pattern 

of clover bud density may cP.ange with season. However, it is reasonable 

to suppose that densities at the beginning of the experiment were not at a 

peak owing to slow clover growth and thus bud deyelor,ment during the early 

spring. Suppression of any increase in clover bud number that may have been 

imminent as the seasonal conditions became more favourable to clover growth 

and the gradual decline in bud number may be attributed to the increased 

competitive stress between plants in the absence of defoliation discussed 

above. 

In the autumn the plant unit used was defined in relation to the root 

system rather than the shoot system in an attempt to reduce short term 
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fluctuations in 'plant' density ( see section li-.1.). 'l'he gradual increase 

in the autumn clover plant units reflected the superior ability of clover to 

grow in the autumn compared with ryegrass, a.nd the strong clover dominance 

of the sward that developed during the e:xperiment. ( see Fig. 3). Increased 

yields from red and white clover have been reported during the summer and 

early autumn at Pa]l!lerston North by Brougham ( 1957), who attributed this 

seasonal ability of clover to compete well with rye grass to a better tolerance 

to high temperatures anc. low water supplies. 

Spring and autumn plant aensities are not d1/ectly comparable owing 

to the dif'ferent plant uni ts used which may even affect the patterns of 'plant' 

death rate. Seasonal differences in the pattern of plant death are con:f'ounded 

with differences associated with plant definition such as the death of buds 

indicating a reduction in plant size rather than plant number in the autumn 

but. vice versa in the spring. On the ot her' hand the pattern of 'plant' 

death may be altered little by the unit used where the only buds to die are 

those a s sociated with unsuccessful 'plant' competitors. 

Examination of the relative plant death r ate (:ti'ig. -17) even with 

reference to the stage at which complete light interception occurred (:&'ig. 

18) :f'ailed to show the a greement between spring and autumn data that was 

apparent with ryegrass tiller death rate. This may be due to differ ences 

in the plant unit used but as the clover density was gra dually increasing 

i t is more likely that competition for light (and other factors) between 

autumn clover plant units was not severe enough to affect their survival greatly. 

The relative death rate of clover buds in the spring increased r a pidly after 

complete light interception occurred but unlike the relative death rate of 

the ryegrass tillers there was no subsequent decline (.l!' ig. 18). It would 

appear that after the peak of tiller death the surviving ryegrass tillers 

(the strongest competitors) were increa singly large enough and sufficiently 
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well established to withstand the effects of competition. The continued 

relative death rate at a maximum however, suggests that no such selection 

occurred with clover buds. This may be due to steadily increa sed competi­

tion by ryegrass eventually fofcing the death of even the most persistent 

clover buds, or it may suggest a fundamental difference in the pattern of 

growth of' ryegrass and clover under such condit ions. Whereas tillering and 

death of' tillers tends to a minimum with ryegrass, the growth of clover may 

depend upon the continued replacement of dying buds with new ones. The 

dynamic equilibrium observed in undefoliated stands of white clover by 

Brougham (1958b) in terms of the continued replac~ment of old leaves by new 

may thus also apply with clover buds. 'l'he survival of clover in a mixed 

sward would, in these terms, only be threatened when the microenviroument 

is such that the establishment of new clover buds is inhibited as may occur, 

for example, under conditions of intense co1:1petition for light by ryegrass 

in the spring. 

4.2.4. The Leaf Area Index. 

The phase of rapid increase in the total L.A.I. for the mixed sward 

(Fig. 5) coincides with the phase of exponential growth in the total herbage 

growth curve. (Fig. 3). During the phase of a pproximately linear growth 

the total herbage yield which increased at a maximum must have contained a 

decreasing proportion of leaf as the rate of increase in total leaf area 

slowed to zero. 'l.'his and the decline in total L.A.I. during the third growth 

phase was undoubtedly due to the increuse in stem and seed head as the ryegrass 

ca.me into flower. Comparison of the clover leaf area index with the curve 

of clover growth shows a marked similarity in the pattern of the two curves 

indicating tha. t clover herbage wa s predominantly leaf at all stages. \'iith 

ryegrass however, growth rate was at a maximum when the ceiling L.A.I. was 

reached and when growth rate slackened the ryegrass L.A.I. decreased. 

Thus as the pattern of both ryegrass and clover leaf production and dea th 

was such that no increa se in leaf yield occurred after 42 d~ys from defoliation, 



- 71 -

all increases in ryegrass a na. total yield during the latter ralf of the 

experiment consisted mainly of incre~sed ryegrass stem and seed head. The 

decrease in, particularly, the ryegrass leaf area during the final growth 

phase is closely assocfated with the onset of lodging observed 72 days after 

defoliation. L.A. Hunt and Brougham ( 1966) found that the r ate of leaf 

production and senescence of Italian ryegrass was reduced as many tillers 

flowered. A similar decline in the number of leaves dying per ryegr ass plant 

occurred after flo,wering in thi s experiment ( see F i g 21a). It would appea r 

however, that after lodging occurred the decline in the rate of leaf production 

was faster than that of the rate of leaf' senescence, the latter being enhanced 

perhaps by poorer light penetration into the collapsed canopy. 

The fall in the number of lea ves th:i.t died per tiller occurred during 

the third growth pha,se, i.e. after t he period of most rapid growth. 

Consequently, the suggestion made by L.A. Hunt and Brougha m ( 1966) tha t the 

r a pid increa se in yield as the sward a pproa ched flowering may partly have 

been due to a fall in the rate of loss by decomposition finds no support in 

this data. 

4-.3. The Pattern of Leaf Death. 

4. 3 • 1 • Dea t h Rate per 'i'ransec t. 

The results of the death rate measurements made on the line transect 

have been presented in section 3.3.1. both a s the weight of dead lea.f dying 

per day and the number of lea ves dying per day, at successive stages of 

regrowth from defoliation. As the measurements were ma.de over short interva ls, 

particularly in the spring, the data show short term variation which was 

often averaged out when measurement was made over longer interva ls even 

though the latter provide an under estimate of leaf death rat e to the extent 

that the leaf tissue decomposes before h3.rve sting. Added confidence in the 

results m~y thus be gained through confirming the pattern observed from 

frequent measurements by compa rison with mea surements made over longer 
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intervals. The comparison has been made graphica lly in Figure 19 where the 

weight of dead leaf per tra nsect was plotted against time from defoliation 

in days for a range of collection intervals. Although the sea l~ of the ver­

tical axis must necessarily vary with the collection interval the pa ttern 

of the death rate curve was quite consistent. In the spring the death 

rate per transect for both ryegrass and clover steadily increa sed to a peak 

after which a short decline occurred whether the harvest interval wa s two 

day s , four days 01• eight days. The autumn da ta for both a four day and eight 

day harvest interval, showed a rapid inc1·ease in clover death rate to a near 

ma ximum which apart from a marked drop 45 days wa s maintained over the 

remainder of the mea surement period. The pattern of ryegrass dea th rate in 

the autumn wa s similar to that found in the spring. 

4.3.2. Death R~te per Plant. 

A better understanding of the factors responsible for the observed 

patterns is possible through analysis into mea sureable components. The 

death rate per transect per day (Fi g. 7) and the number of lea ves dying 

per transect per day (Fig. 8) can both be analysed in terms of the death 

rate per plant (Fig. 20) and the number of lea ves dying per plant (Fi g. 21) 

respectively, and the number of plants per tra nsect (Fi g. 9). A common 

pattern emerges from this amlysis in terms of death rate per plant. In 

both seasons and under differing conditions of competition and environmental 

stress the dea th rat e per plant was initially low, increa sed r a pidly for a 

period which generally coincided with the l a tter ha lf of the linear growth 

phase and then with the exception of ryegra ss in the spring (F i g . 20a) was 

maintained at a maximum for the rem...-=i.inder of the measurement period. The 

decline in dea th rate per ryegra ss plant in the spring was not marked and 

undoubtedly reflected the decline in the number of leaves dying per ryegrass 

plant that occurred at that time. (See below). 

The pattern of leaf death per transect results therefore from 
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modification of the general pattern of leaf death per plant according to 

changes in the number of plants per transect and apparently, in the case 

of ryegrass in the spring, to the pl:zysiological effect of flowering. Thus 

because changes in the number of plants per transect in the autumn were mini­

mal, there is a marked similarity between the pattern of death rate per 

transect and per plant. In the spring, however, the increase in death rate 

per transect is due to increased death rate per plant in spite of a 

decreasing number of plants per transect. When the death rate per plant 

reached a .maximum or, as with ryegrass, tended to decline, the continued 

(but slower) decrease in plant numbers per transect effectively reduced the 

death rate per transect. 

A sL~ilar situation existed with respect _to the number of leaves that 

died per transect. Generally, when leaves began to die, there was a phase 

of increase in the number of leaves that died per plant to a maximum which 

was maintained for the rest of the measurement period. In both seasons, 

this phase of increase in the leaf number death rate was over by the time 

that the third growth phase of total herbage began. The curve of the number 

of ryegrass leaves that died per plant in the spring (Fig. 21a) showed two 

important deviations from the pattern outlined above however. There was a 

relatively high leaf number death rate per plant shortly after defoliation. 

This may represent stimulated leaf' death due to defoliation whereby early 

senescence was induced in a number of partially defoliated leaves through 

injury (injury is one cause of abscission in higher plants: Garns 1966), 

or it may be that as defoliation was not severe in the spring, enough partially 

defoliated leaves of varying ages were present to .maintain a relatively 

high rate of the number of leaves that died. Alternatively Fig. 8a. shows 

that during the early stages of the spring experiment the number of ryegrass 

leaves that died per transect was rel~tively constant. The drop in the number 

of leaves that died per plant 21 days after defoliation (Fig. 2·1a) ma.y be due 
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to the production of young tillers at this stage increasing the number of 

plants per transect but making no contribution to the number of leaves that 

died per transect. In the autumn experiment there was no high leaf number 

death rate initially (Sampling began 7 days after defoliation) as defoliation 

was severe, removing all the leaf blade of most leaves. 

Secondly the ryegrass leaf number death rate in the spring was not 

maintained after the maximum was reached, as generally occurred, but declined 

sharply from day 64- to day 80. This decline coincided with the bulk of ryegrass 

flower emergence, flowers first appearing in the leaf area index samples 63 

days after defoliation. A similar reduction in the rate of leaf senescence 

was observed by L.A. Hunt and Brougham (1966) as many tillers developed 

towards flowering in an undefoliated stand of Italian ryegrass. The 

absence of any decline in the number of ryegras s leaves that died per plant 

in the autumn (:F'ig. 21a) is probably due to most of the tillers remaining 

vegetative. 

The data of the number of clover lea ves dying per plant (Fig. 21b) 

has a particularly high point marking the beginning of the phase of 11 constant" 

leaf number death rate, but it is considered that this point alone is not 

sufficient to contradict the general pattern described above. It is more 

likely tha. t at that date some short term environmental factor had 

temporarily increased the leaf number death rate. Attempts to correlate 

short term fluctuations in death rate with weather parameters were, however, 

unsuccessful. 

To complete the analysis of the pattern of leaf death .mention must be 

ma.de of the influence of leaf size, as the death rate per plant varies not 

only with the number of leaves dying per plant but also with oranges in the 

size of the dying leaves. Fig. 22 shows the mean weight of dead leaves plotted 

against time from defoliation in days. All curves show a similar pattern 
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in that there was an increase in leaf weight to a maxinn.up. In the autumn 

the maximum dimensions were attained at the begi1ming of the third growth 

phase while in the spring the maximum dimensions were much greater and were 

attained in the latter balf of the third growth phase. 

A comprehensive de scription of the pattern of leaf death at successive 

stages of regrowth is now possible. Death rate per plant increased, from 

rela tively low values associated with the first growth phase, through the 

second growth phase until a maxi.mum wa s reached just after the beginning 

of the third growth phase. Although the death rate per clover plant in the 

autu~n reached a maximum approximately halfway through the linear growth 

phase (Figs. 3 and 20b), this was due to the exceptionally high number of 

leaves that died per plant 29 to 33 days after defoliation (Fi g . 21b) 

mentioned above. 

During the spring experiment, there wa s no increase in rye grass death 

rate per plant (Fig. 20) over the first 24 days from defoliation, as no 

increa se occurred either in the weight of dead leaves (Fig. 22) or the number 

dying per plant (Fig. 21). From day 24 to about 48 death rate per plant 

rose mainly due to an increase in the number of leaves th.~ t died per plant 

although some increase in the size of leaves i s evident. From day 48 on, 

the substantial increases in dea t h rate per pla nt can be attributed wholly 

to increased leaf size as the number of leaves t~.at died per plant was either 

constant or declining during this period. A si..milA.r pattern of death rate 

per clover plant developed, with initial increases being due largely to an 

increase in the number of leaves dying per plant and major increases in 

leaf size occurring towards the end of t he experiment. 

In the autumn however, the increase in both ryegrass and clover death 

rate per plant was due to a simultaneous increase in both the size of lea ves 

and the number of leaves that died per plant, and these components appea red 
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to be of equal importance. 

It is interesting to note that in the spring the mean weight of dead clover 

leaves was twice that of ryegrass throughout the experiment and over a wide 

range in leaf size, whereas in the autumn the clover leaves were only slightly 

heavier tba.n ryegrass. Also large fluctuations in the mean weight of clover 

leaves (62 and 74 - 76 days after defoliation) have resulted in similar 

fluctuations in the clover death rate per plant . This may be the result of 

rapid decomposition (i.e. within 2 days from dying) or leaching, as these 

periods coincided with periods of persistent rain (Fig. 15). 

During the third growth phase, the number of leaves that died per plant 

was maintained at a maximum except for ryegrass in the spring where a decline 

occurred a.t'ter flowering commenced. This 11 maximum11 also does not appear 

particularly stable with clover which shows irregular fluctuations in both 

seasons. Vihere the maximum dimensions of dead leaves were attained by the 

end of the linear growth phase as in the autumn, death rate per plant was 

maintained at a maximum throughout the third growth pha se. .As the maximum 

size of dying leaves was not reached until the middle of the third growth 

phase in the spring, the attainment of the maximum death rate per plant was 

correspondingly delayed. 

Examination of absolute values in Figs. 20, 21 and 22 give an indication 

'of the effect of season on de~th rate, especially with ryegra ss where the 

same plant unit was used. :Most striking is the :; imila.rity in the curves of 

the number of ryegrass leaves that died per tiller per day (Fig. 21a) which 

dif'fer mostly in that the maximum spring values were slightly higher tm.n 

the autumn and were reached at a later date. 

The only abvious seasonal dif'ference in the pattern of leaf death is 

associated with lea.t' size. During the autumn experiment the dead leaves, 
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although comparable with those in the spring over the first balf of the 

experiment, reached ceiling values about day 40 that were at best only 

.half of the maximum eventually obtained in the spring (Fig. 22). The smaller 

leaves in the aut umn have consequently resulted in a much lower maximum 

death rate per plant, and in an earlier attainment of the maximum, even 

though differences in the number of leaves that died per plant were small. 

4.3.3. Death Rate per UpJt ~E~2:_. 

From a practical point of view, death rate is better expressed per unit 

area. From the estimates of death rate per plant for individual transects 

and the plant density (Fig. 4), death rate per unit a!'ea per day was calculate< 

f or each measurement date. The mean values over six transects in the spring 

and four in t he autumn are s hown a s lb of dry matter per acre plotted against 

time from defoliation in days in Fig. 24. As with the data of death rate 

per tra n sect orthoganal polynomia l s were fi t ted to the cumulative data in 

order to provide the best estimate of death rate of any particule.r date 

(see Fig. 23). The equations of tbe fitted polynomials together viith the 

appropriate analyses of variance may be found in appendix 8. 

From Fig. 24 it is evident that in both seasons clever death figured 

prominently. Th;i.s was the result of a higher death rate per plant (Fig. 20) 

and a propor\ ior..al increase in the clover :plant density in both seasons 

(Fig. 4). The sea sonal differences in death discussed above are again evident. 

In the autumn, the deat h rate reached a .maximum much sooner after defoliation 

tP..a.n in the spring with both species, and the start of the increase was about 

24 days after defoliation in all curves. Seasonal d:ii'ferences in the maximum 

death rate per plant, associated with the substantial diffe:c·ences in maximum 

leaf size, have resulted in simiiar differences in the maximum death rate 

per unit area. • 

Fig. 24 shows tbat in both seasons losses of green herbage via leaf 
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death can reach s ignii'icant proportions in undefoliated pastures. The maximum 

calculated values of total leaf death rate were 56 lb am per acre per day 

in the spring, and 27 lb dm per acre per day in the autumn. These rates were 

reached 68 and 59 days after defoliation respectively. 

Milking Jersey cows have a daily dry matter intake requirement of 

approximately 28 lb of pasture of a 70 - 80 % digestibility, i.e. about 20 lb 

of D.o.M. (digestible organic matter) per day (Hutton 1962). The digestibility 

of deaa. leaf in these experiments can be expect ed to be lower than that of 

fresh pasture but per.haps not as low as Eadie's figure of 4-0)t quoted by 

Edmond (1967). Eadie's work refers to dead mat ter th9.t had accumulated in 

a winter saved pasture under harsh conditions in Scotland. (J • .A . Iancashil;e 

pers .£.,OE:f!•) and which would thus be subject to weathering. The above data 

were obtained by harvesting leaves frequently enough to prevent weathering . 

Also, Eadie's ma t erial probably included cons;i.derable amounts of sheath and 

stem whereas the above data refer only to leaf tissue. 

If it is assumed that the d.igestibili ty of' dead leaf was 50)b , then the 

maximum rates of green herbage loss via leaf death would be equivalent to 

the feed requirements of 1.4milking Jersey cows per acre in the spring, 

and 0.7 milking Jersey cows per acre in the autumn. In these terms, the 

stage at which losses in , the spring rea. ched the eqv.iva, lent of the feed 

requirements of one miiking Jersey cow per acre occurred 50 days after 

defoliation. 
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4.3.4-. The I!!].,112nc_e __ 9f_Leaf Death Oil, G-r.9ytt_g. 

4. 3. 4. 1 • "~:.21:f>Jr.!lLg llE.Y~ us • 

The estimate of death rate per unit area at successive stages 

of regrowth obtained above makes possible the quantative eY.amination of the 

influence of lea.f senescence on ".;he pattern of pasture g-rowth. In a 

defoliated pasture the yield of total dry matter will increase with time so 

long as the incremental synthesis of above grouna. tis.sue (i.e. true photo­

.synthesis less respiration) exceeds incremental reductions via principally 

leaf tissue decomposition but a lso including consumption by the soil fauna. 

In the above experiments changes in the yield of green herbage h'lve been 

studied. The yield of g-reen herbage will incre<'t se so long as the iucremental 

synthesis of above ground tissue exceeds the incremental reduction from 

tissue (leaf) senescence and consumption of green herbage by the soil faun~. 

The importance of the soil f a una in this respect is unknown but it i s a ssumed 

to be Sm..'ill if not negligible in this experiment so th3.t for practical 

purposes losses of green herbage are attributed to leaf senescence. 

The regrowth curves of green herbage in experiment ( 1 ) have been 

presented in Fig. 3. The initial growth phase exhibited by the curv:e s has 

been explained in terms of increased light intercep tion and the influence 

of factors which limit further increases in growth rate (see section 4 .2.2. ). 

~he second g-rowth ph~se of approximately linear increases in yield indicates 

that the growth processes operated at a maximum for the conditions prevailing 

and that losses of green herbage due to lea f senescence had a minor influ­

ence on net growth. l!' i g . 24 shows tha t this period coincides approximately 

with the period during which leaf dea. th rates rose fror.a low values to those 

approaching the .maxirnum. 

During the third growth ph?..se a decline in net growth rate is evident 

in the regrowth curve which then approaches a ceiling yield. l'his decline 
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may be due in pa.rt to a reduction in the rates of net photosynthesis for 

the whole canopy, e.g. an increase in the rate of respiration relative to 

true photosynthesis (Davidson and Donald 1958), or due ~holly to losses 

of green herbage through senescence ·and eventually decomposition (Brougham 

1959, Brougha.rn and Glenday 1967). Indications of whether or not changes in 

rates of synthesis of above ground herbage occurred can be derived from the 

inte6Tation of net growth and death. For exa.n.'Ple, if the productive 

processes continued unaltered, the sum of the death rate and the net growth 

rate should be constant and equal to the maximum 11 net11 growth rate at any 

stage after the maximum 11 net11 growth rate was reached. Provided t.ba.t leaf 

senescence is the only major factor causing losses of green herbage and has 

not been underestimated, lower values for the sum of growth and death rates 

must indicate a lowered "gross" growth rate. In terms of cumulative growth, 

the situation in vihich net photosynthetic processes continued a t a maximum 

would be represented by the addition of cumulative death to the regrowth curve 

resulting in a continued phase of linear "gross11 growth. 

The cumulative yields of dead leaf prod.uced during the exper·imental 

periods have been presented in Fig. 23. Estimates of II gross" growth i.e. the 

increase with time of the absolute amount of net photosynthetic production 

from defoliation, have been obtained froru the addition of the fitted 

cumulative death curves to the curves of green herbage yield. (i.e. "net gro,vth"). 

These estimates are presented in Fig. 25 for the periods over which the cum­

ulative death curves accurately fit the leaf death data. They show tbat 

the linear phase for the production of total herbage is about 50;,b longer than 

in the 11 net11 growth curve, lasting for at least 24 days in the sprine; and 

16 days in the autumn. The depression of net growth rate ~arking the start 

of the third growth .phase can therefore be attributed directly to losses in 

leaf death reac hing significant proportions. However neither of the "gross" 

growth curves of total herbage have the linear l)hase continued indefinitely. 

This implies that although losses via leaf death had an increasing influence 
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on the pattern of "net" growth during the latter part of the third growth 

phase, reductions in the rate of net photosyntbesis, at least of above ground 

parts, reached significant proportions also. The departure from linearity 

is less obvious in the spring total "gross" growth curve and owing to the 

smoothing of data that ms been employed, its significance may be questioned. 

However, Fig. 24 shows that over this period a definite decline in ryegrass 

(and thus total) leaf death rate occurred; this decline being associated 

v;ith reproductive development (see Section 4 • .3.1.) • .A. fall in the rate 

at which dead leaf is accumulatine; will have a depressing effect on "gross" 

growth and as no compensatory increase occurred in the rate at w·,hich total 

green herbage was accumulating (:F'ig • .3) the indications are that the 

depression of total "gross" growth rate towards the end of the spring experi­

ment.was a real one. 

Examination of the species "gross" growth curves reveals some inter­

esting contrasts. l!'or example, in the spring, the ryeg;ra.ss gross growth 

rate is maintained at a maximum (once it is reached) for a considerable period, 

declining only over the last week or so of the experiment. With clover 

however, the II gross11 growth rate is reduced soon after the maximum is 

attained but remains constant thereafter for the remainder of the experiment. 

In the autumn experireent ~he ryegrass growth v;as poor, but remarkably, the 

"gross" growth curve is almost linear throughout, i.e. the "gross" growth 

rate, although low, changed little throughovt the experiment and remain 

constant particularly over the stages of high L.A.I. The clover gross growth 

curve f'ollo;,ed essentially the same pattern as that in the spring with r, gross" 

growth rate dropping to a lower but constant value, in this case about two 

weeks after the maximum was first attained.. 

Due to the marked species differences in the "gross" growth curves any 

attempt to examine the factors influencing "gross" and II net" gTowth over the 
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later stages of regrowth must begin with individual species. Because the 

species react dif'ferently at comparable stages of regrowth, the total 11 gross" 

growth curve does not lend itself to easy interpretation. It serves best 

as a statement of the integrated effects of the two species components. 

4.3.4-.2. ~or_s,_Mfec.Ei-!1£... .. 'F.!1~.l'~.!!§.En . .2.L Cl.9_v~r G.r~. 

It has been argued that clover growth in both seasons increases 

exponentially after regrowth until the limiting supply of some factor 

essential to growth presents a barrier to further increases in growth rate. 

It was postulated that in the spring the maximum growth rate was determined 

by the amount of light received and the manner in which this light was 

distributed over the leaf surface, whereas in the autumn conditions of moi­

sture stress and possibly nutrient supply limited the grov;th rate until the 

sta5e of near complete light interception was reached. The subsequent pattern 

of clover "gross" growth ca n be expla ined in terms of the effect of ca nopy 

development on the rat e of resfirat ion relative to photosynthesis after the 

attainment of the critical L.A.I. 

It has been demonstrated by Davidson a nd Dona ld ( 195E) that the growth 

rate of e subterranean clover sward can be signif'icant ly reduced when the 

L.A.I. exceeds the "optimum" (the optimum L.A.I. refers to the L.A.I. at 

which growth rate is a't a ma ximum, and where light utilization is the ma jor 

determinant of grov,th, it approx:ililates the "critical" L.A.I. at which near 

complete light interception occurs). These authors suggest that when the 

L.A.I. is at the optimum the lowest leaves are in a state of equilibrium 

between photosynthetic gains and respiratory losses and that the intense 

shading of these leaves that results from further increases in L.A.I. destroys 

this equilibrium resulting in a net respiratory loss in such leaves. As 

the amount of leaf actively photosynthesizing would remain unchanged by 

increases in L.A.I. above the optimum (assuming tha t canopy structure is 

unaltered) but the amount of leaf respi r ing have increased, the rate of 
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respiration relative to photosynthesis (i) for the canopy as a ~hole would 

have increased. The authors suggest that as a direct result shaded leaves 

become "parasitic" and the growth rate is lowered. 'fhey support this 

argument by shov,ing tba t when ½ of the subterranean clover canopy was intensely 

shaded, the growth rate was depressed by about 30-fa. 

Certain aspects of this argument are open to criticism. :F'or example, 

R the depression of growth rate is attributed wholly to increa sed p whereas 

:F'ig. 25 shows that losses of herbage via leaf death is a major factor in 

depressing growth rate at high L.A.I. values. Secondly, the concept that 

the lower leaves become 11 parasitic 11 has been criticised (Ludwig et al 1965) 

as movement of carbohydrate material in significant amounts into ageing 

leaves seems not to occur. Autoradiograph studies with radioactive carbon 

have shown tbat although a considerable degree of movement of labelled compounds 

may exist between tillers of Italian ryegrass, it is concentrated towards 

young expanding leaves; mature leaves showing only traces of activity. 

(Marshall 1967a). Respiratory weight losses due to leaves being below their 

compensation point are thus probably confined to the utilization of respi­

ratory substrate within individual leaves. 'rhirdly the optimum L.A.I. 

concept as presented by Davidson and Donala assumes that the respiration 

rate of the canopy as- a whole is directly proportional to the amount of leaf 

present. Contrary evidence has been presented by Ludwig et al ( 1965) and 

McCree and Troughton (1966) which suggests that respiration rates depend 

to a larger extent on the immediate substrate supply and so are rela ted to 

current rates of photosynthesis. 

The situation envisaged by Davidson ana_ Dona ld (1958) in which sh..-=i.ded 

leaves in high L • .,.1..I. canopies respire for considerable periods at high rates 

is thus an oversiir.plification. In fact, respiration rates appear to drop 

rapid.ly after available substrates have been utilised and if the leaves are 
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still below t he then lowered compensation point, they die. (Ludwi g e t al. 

R 1965) . Dea d leaves do not a ffec t p and if all leaves died immediately they 

R 
were s ha ded p would not differ from that at the opt imum L.A.I. It appears 

therefore t hat for~ to increa se significant ly enough to affec t growth rate, 

a situation must exist whereby a considerable quantity of living leaves with 

relatively high contents of respiratory substra te are sub jected to intense 

shading . Such a situation ca n exi·s t in clover- swards , and t hus the arguments 

of Davidson and Donald ( 1958) are not completely inva lidated, when i t is 

appreciat ed that at high L.A.I. value s , clover canopies a re in a stat e of 

dynamic equilibrium whereby new leaves a re rapidly being produced to replace 

older senescent ones. (Brougham i 958b). The rate of leaf t urnover in swards 

of white clover at Palmerston Nort h wa s s hown by Brougham to be a s high a s 

one L. A.I. unit every five days . Thus a lthough i ndi vi dual lea ve s t hat become 

s hade d may r api dl y re spire away a va ilable s ubstrate a nd die, beca use of' the 

r a pid turnover of leaves their place is imme di ately t a ken by lea ves that 

have just been a ctive ly photosynt he s izing . Although a ge d leave s have been 

shown t o be capable of only low r ates of phot osynt hesis (Brown et al. 1966, 

Milthorpe 196.3, Sing a nd I.al 19.35) thi~ factor may be of' less signii' ica nce 

to clover ca nopies owing to the relatively s hort leaf life expec tancy, so 

t.ba t when leave s becqme shade a., the level of respiratory substrate will 

probably not be exhausted due t o depressed rat es of photosynthesis . 

Although such aspects of this argument need confirn1ing, the ba sic concept 

that ut ilisation of subst rate for re spirat ion in leaves s haded below their 

com.pen.sa t.ion point results in a loss that will have a depres s ing effect on 

"gross" growth a t high L.A.I. values, still stands . V·ihere a l a rge number 

of leaves suffer this loss , even though the loss may be r apid for individual 

lea ve~, it is rea sonable to expec t that thh loss will rea ch significant 

proportions ancl have a depres i;ing effect on growth rate. 'l'ha t no depres s ion 

of growth rat e at high L.A.I. due to increa sed i was detected by Mccree and 

Trought on ( 1966) is not surprising as in their experiment t he condition 
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that a quantity of living leaves with relatively high amount of respiratory 

substrate be subject to intense shading was not fulfilled. '.i.'he artificial 

sward was held in shape by a wire frame which must have allowed lateral 

illumination. In one case, lateral illumination was provided artificially 

so that the lower leaves were never subject to i ntense sha.de. The 

individw.l leaves probably therefore never fell below their compensation 

R 
point during their entire life cycle so that p v,ould not increase. 

In the experiments reported here one of the factors responsible for 

depressed growth rates at high L.A.I. values (losses via leaf death) ha.s 

been estimated . It is possible therefore to assess the extent to which 

other factors such as increased j are also influentfa,1. 'l'he II gross" growth 

curves presented in Fig. 25 indicate that J for the clover component 

increased significantly enough at high L.A. I. to affect growth in both 

seasons. '.l:his interpretation is based on the fact th'lt in ·both seasons the 

reduction in the clover "gross" growth rate mentioned a.1:,ove occurred shortly 

after the critical L.A.I. was reached (i.e. approximately 28 days after 

defoliation in the spring (see Section 4.2.2.) and about 40 days after 

defoliation in the autupin (ta ble 5) ). Also, in both seasons, the reduced 

clover "gross" growth rate remained. a pproximately constant for the remainder 

of the eJ..'J)eri.me.r rL as .might be expected from _such a canopy in a sta t e of 

dynamic equilibrium. Although there were major seasonal differences in the 

maxim.um clover growth rates ( table 2) the final slopes of the clover n gross" 

growth curves in Fig. 25 are almost identica l, both increr.1s ine:; by 30 lb. 

dm per a cre per day between 50 and 60 days after defoliation. Thi s i s a 

large reduction in the growth of the spring clover component compared with 

i ts maximum ( table 2). As the ryegrass .maximum growth rate did not occur 

until much l a ter than the clover, it is possible that some of this depression 

in clover growth rate is due to increa sed competition by ryegrass. 

It has been argued (see section 4.2.2.) that during the f irst 36 days 
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af'ter defoliation in the autumn, conditions of moisture and possibly nutrient 

stress presented a barrier to increased growth rate. This situation was to 

some extent alleviated during the latter part of the experiment, however, 

as between days 36 and 40 a considerable amount of rain fell (2.02 inches, 

see Fig. 15). As the critical L.A.I. was attained about this time also 

( table 5) and the temperature range in the autumn was at least as favourable 

as that in the spring (Fig. 14) it is possible that at the later stages of 

growth, clover "gross" growth was largely limited by similar mechanisms as 

in the spring such as the manner of distribution of available light energy 

over the leaf surface. If this is so, then there is good reason to expect 

that clover "gross" growth in the spring at high L.A.I. values would be 

greater than that in the autumn. This is because although the range of maximum 

noon light intensities were comparable for the two exr,erimental periods, 

light int ensity in the spring was increasing , wherea s in the autunm it wa s 

decreasing (1<, ig. 13), so that by the end of the experiments (24.11 .66 and 

16.4.67) a difference in the maximum noon light intensity of about 2000-

2500 f .c. would be expected. 'l'his advant a ge wat: apparently offset in terms 

of clover growth however by the large seasonal difference in ryegrass growth. 

In teros of yield, ryegrass dominated the association in the spring but made 

very little growth in the autumn. Competition from ryegrass to clover growth 

in terms of light interception particularly, would be a major factor in the 

spring but have little significance in the autumn. 

It can be concluded therefore that during the regrowth from defoliation 

of clover in both seasons, the rate of acclimulation of gTeen herbage (the 

net gTowth rate) was initially governed by the amount of le.9.f available to 

intercept light. This situation existed until the net growth rate wa s 

limited by the supply of moisture or nutrient 3, or until near complete light 

interception occurred. When the critical L.~1 .I. was reached, growth rate 

was limited by the manner of distribution of light over the leaf surface, 
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i.e. the efficiency in light utilization of the canopy structure. About 

this time two additional factors bad a significant influence on growth. 

Shortly after the critical L.A.I. was reached, owing to competition for light 

by ryegrass in the spring, the overtopping of clover leaves by younger ones 

in both seasons and the rapid rate of clover leaf turnover as a whole, a 

continual situation was created in which a considerable amount of leaf was 

subject to intense shading. This situation resulted in an increase in the 

rate of respiration relative to photosynthesis so that for the clover 

component as a whole net photosynthesis was depressed to a lower but 

constant rate thereafter. 

Secondly due to larger and a greater number of leaves that died per 

plant unit, losses via leaf death reached significant proportions either 

before (autumn) or after (spring) the critical L.A.I. was reached, and also 

had a depressing effect on net growth rate • .As a result the yield of green 

herbage tended to a ceiling v.hereby "gross" growth of' about 30-40 lb. dm 

per acre per day was offset by losses via leaf death (Fig. 24 a2). This 

ceiling was not reached in the autumn expel'iroent but losses via leaf death 

were approaching 30 lb dm per acre per day (Fig. 24 b2) at the end of the 

experiment. 

The most striking feature of the ryegrass "gross" growth curves 

in :B'ig. 25 is that, unlike clover, there is no depression of growth rate 

associated with complete light interception. In the spring no depression 

in "gross" growth rate occurred until during the last week of the experi­

ment and in the autumn no discernable depression occurred for the entire 

measurement period. Obviously therefore, in terms of the argument applied 

to the pattern of clover growth, the ryegrass grov,th was not influenced by 

an increase in E. P• This implies that with ryegrass the situation in which 
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considerable amounts of living leaves with relatively high substrate levels 

were subject to intense shade did not exist. This may be attributed to 

species differences in growth ha.bit. Ryegrass swards characteristically 

allow light to penetrate deeper into the sward at comparable L.A.I. values 

than clover (Brougham 1958a, 1966; Mitchell and Calder 1958) . Grassy patches 

in the sward would thus not be subject to as intense shade as clovery patches. 

Secondly, the surface of individual ryegr ~s s leaves is distributed semi­

vertica lly throughout the canopy whereas with clover the leaf surface is near 

horizontal. Consequently overtopping by younger lea ve s that can completely 

shade clover lea ves at the bottom of the canopy would only shade part of lower 

ryegra ss leaves. In fact it would t ake very high L.A.I. values to cause 

complete shading of reasonably large ryegrass lea ves, the tops of which may 

be receiving suf'ficient light to photosynthesize enough substrate to meet 

their re spiratory needs. (fi.lberda 1965b). Because factors such as these 

enable ryegrass lea ves to complete their lif e cycle or a substantia l part 

of it without being intensely shaded the situation required for ~ to increase 

is rarely created. Furthermore, because shading is a more gradual process 

with ryegrass there is a greater opportunity for the export of substrate 

from the leaf to more favourably illuminated sites (Hopkinson 1966). Res­

piration rates of such leaves when and if they finally become completely 

shaded would be insignificant due to the very low substrate levels. 

It has been demonstrated, however, that at least in artificial grass 

swards, the situq,tion in which~ increases with higher L.A.I. can exist 

(Alberda 1965a) and this may be one explanation for the depressed ryegra~s 

11 gross" growth rate during the last week of the spring experiment. lodging 

was evident 68 days after defoliation and widespread lodging occurred 72 

days after defoliation after heavy rain. The poorer light penetration into 

the collapsed canopy, (Mitchell and Calder 1958), would ha.vein creased 

dramatically the area of shaded leuf. On the other hand the decline in 

gross growth after lodging may be due simply to lowered total photosynthesis 
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resulting from less efficient light distribution over the leaf surface. 

(Alberda 1965a, 1965b). 

Probably the most important factor influencing ryegrass gross growth 

at high L.A.I. values in the spring and one that frequently deserves more 

attention than it gets, is the effect on both the rate of increase in yield 

and leaf area development of flowering. I!'ig. 5 shows that ryegrass reached 

a ceiling L.A.I. 42 days after defoliation and thereafter, if anything, leaf 

area declined. However, from Fig. 3 it is evident that in terms of yield 

at 42 days after defoliation ryegrass was growing at a maximum. Therefore, 

any increment in yield after day 42 was due to tissue other than leaf, i.e. 

stem and seed head. This situation is emphasized in Fig. 26 which shows that 

up to day 42 there was a close rela tionship between L.A.I. and yield, an 

increase of 417 ! 48 lb dm per acre in yield. This is in close agreement 

with the figure obtained by Brougham (1956) of 468 1 28 lb dm per acre and 

that obtained by Brough9.m and Glenday (1967) using Anslow's (1965) data 

+ of 415 - 12 lb dm per acre. However, after day 42 the relationship did not 

exist. 

Flowering can affect the gross growth curve in a number of ways; The 

reduction in leaf production and senescence associated with flowering (L.A. 

Hunt and Brougham 1 966) will cause a shift in the balance of young and mature 

leaf in favour of the latter. As old leaves do not have the photosynthetic 

capabilities of young ones (Brown et al. 1966, Uilthorpe 1963, Sing and I.al 

1935), overall photosynthesis may be reduced. Secondly, if rates of senes­

cence are not reduced to the same extent as rates of leaf production, 

photosynthesis may be reduced through reductions in leaf area. This may be 

important between days 72 and 80 in the spring experiment where, due possibly 

to lodging, rates of leaf senescence appear not to have been reduced to the 

same extent as rates of leaf production as leaf area declined (Fig. 5). 

Thirdly the preflowering period in Graminae, when a high proportion of 
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tillers are rapidly elongating, is recognised as the period of most rapid 

growth, Milthorpe and Davidson 0965). This period has also been noted as 

one in which minimum concentrations in re serves can occur. (Weinmann 1952). 

The possibility of reserve utilization during stem development resulting in 

inflated growth rates of above ground material due to the development of 

11 sinks" (for soluble carbohydrate) such as intercalary meristems in 

elongating stems cannot be discounted. The reduction in ryegra ss gross growth 

observed at the end of the spring exper~nent may t hus represent a depletion 

of reserves or a reduction in intensity of the "sinks". 

The reduction in intensity of the "sinks" associated with reproductive 

development is probably the .major factor depressing II gross11 growth of 

ryegrass over the last week or so in the spring experiment. This is because 

yield increments at this time were due entirely to reproductive tissue (stem 

and seed head) and thus as the seeds matured and stem elongation ceased a 

marked reduction in the yield increment could be expected. As the shade 

at the base of the sward would inhibit the utilization of consequent surpluses 

of substrate in vegetative tillering (Mitchell and Coles 1955) such surplus 

would probably be used in re-establishing reserves in the roots and stubble. 

The slow growth of ryegrass in the autumn is probably due mainly to 

successful competition by clover, initially for moisture and later for light. 

A reduction in autumn ryegrass growth compared with spring would have been 

accentuated, however, through the reduction in ryegrass density (Fig. 4) 

due to shading (See section 1,..2.3.1.). 1''ig. 4 shows a propoi·tional increase 

in the spring and an absolute increase in the autumn of clover numbers as 

the ryegrass tiller population dropped. However the lack of any depression 

in the autumn ryegrass II gross" growth curve when the critical L.A.I. was 

reached indicates that shading of the lower leaves in the sward was of 

signif'icance to ryegrass growth only in that losses via leaf death increased 

in importance. 
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In conclusion it appears that while the growth of ryegrass at low L.A.I. 

values is governed by the same factors as clover, at high L.A.I. values 

depressions in net growth rate can generally be attributed to losses via leaf 

death. However, the development of a large proportion of the tillers towards 

flowering complicates the situation ana. may facilitate the introduction of 

a number of additional factors such as changes in the proportion of young 

and mature leaf, in the rates of leaf production relative to rates in 

senescence, and the pattern of utilization and distribution of reserves and 

photosynthate. Further changes in light penetration and distribution can 

occur from lodging. 

The curves of total II gross" growth are dominated by the pattern of 

ryegrass "gross" growth in the spring and clover in the autumn although losses 

via clover leaf death in the spring play an important part in depressing 

total net growth below the estimate of total gross growth. 

4.4. Factors Influencing Leaf Death in Pastures. 

4.4.1. Species, Season and }.[ana,gement. 

Although the experiments reported in this thesis were designed primarily 

to measure rates of leaf death in pastures, some information about factors 

influencing leaf death can be derived, Because of the confounding of many 

of these factors, species, season and management are considered simultaneously. 

From Fig. 25 it is evident that considerable species differences exist 

in terms of the extent to which yield increments of green herbage are depressed 

by leaf death. These differences are more critically examined in Fig. 27 

in which the Relative Death Loss (R.D.L.) for ryegrass and clover in both 

seasons is plotted against time from defoliation in days. The R,D.L. is 

defined as the proportion of gross production of green herbage from defoliation 

that has been lost through leaf senescence and dea th, and has been derived 

fro.m: 
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Cumulative yield of dead .leaf from defoliation to day d. 

0 Gross" growth from defoliation to day d. 

The most striking species difference occurred in the spring. A 

substantial increase in the clover R.D.L. of from 7 to 42% occurred between 

days 32 and 80 whereas the ryegrass R.D. L. increase was only from 10 to 15'}<­

over the same period. There is an even more marked difference between the 

spring and autumn trends in the ryegrass R.D.L. With clover however, the 

R.D.L. development was almost identical after day 32. 

Differences in these curves may be explained in terms of patterns and 

interactions of management and sea sonal growth. In the spring the pastures 

were defoliated more leniently than in the a utumn. Thi s wa s the result of 

both a lower cutting height in the a utumn, a nd the short tight nature of 

the pasture in the spring induced by a previous management of regular grazing 

by sheep. Consequently the spring defoliation did not completely remove 

mature and senescing leave s which then made immediate contributions to dea th 

rate measurements (See section 4.3.2.). In the autumn, the previous spring 

and summer management of long intervals between defoliations re sulted in 

growth whereby leaves grew from an elevated stubble. Defoliation succeeded 

in removing most of the mature leaves completely so that for three weeks 

after defoliation leaf death was negligible. This sea sonal difference in 

management and consequently initial leaf death ra tes has resulted in a 

seasonal difference in the initial R.D.L., the spring values, particularly 

of clover, being substant ially above those of the autQ~n. As soon as leaf 

death began in the autumn, however, the R. D.L. increa sed r apidly and soon 

equalled or surpassed (as with ryegrass) spring values at similar times from 

defoliation. 

Reproductive development had a strong influence on the R. D. L. In the 

spring the R.D.L. rea ched a maximum of only 15J'o because after day 42 at 
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least stem and seed head became an increasingly important component of the 

net yield (See section 4.3.4.3.). Because such tissue did not senesce during 

the experiment, and because a decline in the number of leaves that died per 

tiller (associated with flowering) and thus the ryegrass leaf death rate 

occurred towards the end of the experiment, (see section 4.3.4.3.) the R.D.L. 

remained at a relatively low level. 

It is difficult to comment upon whether or not the spring R.D.L. for 

ryegrass in the absence of flowering would nave reached values similar to 

those of the autumn owing to the variety of mecbaniuins that may influence 

the ratio. For example the ratio may be increased not only by factors that 

increase death rate but not growth rate, but also by those that decrease 

growth rate but not death rate. Some information can be gained from the 

seasonal con,pa rison of the ryegrass R.D.L. curves between days 32 and 42, 

however·, as the linear relationship betv;een yield and leaf area up to day 

42 (Fig. 26) indicates th'lt over that period ryegrass growth in the spring 

was predomi1ia.ntly vegetative. At 40 days after defoliation the ryegrass 

R.D.L. had reached 18.5;lG in the autumn and 11.o;j in the spring. This 

difference cannot be attributed to a higher leaf death rate per tiller in 

the autumn as this has been shown to be almost id.entica.1 (over this period, 

Fig. 20). The higher R.D.L. in the autumn must therefore have been due to 

a depres s ion of erowth rate per tiller (but not death rate) compared with 

that in the spring. If such was the case, it can be e:xi)ectea that the mean 

tiller weight in the autumn woula. be substantially less than that i n the 

spring. This is verified in table 6 in which the mean tiller weights from 

days 32 and l+O have been a.eri ved from the pla.nt population and rye grass 

yield data, and thus lends support to the above interpretation. 
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The factors to which the depre s sed growth rate in the autoon have been 

attributed are moisture and possir;ly nutrient stress (see sec t ion Lf.2.2.), 

aggravated by competition froru clover. It is interesting to note tbat these 

fac tors were apparently severe enough to affect growth but not affect leaf 

death rate ~. 

The seasonal curves of clover R.D.L. are much more consistent than ryegrass 

as might be expected a.s the seasonal pattern of clove:c growth was more 

consistent . However, where only one phase of rapid increase i n R.D.L. was 

present in the spring (after days 36 to hO) there were two in the autumn, 

i.e. up to dEiys 36 to 40 and after days 48 to 52. As clover growth i.n the 

autumn we.s limited by moisture stress (See Section 4.2.2.) and there VJere 

only minor differences in clover death rate per plant between days 28 and 40 

(Fig. 20) the rapid increase in the autumn clover F- . D. L. up to days 36 to L~O 

was probably due in part to a depressed growth rate but not death rat e. 

The slightly higher death rate per plant in the a utumn at this time (Fig. 20) 

was due to some extent to seasonal differences in clover plant uni ts, a 

rooted node in the autumn sometimes having more than one clover bud. Between 

days .32 and 48 the autumn clover leaf death rat e rema ined constant (Fig. 24) 

so that although gross growth was depressed the R . D.L. increased at a slower 

rate. The more rapid increase in R . D. L. after 48-52 days from defoliation 

was due to an increase in clover death rate (Fig. 24). 
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The curves of total R. D. L. are best regarded as a statement of the 

integ-rated effect of the two components and thus are weighted in favour of 

the dominant species. In the spring the R.D.L. of clover reached a maximum 

of 4Cf;6 but because of the ryegrass dominance in terms of yield the total 

R .D. L. never exceeded 26%. Similarly, in the autumn, the high R .D. L. of 

ryegrass had little influence on the total Ic. .D.l. which closely followed 

that of clover, owing to the minor contributions to total yield by the 

ryegrass. 

It appears therefore, that during dry seasons a greater proport ion of 

the herbage grown is lost through senescence and death. This is the result 

of depressed growth r ates relative to VJet seasons but no t death rate s , 

resulting in a lower mean weight per plant. Curves of clover R.D.L. varied 

much less than those for ryegrass because clover was less suscept ible to 

seasonal variation in moisture and nutrient Dtress (being the better 

compe t itor, see section 4-.2. 3 .2.) and because reproductive development in 

ryegrass had a large effect on the proportion of sward that senescent rye­

grass represented. Severity of defoliation can affect initial R.D.L. values 

but these differences soon become insignificant . 

4.2.2. fill!ld~. 

The inf'luence of intense shade on the rates of senescence of the lower 

leaves can be examined between sea sons as the critical L.A.I. VJas rea ched 

after different interva ls from defoliation, i.e. 28 and 41 days after 

defoliation in the spring and autumn respectively (See section 4-.2 .2., 

Table 5). 

Fig. 21 shows that the number of ryegrass and clover leaves t hat died 

per plant unit increased after day 28 in the spring . 'l'his C<':-innot be 

attributed to shading with ryegrass however., as a similar increa se in the 

number of leaves that died per ryegrass plant occurred in the a utUJll.n after 
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day 28 when light was penetrating to the bottom of the sward (Table 5). 

Also, no increase in the number of ryegrass lea ves that died per tiller 

occurred in the autumn after L~O days from defoliation. The argument 

presented in (See section 4.3.4.3.) that ryegrass leaves, due to their semi­

vertical di stribution through the canopy, are not subject to complete shading 

therefore finds support in t he se data. At fir s t sight t his may appear to 

conflict with the data in Fig. 18 and the conclusions in Section 4.2.3.1. 

where the rate of tiller dea th in both sea sons wa s cons idered to be related 

to t he incidence of shading . It ii:. proposed , hoi'iever, that shading influ­

enced t iller dea th through inhibiting the product ion of nevi lea ves in small 

semi-shaded tillers rather than increa sing the senescence rate in older 

ones. Consequently, the leaves on such tillers , although receiving sufficient 

light in their upper regions to meet their i~dividua l needs , were not photo­

synthes izing at sufficiently high rate s to meet t he demands for cell divis ion 

and elongation in young leaves which had to reach a rela tively large size 

before they could become self supporting . Beca use nev, leaf production was 

inhibited but senescence rates in olcl lea ves apparent ly unaltered, the 

tillers were eventually reduced to one leaf and then died. 

Interpretation of the effect of shadint; on the number of clover lea ve s 

that died pe1· plant (Fig. 21b) is difficult owing to fluc t uations in the 

data but increa sing trends are evident after day 28 in the spring and day 

40 in the aut umn. These trends are more distinct in the da ta of dea th rat e 

per pla nt (Fig. 20b) and death rate per unit area (Fig . 24 a2 and b2). 

These trends appear to be influent i a l in bringing about t he a bove mentioned 

rapid increase s in ?. .D.L. (Fig. · 27) which began about 36 to 40 and 48 to 52 

days after defolia tion in the spring and autumn respec t ively, i.e. in both 

cases about 8 to 12 days after the crit ical L.A.I. wa s reached. There is an 

indication therefore that shading may have been influential in measurably 

affecting the rate of clover leaf death. Shading is more likely to be 

influential with clover leaves owing to their higher light interception 
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capacity and horizontal distribution of individual laminae (See section 

4.3 .J.i .• 2.). It has been shown to increase rates of senescence in white clover 

by Brougham (1958b). 

4.5. Dead Leaf Decomposition. 

The actual senescence of leaves is not necessarily to be regarded as an 

avenue of dry matter loss as much may be recovered by close cutting or grazing 

(L.A. Hunt 1965). It does, however, result in the loss of considerable 

quantities of green herbage as bas been demonstrated above. lancashire and 

Keogh (1968) have demonstra.ted that with sheep grazing normally on pasture, 

dead herbage may constitute up to 347"6 of their total intake. By forcing the 

sheep to graze close to the ground much of the dead matter could probably 

be utilized. Failure to utilize the dead. matter by grazing results in 

decomposition of the tissue. The advent of decompo:.;ition (at signif'icant 

rates) is crucial to productivity management for i t de te rmines whether solar 

energy captured via photosynthesis is to be utilized in the formation of 

ag-ricultural products or whether it is to be channelled into a decomposer 

food web and respired away by non-productive organisms. .An estimate is 

therefore made in this section of absolute rates of decociposition that occurred 

during the experimental periods, and species differencen in decomposition 

rates are examined. 

4.5.1. Abso).ute Decommgtion Rates • 

.i-';n estimate of the quantity of leaf fall a.uring the experiment that was 

lost due to decomposition has been presented in Fig. 28. Dead matter residues 

were present at the beginning of the experiments in both seasons a.nd unless 

they were accounted for, decomposition, as estimated by the difference 

between the cumulative dead .matter yield and. the measured net dea d. matter 

yield, would. be underestimated. The net dead matter yield mea surements 

were therefore corrected for the yield of dead matter at the beginning of 

the experiment so that positive increments in the net dead matter yield in 
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Fig. 28 are due to the accumulation of undecomposed dead matter that has 

fallen during the experimental period. The decomposition rate of the residue 

is likely to be slow by the time that leaf death reached signif'icant pro­

portions as the rapidly decomposable fraction would have disappeared. Also, 

because of its small size proportionately compared with the potential of 

cumulative dead leaf it will rave a negligible effect on estirrates of 

decomposition rate over the latter periods particularly. Even so, the 

decomposition rate estimate over the first month or so in the spring may be 

slightly inflated due to residue decomposition. Dead matter yield measure­

ments were obtained from the herbage yield. mea surements in the autumn, and 

the L.A.I. data measurements in the spring. In both cases measurements were 

made infrequently so that short term fluctuations in decomposition rate 

have evened out and only reasonably long term trends can be described. 

Fig . 28 shows that decomro s i t ion of dead. material in pastures can be 

very rapid. For example in the autumn, the rate of death of senescent leaf 

tissue Y1as up to 20 lb drn per acre per day by day 36 - 40 (1.i'ig. 24). From 

Fi& 28, it can be sho~n that the mean decomposition rate of this dead leaf 

from day 36 to 60 was about 16.8 lb of dm per acre per da.y. At a 50-fo 

digestibility, this i s equj_valent to the feed requirements of 0.30 cows per 

acre per day. 

Two phases in decomposition associated with stage of growth can be seen 

in the spring (Fig. 28). Decomposition was relatively slow up to about 40 

days front defoliation, but increased markedly for the latter half of the 

experiment. This is logical, for absolute decomposition rates per unit a rea 

are determined to a ce1·fain extent by the amount of leaf litter present per 

unit area. Because death rate increased rapidly after day 30 in the spring 

(Fig. 24) the potential for higher decomposition rates increased also. 

The mean decomposition rate up to aay 40 in the spring was 10.8 lb 



- 109 -

drr. per acre per day (the equivalent of the feed requirement s of .20 cows 

per acre per day). Between day 4-8 and 80, the mean decomposition rate Vias 

.31 .2 lb. dm per a cre per day ( the equivalent of the feed re quirements of .56 

cows per acre per day). In the relative terms hov,ever, decomposition per 

amount of dead matter produced was slightly f aster in the early part of the 

experiment. The depres s ion of net dead matter· yield due to decomposition 

(i.e. the proportion of cumulative dead matter yield that has decomposed) 

was 80 to 90}.:, in the spring (varying due to decomposition of the residue) 

at day l ,O, but had dropped to 7Cf?; by day 80. 

No marked seasonal differences in decolliposition rate are obvious. 

This is not surprising considering that differences in climatic conditions 

between the two seasons concerned were slight. Most of the leaf death occurred 

after day 36 in the autumn when the moisture stres s conditions had been 

allevia ted, and differences in the temperature conditions were not marked. 

Thus while the proportion of litter that decomposed. ranged froL1 70}c to 9o;., 

in the spring, the proportion was about 771c in the autumn also. Very probab]y, 

decomposition is only severely reduced in dry periods as Campbell (1964-) 

found t.bat high yields of dead matter per acre only occ~red over the dry 

summer months. However, Campbell considered that the autucm was a period. of' 

particularly rapid decomposition which i s :probably true on a per unit area 

basis but not necessarily per unit of dead material. 

4.5.2. ~ive Decomposition Rates. 

An indication of possible species differences in decoroposition rates 

is possible by comparing the degree to which the delayed harvesting of leaves 

from tagged plants depresses the cumulative yield of dead _matter per transect, 

(i.e. the proportion of dead leaf produced over the interval involved that 

decomposes due to infrequent harvesting). From F igs. 10, 11 and 12, it is 

evident th.at generally, a greater proportion of clover leaves decomposed 

with delayed harvesting than with rye(;,Tass. These differences are more 
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critically examined in table 7 where the depression in the cumulative yields 

of dead leaf per transect over several harvest intervals is compared at two 

different stages of growth. Significant differences between the means for 

the various harvest intervals at the end of ea ch period considered are shown 

in pa.renthe sis. 

f Period un:~----- .. - ~ -~ecoro.po:~io~~--------

consl.dera tio~+------- Ryegra•• _________ 

1 
___ ~ov_:__, ___ --i 

I Harvest Interval 

I 
Harvest Interval I 

Spring J 4 8 24 I 4 8 24 ! 
day 8 _ 32 i 1 .8 -(N;;·-••;-_;-<;;)--;;~-9--(~;)r··~~-.~--c~;)·~;~-uj)~~:6w)1 

i ! 

day 32 - 56 __ :~3 (I'W2__l:·7-~~~!:2.4 U~]1-~-~~~~2_!_::2~~~J 59.4_~!2~ 

I Harvest Interval I Harvest Interval I 
I ! 

A:::9 -451---;-:·d;sJ--;;:;-;s)·-+ ,,e.6-i,i,1);9.:
6 wi--l 

day45-61 i -11.s(Ns) 21.9(Ns ) I 31.7(Ns) 63. (}.}.) j 
-----·-------\_____ _ ________________ _J_______ --·-·-----____ _! 

NS = not sign.if ica.nt 

1-1 = P 0.05 
FF= p 0.025 

Dead clover leaves decompose faster than dea.d ryee,rass. The percentage 

decomposition of' clover due to harvesting at 24 day intervals in the spring 

was a.bout 1. 5. to 3 times that of ryegrass, depending upon the stage of growth. 

In the a utumn the percentage decomposition of clover when harvested at 16 

day inte:cvah was 3 to 4 times that of ryegrass. It is also evident from 

Fig. 12 that complete decomposition of clover· leaves (to the extent that the 

number of harvested leaves is depre ~, sed by iuf'requent .harvesting) can occur 

in a much shorter period than with ryegrass. For example, in the spring 

complete decomposition of clover leaves (but not ryegrass) was associated 
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with harvesting at four day intervals. This ha.cl only a small effect on the 

yield of dead matter per transect (Fig. 1 Oc), and was confined to the early 

stage of growth (Table 7), and so was probably due to the small leaves close 

to the ground which can more easily be missed at harvesting after decomposi­

tion has begun. From Figs 12a
1 

and 12a
2

, it can be shown that harvesting at 

8 day interva ls was associated with a reduction in the number of leaves 

harvested. By the end of the experiment, this reduction was 1 fr;i- for ryegrass 

and 41 7~ for clover. During the autumn (Figs . 12b1 and 12b
2
), the reduction 

was 46f . for clover but zero for ryegrass. 

Difference s in species' decomposition rates are likely to be associated 

with differences in the chemical composition of the dead leaf. For 

example, leaves with higher nitrogen contents ,,,:ill be liable to a more rapid break­

do,·m as they f a cilitate the rapid increa se of microbial populations. Leaves 

with a high content of structural .material will take longer to decompose 

as decomposition of such tissue is slow. (Garret 1963). Hov1eve1·, as no 

detailed informa tion on the a_if'ferences in chemica l co!i!:position of dead 

rye5Tass and clover leaves is available, and because decomposition is likely 

to be a complex process involving successions of decomposers specific for 

certain fractions of or5ctnic tissue, (Garrett 196.3 ) no analysis of the 

various possible causes of species differences in decomposition rates will 

be attempted here. It is possible ho,~ever, that as fresh clover leaves 

have a higher nitrogen and a lower cellulose content t han ryegrass on a dry 

weight basis (Baily 1964), these factors may be among those that affect 

differences in species' decomposition rates. 

Seasonal comparisons of the percentage decomposition cannot be made 

directly from Table 7 as the comparisons were made over 24 day intervals 

in the spring experiment and 16 day intervals in the autumn. However, 

because the curves in Fig. ·10 and 11 are reasonably linear over these periods, 

the mean daily percentage decompo s ition can be calculated. The mean daily 
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percentage decomposition data are presented in table 8. 

Period under 
consideration. 

1---·· .. ~•~ ----

I
i Spring 

I 

Table 8. 

------------------,. 
% Decomposition. ___________ .,, ________ ..,,,,_. .... -, ______ _ 

Rye grass Clover 
______ .. _______ ...,,.. __ - --------·-·-----.,,.,-·--------t-

Harvest Interval Harvest Interval 

4 8 24 4 8 24 
I 1------

1 ~:~ ~=~6 I ~:_~:_~ ___ ~_:_~-~~-. __ !}~----___ ;_::_:~ __ ;~~~-~ __ :_:_~_8_! 
--~-----~-------

l '1, i 
: Harvest Interval Harvest Interva l ; 
I I I i Autumn 8 16 ______ . --:~-- -- --~--~ 

I Day 29-45 0.875 1.39 3.04- 4.98 I 
L-~"~~~-Jf----_o_.o ___ 1 .3_7 ~ - ---+------~ 98 ~--3-~~--' J 

The ma.in features of table 8 are that over the longest harve s t intervals, 

decompos ition of ryegra ss dead leaf varied li t tle betV1een the sea sons, the 

larger species dif'fer ence in the autumn being due to a faster percentage 

decomposition of clover in the autumn. 

Another feature of interest in tables 7 and 8 is the decomposition rates 

associated with stage of growth. Por example, the percentage decompo sition 

of clover due to 8 day harves t interva l s in both sea sons is slower at the 

latter stages of growth by 20 to 30"/4. This is probably due to changes in the 

size of the lea. ves and in the height of the ca nopy. .:'i. t early stages of 

growth the dead lenves are relatively small and the ce.nopy close to the ground. 

The dead leaves therefore are likely to make contact with the ground quickly, 

to be rapidly colonized by decompo ser organisms and to rewain in a moist 
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condition . At l a ter stages of growth the leaves are larger and the canopy 

higher so that due t o mecranical support by other dea d and living lea ves, 

contact with the soil i s not s o rapid. I mmedia. te colonizat ion by decomposer 

organisms is thus less certa in a nd the lea ves would dry out to a greater 

extent re sultint; i n a delay of the onse t of d.ecornpos i t ion . 'l'he se i ni tia l 

differenceG had disappea red v1here the h.1rvest interva l was 24- days i n the 

spring , however, 

There a ppears to be litt le or no influence of staee of growth on the 

decomposition of ryegra.s s lea ves, Duri ng the spring experiment soi;1e decoLJposi­

tion occurred where lea ves were h:,irve sted at 8 d:-1.y int erva l s between 32 and 

56 d'3.ys from defoliation to the e xtent that fewe1' l ea ve s were ha.rvested 

compared with h.9.rvesting a t more fre quent i nter v:1l s , (l!1 i g . 12a). 

Decomposition i s al.so indicated at thi s t ime i n tabl e 7 although it was not 

de tec table stati stica lly. 'Ihe indication i s tlu t i n the .spring deco,,-,position 

of ryegrass was slower at the eurliel' stat;e of' gr011th; a n opposite trend to 

th~ t observed r. i th clover a nd one f'or whi ch no e xplana t ion i s offered. 

It may be concluded t ha. t in the spring experiment there was genera lly 

little or no tis sue lost t hrough harve s ting at I+ day inter va l s compared 

with 2 day int erva l s . I n the autumn there wa s no loss of ryegrass leaf from 

harvesting a t 8 day int erva ls. Decomposition ca n occur wi th longer harvest 

interva ls than these a nd with 8 dfl.y harve s t interva ls for clover in the 

autumn. The extent to which decomposition of clover h9.s occurred by 8 d:-1.ys 

appea rs to vary with stage of growth but such differences are rea sonably 

short term, having disappea red with 24 day interva l harvesting in the spring. 

Dead clover lea ves decomposed by i .5 to nea rly 4 times as fast a s ryegras s 

depending on sea son and stage of growth. In terms of tota l dea d matter however, 

(l!'ig. 28) there ,,a s little sea sonal difference in the proportion of litter 

that disappeared. As rela tively few de~d clover lea ves were observed in the 

net dea d matter yield mea surements, it i s probable trat clover lea ves r a pidly 
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decompose completely. 'l'he above data have shown that during the first three 

weeks after death at least, decomposition of clover is much faster than 

ryegrass. As a result the residue build-up would consist mainly of partially 

decomposed ryegrass leaves. The sea sonal differences in the proportion-~l 

contribution of ryegrass and clover to the leaf litter (about 25 to 33;Ai 

see Fig. 23) were apparently not great enoudh to result in marked differences 

in the proportion of the leaf fall that remained as a residue. 
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Summary and Conclusi_oA§. 

An experi~ent is described whereby rates of leaf death in a perennial 

ryegrass - white clover sward were determined at successive stages of 

regrowth by measuring both the rate of leaf death per plant, and the plant 

density. Measurements were also made of the regrowth yield and of certain 

aspects assoc:iated with pasture regrowth. By integration of growth and death 

data, an estimate was obtained of absolute levels of productivity throughout 

the successive stages of regrowth, and particularly at the high L.A.I. values. 

The results are discussed in relation to possible and probable factors 

involved in determining rates of increase in green herbage at high L.A.I. 

values. 

The rr~ in points arising out of the discussion are us follows:-

(1) Regrowth from defoliation incre~sed in an exponential manner 

until limiting factors became operative. These factors were considered 

to be the manner of light interception and distribution ove:t' the leaf 

surface in the spring , and the supply of moisture and possibly nutrients 

to the plants in the autumn. 

(2) The relative tiller death rate of ryegrass tillers increased 

rapidly as shading of the lowei· canopy became intense. As no increase in 

ryegrass leaf death rate was found to be associated with the onset o-J: shading, 

this effect was attributed to carbohydrate starvation rather than 

accelerated senescence. 

(.3) During the linear phase of pasture regrowth, leaf death rates 

increased due to increases in the number of leaves t llat died per plant unit 

and the size of the dead leaves. These factors may be influential at slightly 

different stages (as in the spring) or simultaneously (as in the autumn), 

and ha.ve a similar effect during the earlier stages of growth. In terms of 
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determining maximum leaf death rates, however, leaf size assumes major 

importance during the third growth phase and may vary considerably with 

season. 

(4) Considerable quantities of green herbage were lost via death and 

decomposition in both seasons. The maximum leaf dea th rates ob~~ined were 

56 lb dm per acre per day (on day 68) and 27 lb d.m per acre per day (on day 

59) for the spring and autumn respectively. This dead material decomposed 

at approximately 30 lb dm per acre per day in the spring (during the latter 

growth stages) and 16 lb dm per acre per day in the autumn. 

(5) Dead white clover leaves decomposed 1.5 to nearly 4 times as 

fast as dead ryegrass leaves, depending on season and stage of growth. 

(6) Initial reductions in the rat e of accuraulation of green herbage 

that mark the beginning of the third growth pruse in the spring can be 

accounted for by leaf death. In the autumn, however, when clover was the 

dominant component, there was an apparent reduction in the rate of overall 

synthesis as well. This reduction occurred with clover shortly after complete 

light interception was attained in both seasons. 'l1he lack of any similar 

effect with ryegrass until lodging occurred is attributed to species differ­

ences in growth ha.bit and the subsequent effects of intense shading of the 

lower canopy. lowered rat es of accumulation of green ryegras s at high L.A.I. 

values can generally be attributed to leaf death. However, a number of 

additional factors may be introduce_d with flowering in the -spring. 

(7) Factors th:~t inhibit growth processes but not leaf death, such as 

moisture stress, result in a greater proportionate loss of herbage. Also, 

the development of a large number of tillers towards flo r;ering in the spring 

effectively reduces the proportio!l3.te los s of herbage owing to the large 

non-le.if and (in the short term) non-senescent fraction, and to a reduc t ion 

in the rate of leaf senescence. 

( 8) Although shading of the lower Qanopy appeared to enhance the 

senescence of clover leaves, there was no evidence that it had a similar 

effect on ryegrass leaves. 
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.APPENDIJ_J,, 

I ~p~!~~nte:]l·~:ay =rv:-·r: Da;~~~::~·--124:ay Interval -1 
i Date Days Date Days ! Date Days I Da, te Days f 
115.-9.6·6~~~·~·-· · •

1

, ~--t
1 

------------r·-------~----i 
! 1 7 • 9 • 66 1 2 17 • 9 • 66 1 2 I i 
j 1 9. 9. 66 14 I ! ! 
j 21.9.66 16 I 21.9.66 16 2·1.9.66 16 l 
I 2).9.66_ 18 , 
i ' 
125.9.66 20 ! 25.9.66 

i 27 .9.66 22 ! 
i . 

I 29.9.66 24 

' i 1.10.66 26 

l 3.10.66 2s 

I 
I 

5.1 o.66 30 

7 .1 o. 66 .32 

9.10.66 34 

29.9.66 

3.1 o.66 

7 .1 o.66 

I ! 11 • 1 o. 66 36 i 11 • 1 o • 66 

I 1 3 • 1 0. 66 38 i 
I I 
1 1 5. 1 0. 66 40 l 1 5. 1 0. 66 

17.10.66 42 

19.1 o.66 44 

21.10.66 46 

23.1 o.66 48 

25.1 o.66 50 

27 .1 o.66 52 

29. 10. 66 54-

31 .10.66 56 I 2 .11.66 58 
I 4.11 .66 60 
I 
I 6.11 .66 62 

8.11.66 64 

10.11 .66 66 

12.11.66 68 

14.11 .66 70 

16.11 .66 72 

1 8. 11 • 66 7 L~ 

20.11 .66 74 
22.11.66 78 

124.11.66 80 

i j 19.10.66 

I 
i 23.1 o.66 
l 
l j 27 .10.66 

I 
31.10.66 

4.11.66 

8.11. 66 

12 .11 .66 

I 
116.11 .66 

20.11.66 

24.11 .66 

20 

24 29.9.66 24 

28 

32 7.10.66 32 7 .1 o.66 32 

40 15.1 o.66 40 

J+).;. 

48 23.1 o.66 48 

52 

56 31 • 1 0. 66 56 31.10.66 56 

60 

64 8.11 .66 64 

68 

72 16.11 .66 72 

76 

~-----24 ~!.;..•6_6 __ 80._~_2_1+-;.;:;•_1 _1 ~· 6_6 __ s_o ___ J_ 



Autumn: 

----·-- .... --
4 day Interval 
Date Days 

3.3.67 17 

7 • .3.67 21 

11 . .3.67 25 

15.3.67 29 

-i 9.3.67 33 

23.3.67 .37 

41 
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8--aay Interv:1G~ Interval 
Date Days Date Days ______ ,..,.. ----------

7 .3.67 21 

15.3.67 29 15.3.67 29 

23 .3 .67 37 
27 .3.67 
3-1. 3.67 ~.s 31 .3.67 45 I 31 .3.67 11-s 

1 4.4.67 

I s.4.67 

j 12.4.67 

l- 16.4.67 

~ I 
I j 

61 _J_~~-~~~~~-- 61_ ~-4:,~~---~-J 

Date Sprirn DaY.s I -~ate ~~~= I 
--~-4~:66------=;--~--1---- 22 ;:(;;--~•-,---~ . . 

1 9. 9. 66 14 ! 2. 3. 67 16 l 
' 26.9.66 21 9.3.67 2.3 I 

.3.10.66 28 16.3.67 30 

17 • 1 o. 66 42 23 • 3. 67 37 I 
1 • 11 • 66 ~ 3 . 4. 67 1+-a I 
7. 11 • 66 63 11 .4. 67 56 I 

11+.11.66 10 18.4.67 63 I 
23. 2.1 --~~ 79 -1-~~:~ __ _22 __ _J 
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26.9.66 21 22 .2.67 8 

.3.1 o.66 28 2.3.67 23 

12.10.66 42 9.3.67 23 

1 .11 • 66 f51 16.3.67 30 

7.11.66 63 23.3.67 37 

14.11 .66 70 3.4.67 48 

23.11.66 79 11.4.67 56 
I 

18.L,-.67 63 I 

J 26 .l~. 67 71 

- ·-
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APPEND I2( _ _g, 

Fitting of Growth F~j.0,!}.2 

'.l.1he logistic 
A 

y = 
1 + Be-ct 

was fitted by Demings iterative method. For this it was required to find 

the va.lues of (A), (B) and ( c) that minimise the expression 

( A ) 2 
E: ~(y-_ . ~) 

1 + Be -ct 

Firstly approximations (A), (B) and (C ) were found by fitting a curve 
0 0 0 

roughly by eye to the data. These estimates were then fed into the 

computer program. 

The program calculated 

and F 

-1 
FA=~ = ----

A -ct 
1 + Be 

. -ct 
F F Ae 
B~=---

F = F 
C 

C 

= y -

= 

/ 1 B-:c·:t)2-· , + e 

tABe-ct 

A 
-ct-

1 + Be 

at each observed point (t_ ,y) for (A), (B) and (C ). 
0 0 0 

The normal equations were formed: 

LF! (a) +~FAFB(b) +~FAFC(c) 

l:FlA(a) + l:,F~(b) + ~:b'BFC(c) 

;El!'cFA(a) + 1::FCFB(b) +~F;(c) 

and solved for (a), (b) and (c). 

= 

= 

= 

~F F 
A 

~F F B 

LFCF 

Second approx~nations to (A), (B) and (C) were then given by 
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A1 = AO - a 

B1 = BO - b 

c1 = co - C 

'fhe process converges to the required parameters of' the fitted curve a.nd 

2 
~ F converges to a stable value of suo of squares of' deviations. 
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APPENDIX 3 

(a) Sprin_g. 

I ·----- ·1 Herbage yield (dry weight gms/Ft
2) s .E. Day Ryegrass Clover Total Ryegra ss Clover Total ---·•--..---- ---- - ·----- -----, 

9 7.28 1 .71 8.93 o.ss 0.50 0.36 i 
14 6.49 4.31 10.80 

21 11 .15 7.44 18.59 2.38 1.13 2.16 i 
28 10.97 11.36 22.33 

I ' 42 20.09 19.26 39.35 2.12 5.26 3.37 I 

! 51 25. 94- 30.18 56.11 I 
i 63 47 .66 14.07 61.73 I 6.21 2.4-2 5.07 

I I 
; 70 53.16 11.47 64.62 

I 
; 79 42.81 24-.28 67 .08 -I 3.61 3.81 6.95 __J I ....... ....__, ___ . - -- ---------~----.. 

Each figure is the mea n of 3 replica tions . 

(b) Autumn. 

E ~:;£:.;~Ll~~!e~ ~:;;.2~-~~:~=~l~~!~E-~~ . ] 
f 9 0.54 1.22 1.76 j 0.12 0.17 0.21 j 
i i I 
t 1 6 1 • 1 5 2. 90 4. 06 : I 
I 23 1.51 4.6s 6.25 ! 0.16 0.25 0.11 j 
I ' I 

1
1 

30 2.62 7.39 10.02 I I 
I . I 

I 37 2.25 10.65 12.90 0.39 0.41 0.52 ! 
48 3. 36 13. 7 9 17 • 14 I 
56 3.01 16.94 19.95 

1 
0.99 1.62 

Ll__;~; ____ ;~~~ ;:: ___L~~ .o~---~:~J 
Each figure is the mea n of four replications. 
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APPEHDI_Ll 

~:y -~~~~:-~:;:_:~!.~;;~:~:~~~~~~-) ... ··::~·. -~:~-<bj!~~~~-,~;~, · 
21 61 3 21 ~-os l 
28 660 28 241+ I 

r 

~ ;~; ~ ~:; I 
63 270 63 150 ,,-

. 70 197 70 178 

I ~a 156 I 79 331 I ~----·- ___ __L. ____________________ 4 

Ryegra ss Y = 961.1 - 10. 81X __ .,. ______ _ 
Source of Variation S urns of s auare s 

(correct;d) 
---------- - - ---i----------~--1--

Regression 474,561 

_:_:_:: :,_=-----_n -~-5:=:=:_::_: ____ u---+~ 8,~- j - ~~ . _I 
Clover Y = 295.3 - o.923x 

::;;-~:;~:-~:~-Sum( s-~-:J~fes-1~ .f .7-~ea~i-::~J-~~-- --;--7 
correc ceo.J 

1 ----- ----~---+------+----1-----1 
I Regression 3,455 i 1 3,455 

1 

1 NS I 
I :~: ----==· - ::::~~ t< ---~7--8-6 ........ 1_-_ __:.. ___ J 
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(b) Autumn: 

Table of data 

--- --
Ryegrass (tillers) Clover (rooted nodes) 

Day (X) Density (No/Ft2 : Y) Day (X) Density (No.,1Ft2 :Y) 

0 337 0 151 

8 227 8 82 

16 182 16 110 

23 241 23 300 

30 185 30 107 

I 
37 129 

48 78 

37 243 

48 200 
I 56 152 I 

I 63 122 

56 234 

63 283 

I 71 109 71 352 

Ryegra ss Y = 269.7 - 2.655 X 

-·- -·-- - -I P.--7 Source of Variation Sums of squares D.f Mean square F. (corrected) I . - . I I 

I Regression 36,497 1 36,497 1~~:t I Error 16,161 8 2,020 - - .... r 
Total 52,658 9 I 1==r 

Clover Y = 133.6 + 2.793 X 

Sums of squares I 
Source of Varia tion ( corrected) D.f Mea n Square F. P. 

- ---
Regression 40,381 1 1;.0,381 9.1; J 
Error 35 , 307 

I 
8 4,413 - - · -- -· 

Total 15,688 9 I . - ~--
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APPEJ.'f.D. IX 5 . 
Sunnary of leaf death data used _in ca lculations .Qf dea th r_ate per transect. 

(a) Sprin,_£ (i day harves~r~::1)f (b) Autum~ ·z:-~y harvest interval~ 
Day Dry wt. of dead leaf/transect I Day Dry wt. of dead leaf/transect 

(mg) (mg) . 
-------------------~---t---------------1 

Ryegrass Clover Total Ryegrass Clover Total 
t--+----------·----f----+-----------1 

10 

11 

14 
16 

18 
20 
22 
24 
26 
28 

.30 

32 

34 
36 

3s I 
40 I 
42 
41+ 
46 
48 
50 

52 
54 
56 

10 

9 
7 
7 

12 
9 
7 

5 
7 

14 
8 

15 

14 
18 

20 

8 

25 
24 
16 

24 
21 

21 

25 
31 

5 14 
7 16 

8 16 

7 14 
18 30 

8 17 
17 23 
12 17 
19 26 

25 39 
13 21 
31,_ 48 

29 43 
28 46 

.31 51 

7 16 

45 70 
20 411-
33 49 
27 50 
29 50 
34 55 
38 63 
39 70 

58 21 50 70 
60 15 42 57 
62 23 3 27 
64 23 27 49 
66 12 37 49 
68 19 39 58 
70 15 57 81 

72 20 30 50 

74 16 15 31 

25 
29 

I 33 
37 
41 
45 
49 
53 
57 
61 

13 

14 
19 
33 
54 
38 
57 
42 
59 
30 

6 

31 
125 
116 

112 

79 
96 

120 

138 
146 

19 
45 

144 
149 
166 

118 

152 
162 

196 
176 

76 14 12 26 

+~-~_,_.lt---~---~-----~_f ____ ~~----+-----t-----~---------J ....... 
Each figure is the mean of 6 replications in the spring and 4 in the autumn. 



(a) 

Day 

10 
12 
14 
16 
18 
20 
22 
24 
26 
28 
30 
32 
34 
36 
38 
40 
42 
44-
46 
48 
50 
52 
54 
56 
58 
60 
62 
64 
66 
68 
70 
72 
74 

I 
76 
78 
80 
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.APPENDIX 6 

Summary of the Number of leaves that Died per Transect. 

Spring (b) Autumn 
No. of leaves/transect No. of leaves/transect 

Ryegrass Clover Day Ryegrass Clover 

8.0 2.2 25 8.3 5.6 
6.9 3.2 29 7.0 12.3 
6.6 3.5 3.3 7.5 42.8 
7.2 3.2 37 11 .2 .31 .o 

12.5 7.3 41 15.5 23.3 
7.2 2.8 45 10 • .3 17.3 
4.7 4.3 49 18.5 21.5 
6.3 5.0 53 10.3 23.5 
5.8 5.5 57 15.5 28.5 
9.3 6.o 61 9.8 22.8 
4.7 4.7 
8.2 7.5 
8.2 7.2 
8.8 5.3 

10.5 6.3 
3.7 2.0 

10.3 7.5 
9.2 3.5 
7.2 5.2 
9.2 .3.5 
5.7 3.7 
7.2 3.3 
6.o 3.2 
6.8 3.3 
4.5 3.5 
3.0 3.0 
4.7 0.8 
3.3 1.8 
1.8 1 .7 
2.3 2.2 
2 .3 2.0 
2.8 1.3 
1.8 1 .2 
1.2 o.8 

I 1 .2 4.0 

I 1.5 4.0 -
Each figure is the mean of 6 replicates in the spring and 4 in the autumn. 

j 
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APPEl'U) IX 7 

Analysis of Variance on the effect of sward Disturbance on Light 

Penetration 

7,3.67 (21 days from defoliation) 

Table of Data 

--
Replication Trea tment totals 

1 2 3 4 

Treatment 4 37 3.4 2,3l~. 5 392.0 302.4 1.302.3 
Intervals (days) 8 334.0 237 .8 310.6 228.1 1110.5 
between 16 304.9 394.8 301.9 266.6 1268.2 

Disturbances 24 306.5 209.8 324.8 229.8 1070. 9 

Rep totals 1318 .8 1076.9 1329.3 1026.9 4751.9 

Each figure is the sum of the % Light Penetration of 6 mea surements 

Analysis of Variance 

Source of Variation Sums of squares 
(corrected) D.f. Mean square F. P. 

-
Replication 3140.4-4- 3 1046. 81 I 
Treatment 1633.96 3 5lf4.65 1.25 NS 

Error 1 3919.10 9 435.46 
Error 2 56085.03 80 701 .06 

Total 64778.53 95 

Error 1 = Residual error. 

Error 2 = Variation between measurements within transects. 

Mean ;lb Light Penetration= 49.505"~ 
Mean % Light Interception= 50.50fi 
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13,3,,,67 (27 Days from defoliation) 

Treatment: 4 
Intervals (days) 8 

between 16 

Disturbances 24 

Rep totals 

Source of Variation 

Replication 

Treatment 

Error 1 

Error 2 

Total 

Table of Data 

Replication Treatment total~ 
1 2 3 4 

116. 7 38.5 200.3 120.5 476.o 
218.0 64.o 136.6 185.5 604.1 

123.3 124.7 165.8 176.o 589.6 

192.3 187 .2 176.1 168.1 723.7 

650.1 414.4 678.8 650.1 2393.4 

Analysis of Variance 

Sums of squares 
(corrected) D.f. Mean squa.re F. 

1902.75 3 634.25 

1282.99 3 427.66 

2959.24 9 328.80 

53942.99 80 674.28 

600f3"/ .97 95 

Mean 1/u Light Penetration = 24.9ja 

Mean }b Light Interception = 7 5. 17& 

1.3 

P. 

NS 

I 

i 
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18,.3.67 (32 days from defoliation) 

Table of Data 

~eplication Treatment 
1 2 3 4 ------- --

'frea tment: 4 36.5 25.6 64.1 14.4 140.6 

Interval ( days) 8 58.8 .36.9 111.6 64.o 271.3 
between 16 139.4 27 .7 39.4 94.3 300.8 
Disturbances 24 70.6 62.7 23.7 43.4 200.4 

Rep totals 305.3 152.9 238.8 216.1 913.1 

Analysis of Variance 

Source of Variation Sums of' squares D.f. Iviean square F. 

Replication 

Treatment 

Error 1 

Error 2 

Total 

' 

(corrected) 

4-94.63 3 164.88 

648.87 3 216.29 

1784.63 9 198.29 

13529.42 80 169.12 

16457 .55 95 

Mean % Light Penetration = 9.5% 

Mean % Light Interception = 90.5% 

1.09 

I 

total: 

P. 

NS 
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27,3,67 (41 days from defoliation) 

Treatment: 4 
Interval ( days) 8 

Between 16 

Disturbances 24 

Rep totals 

Source of Variation 

Replication 

Treatment 

Error 1 

Error 2 

Total 

Table of Data 

Replication Treatment 
1 2 3 4 

9.8 16.4 84-.9 15.5 
20.6 47.0 32.7 25.6 

1.3. 8 8.7 7.5 14.4 

65.2 13.5 19.8 13.6 

109.4 85.6 141~.9 69.1 

Analysis of Y!l,riance 

Sums of squares 
(corrected) 

D.f Mean .square 

135.26 3 45.09 

191 .50 3 63.83 

882.61 9 98.07 

7424.78 80 92.81 

8634.15 95 
I ---

Mean % Light Penetration = 4.3% 

Mean fo Light Interception = 95. 7'fo 

126.6 

125.9 

4-4-.4 
112 .1 

409.0 

F. 

o.65 

totals 

P. 

NS 
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.APPENDIX 8 

Summary of polynomials fitted to the cumulative data of leaf 

Death per Unit Area 

Form of polynomial: 
2 .3 4 

y = a + bx + ex + dx + ex 

(y = mg/Ft2 , x = days from defoliation, a,b,c,d, and e = Power coefficients) 

I Spr;: {------~-~~=~~~:~:~~~~:.:.~~~~ . -~~-~~ 
! Total (1) i y = -.34-95.8 + 519.75x - 20,96ox + 0.4167x3 - o.0023x4 I 
! Ryegrass(2) I y =-15.35.6 + 249.2.3x - 10.128x: + o.2089x3 o.0013x4 l 

Clover (3) I y = -1882.0 + 261.87x - 10.705x + 0,2053x3 - o.00104x4 
1 

Autumn: j 2 .3 4 I 
Total (4) i y = 156lr9.0 - 1768.6x + 68. 926x 1 .0822x + o.0064x I 
Ryeg--rass(5) I y = 1928.7 - 179.4-x + 5.2o6x2 - o.038ox3 I 
Clover (6) I y = 14364.0 - 1653.6x + 66.119x2 - 1.0826x3 + o.oo66x4 i 

------·-- ·- --r- -----------·--- -----·--··---···- ·- ·--··- - ---------1 

...... . ----·---------~----·---.. ------· ·--· , -- - - ___________ __,_.,_,._ ..__,. -·-·- · l ;:r-•_;>_r_:.<::_~~ Sums ~:. ·::.oo.r•_:_p..:.:.r:_sq~::+-F ·-P-1 
I Mean I 26'5/ 4 x 1 o5 I 1 l 2607 4 x 1 o5 I ! I 
! Linear I 17 41 9 x 11 ! 1 ! 17 41 9 x " I I 1 
! i I I j 
; Quadratic 1322 x " f 1 ! 1322 x II I , 
!( Cubic 1 0 ! 1 , 0 1 l 
1 Quartic l 30 x " ; 1 ~ 30 x " I 32 1 J.J. ! 
1 I l r , l i I Residual 29 x " r 31 , 94077 ! _.L r 

I To:"~----__ - __ t~~~?~~- -t~_J_ ___ =~-=-1=i ~ 
j. = P 0.05 

J.J. = P 0.01 
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~ of-~~iat:~~]~~_q~~•·:1 ·~~-- u::-:~~~-l~:~- P.-.J 
Mean I 55819 x 1d' 1 55819 x 104 1 
Linear I 289.34 x 

11 
1 28934 x 

11 ! I 
Qua.dra tic f 917 x " 1 9i 7 x " I 
Cubic 71 x " 1 71 x 11 

, I 
Quartic j 93 x " 1 93 x " 168.8 I /i I 

I ::::~i ____ ssa5:~: ,:,;-- ~: ------:?..
0

~- --r--~ ,~~------r----· ------, --·-·······--j-----, -7 
f 1:ean j 74129 x 10l~ 1 I 7li-129 x 101 I j 
•
1
. Linear I 60822 x " 1 I 60822 x 11 

, I 

'i I i Quadratic 7248 x 11 1 7248 x II I , 
i Cubic j 1050 x 11 

1 ! 1050 x II f 1 

j Quartic ! 58 x " 1 j 58 x " I 6. 7 I J I 
I ::::ua: _______ -4~ S2~;~: ~~4-·· j· :i-·J_ ___ ~6269 -I ; -1 
1,-~~~----i.~673:~~:-, 1 - -SQ~~-J [" l 
, Linear 41+ 1 84 x " 1 41,.1 84. x "1 I I 
i •~uadratic 548 x 11 1 548 x " I I I 
f Cubic 2 x " 1 2 x " l J 
' I I Qua.rtic I 41.i- x " I 1 f 41.- x " f 5. , 0. 1 0 

J Resid.ual -~·- .. ____ J-.. -:~?_:<_:~--~-~
1

1_?2.__ +----:'.::l_f---~-05 
Total ----+~1550~--- .?~-r------t--+ 1 
~!~n I 7375x1c3 11 I 7375x10~ I II 

Linear !' 311 0 x 11 1 311 0 x II I 
'
I 

Quadratic I 12 x 11 1 12 x II I 
Cubic I 1 8 x 11 1 15 x " 37 • j JJ ! 
Quartic I O x " 1 0 x " 0 • 1 HS I 

, Resi_':'::: _____ ___L 2 x ~~---·_J_?~ *••·T' --~_9} __ J_-t-1 
'l'otal - J 1 0518 x 1 o3 J 36 1 I --------------·-------------------------------.. 
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I Source ;;::::;_•:ic:r;:.'.""5 of ·.q,.;;;;:.1 D.f ·t' ~~:n sguar_:J__:_J-~ ~;---- ---i- --------' ,- ,--1 
1iean I 435.30 x 1 o3 

1 4.3530 x 1 o3 I 
Linear I 2.385.3 x 1 o3 

1 I 2.3853 x " 

Quadra t ic I 397 x " 1 I 397 x " 

Cubic . 32 x " 1 I 32 x " 

I Quartic 47 x " 1 1 47 x " 
I R.:>c,-l I ~dual .3.3 x " I 31 6588 

I Total ·j--6;;;~~3T _:!_~-----=--=-· 
I 1 .1 
I 

t ·j-=f 




