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STELLINGEN 

1. Verschillen tussen populaties van Engels raaigras in hergroeisnelheid na ontbladeren 
berusten in belangrijke mate op verschillen in zijspruitvorming en bladstrekkings-
snelheid. 

Dit proefschrift. 

2. Veredeling in Engels raaigras op een hogere bladverschijningssnelheid zal leiden tot 
genotypen met een hogere spruitverschijningssnelheid en een hogere spruitdichtheid. 

3. Selectie van genotypen van Engels raaigras voor hergroeisnelheid moet worden 
uitgevoerd op basis van de prestatie van genotypen in mengsels. 

4. Het specifieke bladoppervlak geeft een indicatie voor de mate waarin bladgroei wordt 
beperkt door het aanbod van assimilaten of door morfologische beperkingen aan de 
grootte van het bladapparaat. 

Dit proefschrift. 

5. De snelheid van hergroei wordt alleen gedurende de eerste drie dagen na volledige 
ontbladering voor een groot deel bepaald door de hoeveelheid reserves in de stoppel 
van een graszode. 

Dit proefschrift. 

6. Op grasland met open plekken moet de stikstof bemesting naar beneden worden 
aangepast aan de lagere produktiviteit om verdere achteruitgang van de zode en 
onnodige stikstofverliezen naar het milieu te voorkomen. 

7. Verhoging van de stikstofbenutting uit gras door weidend vee is mogelijk via het 
adagium: "eiwit omlaag en energie omhoog". 

8. Het is onverteerbaar dat de eigenschap verteerbaarheid (nog) niet gebruikt wordt voor 
beoordeling van rassen van Engels raaigras voor de Nederlandse rassenlijst. 

9. Een verhoging van de belastingheffing op energie- en grondstoffenverbruik en een 
verlaging van de belastingheffing op arbeid zal een grote bijdrage leveren aan de 
werkgelegenheid en aan een vermindering van de uitstoot van voor het milieu 
schadelijke stoffen. 

10. Premiedifferentiatie bij arbeidsongeschiktheidsverzekeringen op basis van iemands 
indivuele gezondheid of gesteldheid ondermijnt de onderlinge solidariteit tussen 
verzekerden en moet daarom niet worden toegepast. Het is bijvoorbeeld onwenselijk 
dat sommige particuliere verzekeringsmaatschappijen bij arbeidsongeschiktheids
verzekeringen voor één-ogigen het verlies van hun goede oog uitsluiten of dit risico 
slechts tegen hogere premies accepteren. 

11. Het enige voordeel van het lage aanvangssalaris van AIO's is dat zij daardoor in 
aanmerking kunnen komen voor een goedkopere huurwoning. 

Proefschrift van E.N. van Loo. On the relation between tillering, leaf area expansion and 
growth of perennial ryegrass (Lolium perenne L.). 



ABSTRACT 

E.N. van Loo. On the relation between tillering, leaf area dynamics and growth of perennial 

ryegrass (Lolium perenne L.). Doctoral thesis. Department of Agronomy, Agricultural 

University, Wageningen, The Netherlands, viii + 169 pp., English and Dutch summaries. 

Modern intensively managed grasslands are subject to sward deterioration as a result of urine 

scorching, treading, winter mortality and late mowing or grazing. The major species in Dutch 

grasslands is perennial ryegrass. Deterioration consists of a decreasing presence of this 

species through death of tillers and plant. This gives rise to open swards which are subject to 

weed invasion and leads to a reduced productivity and nitrogen recovery. The objectives of 

this study were to increase the understanding of the recovery potential of open perennial 

ryegrass swards and of the relation between tiller density and herbage accumulation. Tiller 

production, tiller mortality, leaf area dynamics and growth as affected by cutting treatment, 

water availability, nitrogen supply and plant density were studied in field, glasshouse and 

phytotron experiments. The relative tiller appearance rate was studied as the product of leaf 

appearance rate and site filling. Leaf appearance rate was highly positively correlated with 

temperature and negatively with cutting height. Cutting frequency had no effect. Leaf 

appearance rate was reduced by low water potential and low nitrogen supply. Site filling 

decreased with decreasing nitrogen supply and increasing leaf area index. Just after 

defoliation, site filling was lower than later after defoliation, because of low substrate 

availability to developing tiller buds. 

In studying the effect of low and high nitrogen supply, genetic variation was found in 

nitrogen use efficiency. Populations with a high nitrogen use efficiency and a high herbage 

accumulation rate, also had a high leaf weight ratio and high tillering capacity. 

Models were developed for the simulation of changes in tiller number, leaf area expansion 

and dry matter accumulation of spaced plants and swards. These models were used for 

sensitivity analyses of the effect of leaf area expansion rate and leaf weight ratio on regrowth 

after defoliation and for the analysis of the importance of substrate availability for tillering 

and regrowth. The field experiments and the sward model showed that even with very low 

seeding rates, the amount of herbage harvested in the second harvest year is not lower than 

at very high seeding rates. Therefore, it was concluded that only when a low tiller density 

coincides with a clumped distribution of tillers and with a high frequency of patches without 

perennial ryegrass, reseeding of perennial ryegrass swards should be considered. 



NOTE 

Chapter 4 has been published as a paper in Annals of Botany, 70, 511-518. 

Chapter 5 has been published as a paper in Netherlands Journal of Agricultural Science, 40 , 

401-419. 

Chapter 2, 3, 6 and 7 have been submitted for publication in international journals. 
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CHAPTER 1 

GENERAL INTRODUCTION 

1.1 Agricultural background 

The current intensive management of perennial ryegrass (Lolium perenne L.) dominated 

grasslands - with high nitrogen inputs and high stocking rates - may easily lead to sward 

deterioration, for example through urine scorching, treading, poaching and tiller pulling 

(Edmond, 1966; Keuning, 1981; Wilkins and Garwood, 1986; Tallowin era/ . , 1986). Also, 

the risks of a substantial tiller mortality during winter increases with increasing nitrogen 

fertilizer application rate (Snijders, 1986; Deenen, unpublished). Further, with the increased 

productivity of grassland, the risk of late mowing has become larger, since the timing of 

harvesting becomes more critical. Late mowing of swards with a high percentage of 

reproductive stems may lead to massive tiller death because of decapitation of growing 

points of tillers. 

Sward deterioration may be characterised by a decreasing tiller density and is often 

accompanied by a more clumped distribution of tillers with an increased frequency of open 

patches (Prins, 1983). This leads to lower productivity and nitrogen recovery (Deenen, 

1990). Further, the occurrence of unwanted plant species (less productive, less digestible or 

less palatable species) will increase in more open swards. When the presence of perennial 

ryegrass declines too much, dry matter yields or herbage quality will be so low that reseeding 

is considered economically advantageous. In the mid-eighties, annually about 10 % of the 

Dutch grasslands are reseeded (Keuning and Vellinga, 1987). In 70 % of the area resown, 

the reason for reseeding is the openness of the sward or the frequent occurrence of 

unwanted species (e.g. couch (Elymus repens. L.) or annual meadow grass (Poa annua L.)). 

However, reseeding of grassland is expensive. It has been argued that in many cases the 

costs of reseeding exceed the economic benefits (Wilkins, 1987). Costs of reseeding do not 

only include the costs for seed and labour, but also the yield reduction during establishment 

of the sward. The yield reduction of open swards or swards with some unwanted species 

may be overestimated as it occurs only temporary, since open perennial ryegrass swards may 

recover. However, little is known about the recovery potential of perennial ryegrass swards. 

1.2 Recovery of grassland depends on tillering 

Utilisation of grassland in the Netherlands may be of several types: continuous grazing, 

rotational grazing, cutting for silage or forage feeding. With all these types of grassland 

utilisation and with a good timing of grazing or cutting, perennial ryegrass will hardly produce 

any seed heads. Recovery of swards with a reduced tiller density or with open spaces can 

therefore only occur through tillering of perennial ryegrass. Therefore, studying the tiller 

density dynamics and the frequency of open patches may provide a better understanding of 

the recovery potential of swards. Possibly, information on tiller density or frequencies of open 

patches may help to formulate criteria for decisions on reseeding perennial ryegrass swards. 
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Both productivity and tiller density of perennial ryegrass depend on the cultivar used, the type 

of grassland utilisation, fertilizer application rates and environmental conditions (radiation, 

temperature and water supply). Since tiller size is greatly influenced by these factors, it is as 

yet not possible to directly relate dry matter accumulation to the tiller density of a sward. 

Therefore, use of information on tiller density for grassland management decisions is 

impossible. 

1.3 Scope of the thesis 

The basic theme of this thesis will be the interaction between tiller dynamics, leaf area 

dynamics and dry matter accumulation of grass swards or of spaced grass plants. Much is 

already known about dry matter accumulation of grass swards with a dense and 

homogeneous distribution of tillers (Lantinga, 1985, 1988). However, the current state of the 

art in modelling of grassland production does not allow adequate simulation of the effect of 

tiller density on the productivity of perennial ryegrass. 

Tiller density mainly influences dry matter yield of swards through its effect on regrowth 

after defoliation, especially when the amount of leaf area after defoliation is so small that the 

net growth rate of the sward is hardly positive or even negative. Simulation models may be 

used to integrate knowledge on all the interacting processes (tillering, leaf area increase and 

dry matter accumulation). However, existing models are not adequate in simulating the effect 

of tiller density on dry matter accumulation. This is partly due to a lack of understanding of 

the initial leaf area expansion after complete or almost complete defoliation. Improvement or 

extension of existing models to account for an effect of low tiller density on regrowth after 

defoliation may help to increase our understanding of grassland productivity. In the following 

subparagraphs, some tillering and growth parameters and basic relationships that need to be 

quantified, will be defined. Further, two possible ways in which tiller density or tiller number 

may affect regrowth after defoliation are proposed. 

1.3.1 Tittering parameters 

Tillering has been studied in terms of the two factors determining relative tiller appearance 

rate: i) leaf appearance rate per tiller and ii) site filling. Leaf appearance rate is related to the 

tiller bud production per tiller, since in the axil of each tiller a tiller bud is produced. Site filling 

was defined originally by Davies and Thomas (1983) as: 'the number of tillers appearing per 

tiller during a single leaf appearance rate' and is mathematically defined as the relative tiller 

appearance rate divided by the leaf appearance rate. With these two parameters, the tiller 

appearance rate is determined. Understanding tiller density dynamics further requires 

information on tiller mortality. 

1.3.2 Tiller morphology and leaf area expansion rates per tiller 

Young tillers are small, not only because they have formed fewer leaves, but also because 

the first leaves on each tiller usually are smaller than leaves formed later on the same tiller 

(e.g. Mitchel, 1953). Possibly, the relationship between final leaf size and leaf number on a 



tiller is constant under constant environmental conditions. This hypothesis should be put to 

the test. When the hypothesis can be shown to be acceptable, the relationship may be of use 

in explaining the plant or crop leaf area expansion rate from tiller number or density. 

1.3.3 Relationship between tiller density and herbage production 

In classical growth analysis, leaf area dynamics and dry matter accumulation of root and 

shoot are related to one another. In this classical view, the product of specific leaf area 

(SLA), leaf weight ratio (LWR) and net assimilation rate (NAR) determines the relative growth 

rate (RGR) of the plant or crop (Hunt, 1980). Growth models have largely focused on 

explaining the NAR of a crop from i) light interception, ii) C02-assimilation rates and iii) 

maintenance and growth respiration rates (for example SUCROS87, Spitters era/ . , 1989). 

SLA and LWR are introduced in most models as forcing functions of environmental factors 

and of development stage of the crop. In these models, there was no need for the 

introduction of effects of tillers. However, as SLA is introduced as a fixed value, leaf area 

increase is completely determined by leaf growth. Therefore, no allowance is possible for any 

effect of tiller density or tiller number on leaf area dynamics and growth. One of the aims of 

this thesis is to study how numbers of tillers, tiller buds and leaf primordia affect leaf area 

expansion and finally herbage growth. 

There are - at least - two possible mechanisms by which tiller number could affect 

(re)growth: i) the undefoliatied part of a tiller (the stubble) may function as a substrate pool 

from which material may be used during regrowth and the amount of substrate available may 

then depend on tiller number or density; ii) the crop leaf area expansion may depend on tiller 

density and on the maximum leaf area expansion rate per tiller. In the first case, the amount 

of substrate determines the regrowth rate (source limitation of regrowth). In the second case, 

tiller density determines the crop leaf area expansion rate and thereby the rate of use of 

substrate in the stubble (sink-limited regrowth). To what extent both situations occur in 

defoliated grass swards or plants is unclear. 

1.4 Aim of the thesis 

The aim of this thesis was to integrate existing knowledge on tillering, leaf expansion rates 

and dry matter accumulation of perennial ryegrass for a better understanding of the 

relationships between tiller density and dry matter accumulation and of the recovery potential 

of perennial ryegrass swards. To understand the role of tiller density in leaf area expansion 

and dry matter accumulation, a model for the seasonal variation of tiller density of perennial 

ryegrass was developed and an existing model on grassland production was extended to 

incorporate effects of tiller density and tiller morphology. The development of these models 

also included identifying and filling gaps in knowledge on tillering parameters, leaf 

morphological parameters and other growth parameters needed in the models. 



1.5 Outline of the thesis 

The studies in this thesis are presented in four parts. In Part I (Chapters 2 and 3), two studies 

are presented in which light, temperature, water and nutrients were non-limiting for growth. 

In Chapter 2, the effects of cutting frequency and height on tillering, leaf area increase per 

tiller and growth of spaced plants are described of three cultivars differing in tillering and leaf 

morphological characteristics. In Chapter 3, a mechanistic simulation model is presented to 

provide a theoretical basis for explaining the results of Chapter 2. The model comprises 

modules for tillering, leaf area expansion and dry matter accumulation. The model has been 

used to study to what extent tillering may be limited by tiller bud production or by an effect 

of substrate supply on tiller bud development. Further, the model was used to study to what 

extent regrowth of leaves after defoliation is supported by substrates from i) the substrate 

pool in the stubble, ii) expansion of parts of leaves that resided in the sheath bundle of a tiller 

at the time of defoliation (the unemerged part of leaves) or iii) from current assimilation of 

leaf area remaining in the stubble after defoliation. 

Part II (Chapter 4) presents some aspects of tillering, leaf area expansion and growth under 

various levels of water availability, studied in a hydroponics system using polyethyleenglycol 

to lower the water potential. 

Part III (Chapters 5 and 6) describes effects of nitrogen supply on tillering, leaf area 

expansion and growth. Two different systems of nitrogen supply were used. In the first study 

(Chapter 5), the effect was studied of "steady state" plant nitrogen concentrations (Ingestad, 

1980) and of fast changes in nitrogen supply on tillering and regrowth of several populations 

of perennial ryegrass. In the second study (Chapter 6), nitrogen was applied at the start of 

each growth period (after each harvest). Chapter 6 describes the interaction between effects 

of nitrogen supply and plant density on tillering, leaf area expansion, light interception and 

(re)growth. In both chapters, a simple model - based on light interception and a constant 

radiation use efficiency - is used for the prediction of growth after defoliation and results 

obtained with the model are compared to experimental results. 

In Part IV (Chapter 7), results of two field experiments are presented in which effects of plant 

density and cutting regime on tillering, tiller mortality, leaf area expansion and dry matter 

accumulation were investigated. Tiller dynamics and herbage accumulation of a diploid and a 

tetraploid cultivar are compared. A relationship is presented between tiller density and annual 

herbage yield. A simulation model has been developed with modules for i) tiller dynamics, ii) 

leaf area dynamics and ii) herbage accumulation. The model was used i) to explain the 

seasonal variation in tiller density, iii) to investigate the effect of leaf appearance rate and leaf 

size on tillering and on the maximum tiller density that may be reached and iii) to explain the 

relationship between tiller density and herbage production. In the final chapter (Chapter 8), 

results of the studies are discussed in relation to the aims and questions formulated in this 

Introduction. 



PARTI 

Potential tillering and leaf area expansion 



CHAPTER 2 

The response to cutting regimes in tillering, leaf extension and 
regrowth of perennial ryegrass cultivars with contrasting leaf 
characteristics 

with J.H. Neuteboom 

ABSTRACT 

Tillering, leaf expansion and regrowth were studied of three cultivars of perennial ryegrass, at 
two cutting frequencies and three cutting heights. Spaced plants were used to evaluate 
effects of cutting on tillering and leaf morphology without changing the light intensity and 
quality experienced by the buds. Tillering rates were lower with weekly than with three-
weekly cuts and with cuts at lower height. These effects were generally the same for the 
three cultivars. Relative tiller appearances rates were analysed as the product of leaf 
appearance rate and site filling (a measure related to the proportion of buds that grow into 
tillers). The relationship between leaf size and leaf number was different for the three 
cultivars and differentially influenced by cutting. A single relationship for the three cultivars 
was found for the relation between leaf area, width and length. Cultivar differences in growth 
and harvestable biomass were related to differences in sheath and leaf lengths and in growth 
parameters. With all cultivars, the specific leaf area (SLA) and fraction of biomass allocated 
to above a stubble height of 2.5 cm increased with increasing defoliation severity. The 
capacity to increase SLA and the fraction of biomass allocated to leaves with increasing 
defoliation severity, both help to compensate for the smaller leaf area remaining after cutting. 
The lower SLA and fraction of biomass allocated to above 2.5 cm may be explained by an 
'overflow' of assimilates towards the stubble when assimilation exceeds the demand of 
leaves. 

2.1 INTRODUCTION 

Regrowth of grass depends on many factors, some affecting assimilate supply like the 

amount of leaf area and reserves remaining in the stubble after defoliation, others affecting 

assimilate demand for growth, like tiller number and maximum expansion rates per leaf. 

Experimental data and theoretical models are available for the analysis of effects of severity 

of defoliation and duration of regrowth on yield (Johnson and Parson, 1983; Parsons, 

Johnson and Harvey, 1988). However, effects of frequency and height of cutting on 

regrowth potential through effects on leaf morphology and tiller density are still poorly 

understood, because "the mechanisms which determine the structure of the sward (e.g., tiller 

number and size) in response to management are unclear" (Parsons, Johnson and Harvey 

1988). Therefore, it is still impossible to simulate more than one regrowth period when no 

data are available on the initial conditions of a second regrowth period, because the amount 



of leaf area remaining in the stubble after defoliation cannot easily be predicted. 

How much leaf area remains in the stubble after defoliation depends on cutting height, but 

also on tiller morphology (leaf width and length, sheath length). Leaf dimensions of 

successive leaves along a stem often show a progressive increase with position (Dale and 

Milthorpe, 1983). This has also been shown for grasses (for example for Festuca 

arundinacea: Easton, 1978). However, not much is known about the effect of cutting on the 

relationship between the position of a leaf on a tiller and leaf and sheath length. It is also still 

a question whether the relationship found for the main tiller is also valid for younger tillers. If 

the relationship between leaf size and sheath length and leaf number would be the same for 

all tillers, the relationship could be used to predict the fraction of leaves and sheaths 

harvested and the amount of leaf area remaining in the stubble after cutting. This would 

enable simulation of regrowth of grass without having to measure initial values for stubble 

weight and leaf area after each defoliation. 

As a consequence of repeated cutting of plants, changes can occur in many plant factors, 

e.g., in leaf expansion rate and leaf morphology, in tillering rates, and in dry matter dis

tribution between root and shoot (Grant, Barthram and Torvell, 1981 ; Del Pozo, 1963; Hume, 

1990). Since leaf expansion and assimilate flow to leaves are partially independent (Johnson 

and Thornley, 1983), also changes in specific leaf area may be expected. These changes 

could influence the regrowth potential. The direction and extent of such changes may be 

different for cultivars differing in leaf and tillering characteristics. Therefore, an experiment 

was carried out with spaced plants of three perennial ryegrass cultivars with different leaf 

size and tillering characteristics, at different cutting regimes. 

The aim of the study was to increase the understanding of the effect of cutting on regrowth 

potential as affected by tiller number and leaf morphology. For this purpose, the effect of 

cutting treatment on the relation between leaf size and leaf number on a tiller was determined 

and it was determined whether cultivars differed in the response of leaf morphology to 

cutting. The effect of cutting on relative tiller appearance rates was analysed in terms of its 

components: leaf appearance rate and site filling. Site filling is defined as the relative tiller 

appearance rate divided by the leaf appearance rate (Davies, 1974; Neuteboom and Lantinga, 

1989) and is related to the proportion of tiller buds that grow into visible tillers (Van Loo, 

1992). Finally, also the effect of cutting treatments on specific leaf area and on dry matter 

distribution to harvestable shoot, stubble and root was assessed. 

2.2 MATERIAL AND METHODS 

The experiment was carried out in a glasshouse with spaced plants of Lolium perenne L. 

cultivars Barry (diploid lawn grass), Wendy (diploid production grass), Condesa (tetraploid 

production grass). Wendy is known to have a higher leaf appearance rate than Condesa 

(Neuteboom, Lantinga and Wind, 1988). On 16 January 1990 (day 1), seeds were sown in 
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sand. On day 9, 72 plants per cultivar with one tiller and one appeared leaf were selected and 

placed on eighteen containers (length: 2 m, volume: 40 L) with hydroponics (Steiner nutrient 

solution, Steiner, 1984). Six blocks were formed, each consisting of three containers. In each 

block, cultivars were assigned to one of the containers (12 plants per container). On day 28, 

36 plants per cultivar were harvested for dissection into root, stubble (< 2.5 cm) and 

herbage above 2.5 cm stubble height. The other 36 plants per cultivar (six per container) 

remained on the hydroponics and those plants were subjected to six cutting treatments. A 

split-plot design was used with cultivars as main factor and cutting treatments as the split 

factor. The hydroponics were changed weekly and the pH of the hydroponics was kept 

between 5.0 and 6.0. 

Cutting treatments: All combinations of two cutting frequencies (weekly and three weekly 

cuts) and three cutting heights (2.5, 5 and 7.5 cm ) gave six cutting treatments. To avoid 

complications due to variation in tiller and leaf angle, leaves were held upright and then cut at 

the desired cutting height. Thus, after cutting, for all tillers the length of leaf sheath plus 

blade of cut leaves was equal to the cutting height. Seven cuts were harvested with weekly 

cuts and three with three-weekly cuts. The first cut was on day 28 and the last cut on day 

70. At the final cut, the cutting height was 2.5 cm in all cutting height treatments. This was 

done to enable comparison of the fraction of biomass production allocated to herbage above 

the same stubble height of the three cutting height treatments. 

Environmental conditions: Day/night temperatures were 20/15 °C. Natural daylight was 

admitted and additional light (400 W Philips SON-T lamps) was used from 6.00 h - 21.00 h. 

Total daily radiation (PAR) within the glasshouse increased during the experiment from 

3.4 MJ.m-2.d"1 to 4.4 MJ.m~2.d"1. 

Measurements: A t the first and final cut, plants were harvested completely, and weights of 

root, stubble and herbage above cutting height were determined. At the other cutting dates, 

only herbage yield was determined. Dry weight of plant material was determined after drying 

at 70 °C for 24 h. Specific leaf area (SLA) was determined from subsamples of the harvested 

leaves on day 28 and day 70. Leaf area of the subsamples was calculated from leaf blade 

lengths and leaf blade widths. The area of individual leaves (A, cm2) was calculated as: 

A = 0 . 2 5 M 1.5WT+W2 + W3+0.5W4) d ) 

in whichAis leaf length (cm) and W-\, W2and W3are the leaf widths (cm) at positions 25, 50 

and 75 % of the leaf length measured from the base and W4 is the width at the end of the 

leaf. Eqn. (1) is based on the assumption that a leaf forms a rectangle from the leaf base to 

position 1 (where W^ was measured) and forms a trapezium from position 1 to 2 and from 

position 2 to 3, and from position 3 to 4 (for uncut leaves W4 is zero). 

At weekly intervals, the number of tillers per plant and the number of newly appeared leaves 



on the main and third tiller were counted and the leaf blade and sheath length of all leaves on 

the main and third tiller were measured. From the time course of the number of tillers per 

plant and number of appeared leaves on each tiller, the relative tiller appearance rate and leaf 

appearance rate were calculated. Site filling is defined as the relative tiller appearance rate 

divided by the leaf appearance rate: 

F = Rfar = l n T2 - l n ri = In T2 - In T, A f 

LA l2-h ut l2~h 

in which, Fs is site filling, LA is the leaf appearance rate (new leaves per tiller per time 

interval,d"1), Rtar is the relative tiller appearance rate (d"1) and Ty and T2, are plant tiller 

number and /1 and l2 are number of appeared leaves on the main tiller at time t-\ and f2, 

respectively. 

From the length measurements, the relation between sheath and blade length and leaf 

number was determined; the leaf number is counted from tiller base upwards. 

2.3 RESULTS 

Tillering, site filling and leaf appearance 

Final number of tillers per plant were highest with three-weekly cuts at 7.5 cm and lower 

with weekly cuts or lower cutting heights (Table 2.1). Relatively, the effect of cutting height 

was strongest with weekly cuts. Cultivars Barry and Wendy had a higher final number of 

tillers per plant than Condesa. Tiller number of Barry, a lawn grass type, was not so much 

affected by cutting frequency as of Wendy and Condesa. Only with cuts at 2.5 cm tiller 

number of Barry was lower with weekly cuts than with three-weekly cuts. Therefore, final 

tiller number of Barry was higher than of Wendy with weekly cuts at 2.5 and 5 cm. 

Differences in final tiller number per plant were caused by differences in relative tiller appear

ance rate, since all plants had one tiller at the start of the experiment. We analysed the 

relative tiller appearance rate as the product of site filling and the leaf appearance rate (Table 

2.2). The leaf appearance rate was significantly lower at 2.5 than at 7.5 cm cutting height. 

With three-weekly cuts, the leaf appearance rate of cuts at 5 cm was most close to that of 

cuts at 2.5 cm, while with weekly cuts leaf appearance rate of cuts at 5 and 7.5 cm were 

similar. The leaf appearance rate of Condesa was about 15 % lower than of Wendy and Barry 

until the first cut (Table 2.3). This difference in leaf appearance rate gradually became less 

as, after the first cut, leaf appearance rate of Wendy and Barry declined while that of 

Condesa remained stable. As a consequence of the lower mean leaf appearance rate of 

Condesa, also its mean relative tiller appearance rate was lower (Table 2.2). 
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Table 2 . 1 . Number of tillers per plant at the last cut (day 70). 

Cutting height 

Cultivar 

Barry 

Wendy 

Condesa 

Means 

2.5 

99 

64 

42 

68 

Weekly cuts 

5 

173 

119 

85 

126 

7.5 

142 

179 

90 

137 

Three-wee 

2.5 

120 

133 

99 

117 

kly cuts 

5 

164 

202 

106 

157 

7.5 cm 

159 

227 

135 

174 

Significance of differences (based on log-transformed data): 
Main effects: 
Cultivar: P< 0.001 
Cutting frequency: P< 0.001 
Cutting height: P< 0.001 

Interactions: 
Cultivar »Frequency: P< 0.001 
Cultivar*Height: P = 0.037 
Frequency*Height: P = 0.011 

Cultivar*Frequency*Height: P>0.05 

Site filling can be graphically shown as the slope of the relationship between the logarithm of 

the number of tillers per plant and the number of leaves appeared per tiller (Fig. 2.1), since no 

tiller mortality occurred. At first, site filling was maximal at 0.693 (Neuteboom and Lantinga, 

1989), but later declined to lower values (see also Fig. 2.2). Site filling was lower with 

weekly cuts than with three-weekly cuts. The effect of cutting height on site filling depended 

on the cutting frequency: with weekly cuts site filling was highest with cuts at 7.5 cm, but 

with three-weekly cuts with cuts at 5 cm (Fig. 2.2). With weekly cuts, site filling steadily 

declined with time. With three-weekly cuts, site filling was temporarily lower after each of 

the two cuts, but site filling almost recovered in the second week after cutting (Fig. 2.2B). 

Cultivar differences in relative tillering rate, leaf appearance rate and site filling were not 

significantly influenced by cutting treatments. Therefore, overall means for the cultivars and 

means for each of the six cutting treatments have been presented (Table 2.2). Averaged over 

all cutting treatments, Wendy had the highest site filling and Barry had the lowest site filling. 

The lower site filling of Barry was mainly due to a 9 % lower site filling of Barry than of 

Wendy and Condesa with cuts at 7.5 cm. With cuts at 2.5 and 5 cm, site filling of Barry was 

only 5 % lower than of Wendy and Condesa (results not shown). 
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Total dry matter accumulation and accumulation above the cutting height 

Since tiller number increased, herbage yields per plant of the successive cuts increased 

almost exponentially as shown for Wendy in Fig. 2.3A. With weekly cuts at 2.5 cm, there 

was no significant difference in total dry matter accumulation and herbage harvested per 

plant between the three cultivars, whereas large differences with three-weekly cuts or with 

higher cutting heights were substantial (Fig. 2.3B and C). Cumulative dry matter 

accumulation above the cutting height until day 49 was maximal with cuts at 7.5 cm for 

Condesa, with cuts at 5 cm for Wendy and with cuts at 2.5 cm for Barry, both with weekly 

and three-weekly cuts (Fig. 2.3B). Total dry matter accumulation until the last cut was 

maximal with cuts at 7.5 cm for Wendy and Condesa and with cuts at 5 cm for Barry 

(Fig. 2.3C). Effects of cutting treatments on dry matter accumulation were very similar to 

effects on tiller number. However, differences in tiller number per plant were not the only 

cause of differences in dry matter accumulation, since also accumulation per tiller was 

strongly influenced by the different cutting treatments (Fig. 2.3D). 

Dry matter distribution 

The fraction of total biomass above the cutting height ('fraction harvestable') at day 28 was, 

of course, highest with cuts at 2.5 cm and lowest with cuts at 7.5 cm (Fig. 2.4A). Wendy 

and Condesa did not differ in this fraction. When cut at 5 and 7.5, Barry showed a lower 

fraction harvestable compared to Wendy and Condesa. At the final cut, all plants were cut at 

2.5 cm. This enabled comparison between the cutting treatments of the fraction of dry 

matter accumulation occurring in the stubble below 2.5 cm and to shoot above 2.5 cm. With 

all cultivars, a shift in this distribution occurred towards a higher fraction allocated to shoots 

above 2.5 cm with the more frequent cuts at the shorter heights and to a lower fraction to 

shoots above 2.5 cm with the more lenient cutting treatments (Fig. 2.4B). Again, the effect 

of cutting height was strongest with weekly cuts. With Condesa a higher fraction of dry 

matter accumulation occurred in shoot above 2.5 cm than with Barry and Wendy (except 

with weekly cuts at 5 and 7.5 cm where this fraction was similar for Wendy and Condesa). 

The fraction of total dry matter accumulation occuring in roots ( = incremental root weight 

ratio) was approximately 20 % for all treatments and cultivars. Only with weekly cuts at 2.5 

cm (for all three cultivars) and with three-weekly cuts at 7.5 cm for Barry and Wendy, the 

incremental root weight ratio was lower (Fig. 2.4D). With weekly cuts at 2.5 cm, the 

reduction of the incremental root weight ratio compared to three-weekly cuts at 7.5 cm was 

greatest for Condesa, intermediate for Wendy and only very small for Barry. Since the 

incremental root weight ratio was not very much influenced by the cutting treatments, the 

effect of cutting on the fraction of dry matter accumulation occuring in the stubble below 2.5 

cm showed a pattern that was the reverse of the effect on the fraction going to shoot above 

2.5 cm (Fig. 2.4C). 
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Fig. 2.3. Effect of cutting treatments on total dry matter accumulation and accumulation 
above the cutting height per plant and per tiller. A. Harvested herbage per cut of Wendy. B. 
Cultivar differences in total harvested herbage of cut 2, 3 and 4 for weekly cuts and of cut 2 
of three-weekly cuts. C. Total dry matter accumulation. D. Total dry matter accumulation per 
tiller present at day 70. In A: Three-weekly cuts: * 2.5, • 5, • 7.5 cm cutting height. 
Weekly cuts: A 2.5, O 5, • 7.5 cm cutting height.In B, C and D: three-weekly cuts: A Barry, 
• Wendy, • Condesa. Weekly cuts: A Barry, O Wendy, D Condesa. Bars indicate LSD 
(P = 0.05). In B, C and D the LSD is proportional to the mean, because the quantities were log-
normally distributed. 

Specific leaf area 

At the first cut on day 28, the specific leaf area of Barry was 294, of Wendy was 303 and of 

Condesa was 266 cm 2 g ' 1 . With three-weekly cuts, SLA at the final cut was lower than at 

the first cut, and with weekly cuts, SLA was higher at the final cut than at the first cut, for 

all cultivars (Fig. 2.5). With weekly cuts, SLA of all cultivars increased with decreasing 

cutting heights. Wendy even had a 1.6 times higher SLA with weekly cuts at 2.5 cm 

compared to cuts at 7.5 cm. With three-weekly cuts, only SLA of Wendy was higher with 

cuts at 2.5 cm than with cuts at 5 and 7.5 cm. SLA of Barry and Condesa was not greatly 

influenced by cutting height with three-weekly cuts. 
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Effects on leaf morphology 

The increase of SLA and fraction allocated to above 2.5 cm stubble height with more 

frequent cuts at lower height enabled plants to maintain the leaf area expansion rate when 

the growth rate declined as a consequence of the removal of leaf area. However, the increase 

of both could not prevent that the leaf expansion rate and leaf size declined with increasing 

defoliation severity (Fig. 2.6). Leaves attained their maximal length with three-weekly cuts at 

7.5 cm. With this treatment, all cultivars showed an increase in leaf length of successive 

leaves on the main tiller until the end of the experiment (shown for Wendy in Fig. 2.7A and 

2.7.B). The final leaf blade length of the first leaf of Barry was 5.4 cm, of Wendy was 7.4 

cm and of Condesa was 9.2 cm (average for the first and third tiller). With three-weekly cuts, 

the increase of the leaf lengths of successive leaves on the main tiller was greatest for 

Condesa and smallest for Barry as can be inferred from the length of the ninth leaf (Fig. 2.6). 

2 .5 5 .0 7.5 

Fig. 2.6. Effect of cutting treatments on final leaf 
blade length of leaf 9. Three-weekly cuts: * Barry, 
• Wendy, • Condesa. Weekly cuts: A Barry, 
O Wendy, D Condesa. Points are means of 6 repli
cates. Bar indicates LSD (P = 0.05). 

Cutting height (cm) 

Cutting at 5 cm did hardly change the total leaf blade length compared to cuts at 7.5 cm 

(shown for Wendy in Fig. 2.7A and B). Weekly cuts and cuts at 2.5 cm reduced the leaf 

lengths of all leaves formed after the first cut. With weekly cuts at 2.5 cm, leaf length of 

Barry was less influenced than leaf length of Wendy and Condesa, which showed a decrease 

with time and leaf number, while leaf length of Barry remained constant with that treatment. 

With three-weekly cuts, leaves which were expanding at the time of the cut, did not reach 

their potential leaf size, since they often reached a smaller total length than their preceding 

and succeeding leaves (Fig. 2.7B). Generally, a steady increase of the sheath lengths of 

successive leaves occurred, which was disturbed when sheath lengths became larger than 

the cutting height (results shown for Wendy, Fig. 2.7C and D). With lower cutting heights, 

sheath length was reduced, but still showed a tendency to increase with leaf number. Sheath 

lengths of Barry were so small that the increase of sheath length with leaf number was only 

disturbed by weekly cuts at 2.5 and 5 cm (Table 2.4). Sheath lengths of Wendy and Condesa 

on the main tiller were similar and similarly affected by weekly cuts. At weekly cuts at 2.5 

cm, however, sheath lengths of Condesa were relatively more reduced than of Wendy. 
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Table 2.4. Sheath length of the ninth leaf (cm) on the main tiller. 

Cutting height 

Cultivar 
Barry 
Wendy 
Condesa 

mean 

LSDcu | t i va r = 

Weekl\ 

2.5 

2.0 
3.0 
1.8 

2.3 

- L SD h e i g h t = 

cuts 

5 

2.5 
4.7 
4.4 

3.9 

= 0.7; 

7.5 

3.2 
6.0 
5.0 

4.7 

L S D f reque 

3-weekly cuts 

2.5 

3.2 

5.1 
6.1 

4.8 

noy = 0 .5 

5 

3.6 
5.8 
5.2 

4.8 

7.5 cm mean 

3.3 
7.2 
6.7 

5.7 

3.0 
5.3 
4.8 
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adj = 0 .921 , SD = 0.6; W = 0 for Condesa and Barry, W = 1 for Wendy. L, and SL, are 
leaf blade and sheath lengths with the same leaf number on tiller 1 ; L3 and SL3 are leaf blade 
and sheath lengths on the third .tiller. 

Fig. 2 .8A shows tha t the relation be tween leaf length w i t h th ree-week ly cu ts at 7.5 cm and 

leaf number w a s approximately the same for the main t i l ler as for the third t i l ler. There is a 

tendency t ha t leaves on the th i rd t i l ler we re somewha t larger t han the leaves on the main 

t i l ler for the higher leaf numbers. Sheath lengths of leaves of the same leaf number were 

generally longer on the th i rd t i l ler than on the main t i l ler, in particular in the case of Condesa 

(Fig. 2 .8B). Leaf w i d th increased w i t h leaf length (Fig. 2 .9A) . When averaged over all cu t t ing 

t rea tments , mean leaf w i d t h of Barry was lowest , of Wendy w a s intermediate and of 

Condesa w a s h ighest. The relation be tween leaf w i d t h and leaf blade length could be 

described by one linear relation for the three cul t ivars (Fig. 2 .9A) . This relation w a s used to 

derive a quadratic relation be tween area per leaf and leaf blade length (Fig. 2 .9B). 

2.4 DISCUSSION 

Genotype comparisons of regrowth capacity 

It w a s expected tha t genetic d i f ferences in regrowth capaci ty wou ld be expressed most 

s t rongly w i t h f requent cu ts at l ow cut t ing height. However , w i t h week ly cu ts at 2 .5 cm 

cult ivar d i f ferences in g r o w t h and harvestable yield were generally smal l , whi le cul t ivar 

d i f ferences w i t h th ree-week ly cu ts at 7.5 cm were largest. Davies (1974) used the ratio of 

g r ow th w i t h cu t t ing t o undisturbed g row th as a measure of the extent t o wh i ch a genotype 

w a s set back by cu t t i ng , in order t o arive at a measure tha t is independent of the inherent 

g r o w t h rate of the genotype. Here a similar measure may be ca lcu lated: the rat io of b iomass 

produced w i t h week ly cu ts at 2.5 to b iomass produced w i t h th ree-week ly cu ts at 7.5 c m . 
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This ratio is 0.264 for Barry, 0.074 for Wendy and 0.073 for Condesa. For weekly cuts at 

5 cm compared to three-weekly cuts at 7.5 cm, these ratios are 0.79 for Barry, 0.255 for 

Wendy and 0.283 for Condesa. So, Barry was set back least by frequent cuts. This is caused 

by the relatively lower harvestable fraction through the short sheaths and leaf blades of 

Barry. 

Effect of cutting on tillering and leaf appearance 

Tillering rates in grasses can be influenced by, among other factors, assimilate availability 

(Dayan, Van Keulen and Dovrat, 1981), hormones (Jewiss, 1972; Jinks and Marshall, 1982) 

and light quality (Simon and Lemaire, 1987; Casal, Sanchez and Gibson, 1990). In a sward, 

all of these will be influenced by cutting. In the present study, effects of cutting on light 

quality were eliminated as far as possible by the use of spaced plants. 

More frequent cuts at lower heights increasingly reduced tillering rates, partly through effects 

of cutting height on leaf appearance rate (i.e., tiller bud formation per tiller), partly through 

effects of cutting height and frequency on site filling. This was also found by Hume (1990) 

for both prairie grass (Bromus wildenowii Kunth) and perennial ryegrass, wi th single plants. 

Also, Davies (1974) found that with increasing defoliation severity site filling and leaf 

appearance rate of perennial ryegrass became smaller. However, reduced tillering rates have 
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not been generally found in the field when different cutting treatments were compared. Jones 

(1981), for example, found a higher tiller density with continuous grazing compared to 

infrequent cutting. In the field, cutting reduces the leaf area index and therefore increases the 

red/far-red ratio perceived by tiller buds. Since an increased red/far-red ratio stimulates site 

filling (Casal, Sanchez and Gibson, 1990), more frequent cuts at lower cutting heights result 

in higher tillering rates in swards. 

Also, leaf appearance rates are not always negatively affected by cutting in swards. In the 

field. Grant et al. (1981 ) found higher leaf appearance rates with higher grazing pressure, 

although the effect was transient and disappeared after some weeks. Grant et al. (1981) 

supposed that the temporarily increased leaf appearance rate could be due to increased light 

levels reaching soil level with more severe defoliation, since at higher light levels the leaf 

appearance rate is higher (Mitchell, 1953). Also, the absence of a negative effect on leaf 

appearance rate of a low cutting height with the dense swards in the glasshouse experiment 

of Grant et al. (1981), may have been caused by the positive side effect of an increased 

irradiance of the tiller bases with the low cutting height. In our experiment, no such side 

effects of cutting treatments on irradiance level near the tiller bases occurred and effects of 

cutting on leaf appearance rate and site filling may be explained by direct effects of the 

cutting treatments on for example assimilate availability or hormonal effects of cutting. 

Effects of cutting on assimilate availability occur as a consequence of differences in residual 

leaf area after cutting and/or the amount of reserves in the stubble with the different treat

ments. Whether a possible effect of assimilate availability to growing tiller buds alone is 

sufficient for explaining the effect cutting on site filling, will be examined in a next paper 

(Chapter 3) in which a model will be presented for tilllering, leaf area expansion and regrowth 

after defoliation. 

Potential tiller and leaf size and effects of cutting on leaf size 

The size of individual tillers increased with the age of the tiller as the number of leaves 

increased and - except in the most severe cutting treatment (high frequency and lowest 

height) - as the size of leaves increased with leaf number on the tiller. The size of tillers was 

maximal with three-weekly cuts at 7.5 cm. With that cutting treatment, leaf blade lengths 

where not much higher than with three-weekly cuts at 5 cm, so the leaf size attained with 

three-weekly cuts at 7.5 cm will probably be close to the potential leaf size. The size that a 

leaf will attain depends on the number of cells produced by the leaf meristem and the final 

size these cells will reach. Probably, an increase in the leaf primordium size is responsible for 

the increase of leaf length with leaf number on a tiller. Results of this study indicate that the 

relationship between potential leaf blade length and leaf number on a tiller is approximately 

the same for older and younger tillers. This opens the possibility of using that relation to 

simulate the increase of leaf area per plant on the basis of this relationship and the age 

distribution and the total number of tillers on a plant. Sheath lengths on the third tiller were 

larger than on the main tiller at the same leaf number (Fig. 2.8B). 
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Fig. 2.10. The relationship between final leaf blade length and the length of the sheath tube 
(sheath length of the previous leaf number). Three-weekly cuts: * Barry, • Wendy, • 
Condesa. Weekly cuts: A Barry, O Wendy, D Condesa. Each point is based on means (of six 
replicates) for a leaf number on the main tiller of one of the six treatments. Regression lines: 
solid line, three-weekly cuts; dashed line, weekly cuts; Y = 6.73-1.28F + 3.1 8X, Y = leaf blade 
length of leaf number i on the main tiller (cm), X = sheath length of leaf number i-1 (cm), F = 0 
for three-weekly cuts and F = 1 for weekly cuts. R2

adj = 0.697, SD = 2.38. 

The higher the frequency of defoliation and the lower the cutting height, the more leaf and 

sheath length were reduced compared to three-weekly cuts at 7.5 cm. It is not easy to 

explain this effect of cutting on final leaf size by an effect of cutting on leaf primordium size, 

since cutting also affected the final length of leaves that were already expanding. It is also 

hardly conceivable that the leaf extension zone itself is directly changed by cutting, since 

elongation of leaves takes place in the basal part of leaves. For leaves growing in sheaths of 

7.5 cm the elongation zone is confined to the basal 20 to 30 mm (Schnyder, Keo and 

Kuhbauch, 1989). With cuts at 5 and 7.5 the elongation zone is therefore not removed. With 

cuts at 2.5 cm, part of the elongation zone may have been removed. The effect of cutting on 

the final leaf blade length may also be mediated by an effect of the length of the sheath tube 

in which that leaf developed, since we found a positive correlation between leaf blade length 

and the length of the sheath tube (Fig. 2.10A). Such a positive correlation between leaf and 

sheath length has also been reported by Grant era/. (1981). An alternative hypothesis for the 

negative effect of low cutting heights on leaf length and elongation could be that assimilate 

availability reduces leaf elongation. However, the increased leaf elongation duration with 
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shade treatments of tall fescue (Festuca arundinacea L.) found by Allard, Nelson and Pallardy 

(1991) does not support the hypothesis of a negative effect of a reduced assimilate 

availability on leaf extension. 

Tiller morphology (sheath and leaf blade length, blade width and thickness) has an important 

impact on the fraction of leaf remaining in the stubble and the fraction of shoot that can be 

harvested above the cutting height. Cultivars differed in the increase of sheath length of 

successive leaves and also showed a different response of the sheath length to cutting 

treatments. In the field, a fast adaptation of the sheath length to a change in defoliation 

height is important to maintain a stable harvestable fraction and residual leaf area after 

defoliation. 

Barry (a cultivar for lawns), did not show a capacity to increase its sheath length with less 

severe defoliations. Also, Barry could hardly increase its leaf length with less frequent cuts or 

cuts at higher height. The fraction of dry matter accumulation occurring above the cutting 

height was therefore less for Barry than for Wendy and Condesa, particularly at higher 

cutting heights. Although Wendy and Condesa showed almost the same leaf and sheath 

lengths on the main tiller, the fraction of harvestable shoot of Wendy was often somewhat 

lower than of Condesa. This was caused by the longer sheaths of younger tillers of Condesa 

(Fig. 2.8B). Furthermore, Wendy had a larger proportion of younger tillers than Condesa, 

because the relative tiller appearance rate of Condesa was lower than of Wendy. Leaves on 

younger tillers have a lower leaf number and therefore had shorter sheaths than leaves on 

older tillers. Therefore, relatively less shoot material will have been harvested above the 

cutting height of younger than of older tillers. 

Changes in SLA: a plastic response to cutting and duration of growth 

When leaf expansion rate and assimilate flow to leaves are not strictly related, a rise in 

specific leaf area (SLA) may be expected when the total assimilation rate is suddenly reduced 

by defoliation. This rise in SLA will be larger when the cut is more often or more severe. 

Indeed, we found higher values of SLA with more frequent cuts at lower cutting heights. 

Therefore, we conclude that leaf expansion was at least partially independent of assimilation 

supply to the leaf. Cutting reduced total leaf lengths most when high values of SLA were 

reached, suggesting that at high values of SLA leaf expansion depended on assimilate supply. 

The capacity to increase SLA after defoliation can be regarded as a good characteristic of a 

cultivar, because it enables a faster leaf expansion after defoliation. This gives a faster 

regrowth rate and better competitive capacity. Wendy showed the largest capacity to 

increase SLA with frequent and severe defoliation. 

With prolonged growth duration after cutting (when assimilates become abundantly 

available), a reduction of SLA would be an advantage. The capacity to decrease SLA in that 

situation would reflect the capacity to increase or maintain the sink size of leaves or, in other 

words, the capacity to use leaves as a storage organ. Storing more carbohydrates in the 
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leaves instead of in the stubble would increase the fraction harvestable shoot. Condesa 

showed the lowest SLA at infrequent cuts at high cutting height and also allocated a larger 

proportion of dry matter to above 2.5 cm. 

Our results on SLA are in agreement with results of Sheehy, Cobby and Ryle (1980) who 

showed that SLA was high just after cutting and declined with time after cutting. Such a 

pattern with time would result in a higher SLA with more frequent cuts. However, Grant, et 

al. (1981) showed the reverse trend of SLA: an increase of SLA with time. Grant et al. 

(1981) reported a lower SLA with higher cutting heights, which is in'agreement with the 

present results. When leaf area expansion is independent of assimilation rate, perhaps an 

increase of SLA wi th time after defoliation is also possible in swards. In swards, the mean 

assimilation rate per unit leaf area declines and the crop respiration rate increases with time 

after defoliation. Also the fraction of assimilates allocated to roots may increase with time 

after defoliation as crop photosynthesis increases (Sheehy et al.. 1980). Therefore, the 

availability of assimilates to new leaf area could decrease with time in a sward, which would 

lead to higher values of SLA. 

Since SLA may depend on time after cutting and on assimilate supply to leaves, use of SLA 

as a constant parameter to derive the rate of increase of leaf area from leaf growth in 

regrowth models for grass does not seem valid. Perhaps, SLA based on structural (mainly cell 

wall) material will prove to be more constant, since a large part of the variation in SLA based 

on total leaf dry matter is caused by variation in the ratio of structural to non-structural 

material (see also Chapter 4). 

Dry matter distribution between harvestable shoot, stubble and root 

According to the theory of the functional equilibrium between roots and shoots, a higher 

allocation of assimilates to shoots may be expected after defoliation (Brouwer, 1963; 

Thornley, 1972; review by Wilson, 1988). The response of dry matter distribution to cutting 

regime found in this study was not completely in agreement with such functional balance 

theories, since only with the weekly cuts at 2.5 cm a decrease was found in the fraction of 

dry matter accumulation occurring in roots. The distribution of dry matter within the shoot 

responded much more to the different cutting treatments: with three-weekly cuts at 7.5 cm a 

higher fraction of dry matter accumulation occurred in the stubble than with weekly cuts at 

2.5 cm, with intermediate cutting treatments showing intermediate results. This was also 

found by Simons, Davies and Troughton (1972) when comparing the effect of cutting at 2 or 

5 cm. As was found in the present study, also Simons et al. (1972) found that the effect of 

cutting on above ground biomass distribution was biggest for the cultivar with the highest 

leaf appearance rate and smallest leaves. The results of Simons et al. (1972) and our results 

can only be directly compared for the first cut, where we measured the fraction of biomass 

above the cutting height (Fig. 2.4A). For the period after the first cut, we determined the 

incremental fraction of biomass production allocated to the shoot above and below 2.5 cm. 

For this purpose, we determined the cumulative dry matter accumulation above 2.5 cm 
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stubble height. Dividing this accumulation above 2.5 cm by the total dry matter accumulation 

since the first cut gave the incremental fraction of dry matter accumulation occurring above 

2.5 cm. Using this method it was possible to decide that a real shift in dry matter distribution 

(between root, stubble below 2.5 cm and herbage above 2.5 cm cutting height) had 

occurred. By only comparing the fraction of biomass allocated to above the cutting height at 

different cutting heights this is not possible, since the fraction above the cutting height will 

be lower with higher cutting height due to the limited size of leaves. 

The higher fraction of dry matter accumulation occurring in the stubble with higher cutting 

heights can be explained by an "overflow" of substrate from leaves to the stubble when 

substrate availability is high. This will occur when the sink size of growing leaves is larger 

than the sourc size. The process of storage of assimilates in the stubble when assimilates are 

abundant and of usage of stored assimilates during regrowth is very important for the grass 

crop, since the initial regrowth after defoliation depends on availability of substrate in the 

stubble when little leaf area remains in the stubble after defoliation. 
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Chapter 3 

A regrowth model for spaced plants of perennial ryegrass 
incorporating effects of tillering and leaf morphology 

with E.A. Lantinga 

ABSTRACT 

A model for the regrowth after defoliation of perennial ryegrass is presented in which sink-
source relations are explicitly simulated. The model was used to evaluate differences 
between cutting treatments (weekly versus three-weekly cuts at 2.5, 5 and 7.5 cm) in 
tillering and regrowth found in a glasshouse experiment with spaced plants of perennial 
ryegrass. In the model, the tillering rate is a function of bud formation and development, and 
of substrate availability to buds. The observed relationship between leaf size and leaf number 
of the low frequency/high cutting height treatment in the experiment was used to calculate 
the potential leaf expansion rate. In the model, this potential rate determines the substrate 
demand of growing leaves (sink size). The actual expansion rates and allocation of dry matter 
to leaves are less than the potential rates when substrate availability (source size) is not 
sufficient. 

With the simulation model, we could explain the increase in fraction of dry matter allocated 
to shoot above 2.5 cm, the increase in specific leaf area (SLA) and the reduced tillering that 
occurred especially with the high frequency/low cutting height treatment in the experiment. 
The model predicts that the specific leaf area (SLA) will increase just after defoliation until a 
maximum is reached and will decline thereafter. This temporal variation in SLA was biggest 
with the highest cutting frequency and with the lowest cutting height. Further, the model 
predicts that just after cutting a large fraction of leaf growth comes from the substrate pool 
in the stubble. However, this fraction declined very fast in a few days after cutting as current 
assimilation of new leaves provided an increasing proportion of the required substrate for leaf 
growth. 

3.1 INTRODUCTION 

Leaf expansion of perennial ryegrass (Lolium perenne L.) after cutting depends on both 

substrate supply (source size) and demand for substrate (sink size). Substrate supply to 

expanding leaves of grass depends both on the current assimilation rate and the availability of 

substrate from the stubble. Sink size of leaves of perennial ryegrass depends on maximum 

growth rate per tiller and the tiller density or, for spaced plants, the number of tillers per 

plant. Source size will be limiting for leaf expansion after cutting, when the substrate demand 

of leaves larger than the availability. This occurs, for example, just after cutting when the leaf 

area and the amount of substrate in the stubble is small. Then, either the leaf expansion rate 

will be reduced and/or the specific leaf area (SLA) will increase. Sink size limits leaf area 
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expansion when substrate availability to leaves is higher than demand. Evaluations of the 

relative importance of source or sink limitations during regrowth are scarce, but are important 

for a better understanding of the regrowth of grass. Johnson and Thornley (1983) presented 

a model for the regrowth of grass in which leaf area expansion does not depend directly on 

the current assimilation rate, but is influenced by the level of an assumed storage pool. 

However, in that model, it is impossible to evaluate the influence of tiller density and tiller 

morphology on sink/source-relations. Dayan, Van Keulen and Dovrat (1981) presented a 

model (TILDYN) for tillering and regrowth of Rhodes grass. However, TILDYN is not suitable 

for simulating the effect of cutting height, since it does not include a substrate pool. 

Therefore, regrowth from a stubble with no residual leaf area after cutting cannot be 

simulated with TILDYN. In this paper we present a model for the regrowth after defoliation of 

perennial ryegrass including the effects of cutting height and frequency on tillering, leaf area 

dynamics and regrowth rates. 

Sink size factors incorporated in the model are tillering parameters and the maximum growth 

rate per tiller. Source size factors are the current assimilation rate, the weight of the 

substrate pool and the weight of unemerged leaves in the stubble. The tillering parameters 

are i) leaf appearance rate, ii) potential site filling, i.e. the maximum relative increase in tiller 

number per leaf appearance interval (Neuteboom and Lantinga, 1989) and iii) the minimum 

substrate requirement for the production of one new tiller. A test of the model was carried 

out by comparing results from simulations and of a cutting experiment with widely spaced, 

vegetative plants of perennial ryegrass (Chapter 2). 

3.2 MODEL DESCRIPTION 

Model structure 

The model is a dynamic, explanatory model for the regrowth of spaced vegetative perennial 

ryegrass plants. Regrowth, tillering and leaf area expansion after defoliation, at the plant 

level, are explained from processes at the plant organ level (tillers). The structure of the 

model is shown in three relational diagrams: dry matter accumulation (Fig. 3.1), leaf area 

expansion (Fig. 3.2) and tillering (Fig. 3.3). Environmental factors are supposed to be con

stant. Temperature, water and mineral nutrients are supposed to be non-limiting for growth. 

Four types of state variables occur in the model: weights, leaf area, and tiller and leaf 

numbers. Plant weight is divided into weights of unemerged, emerged and dead leaves, struc

tural sheath material, non-structural material in the sheaths and unemerged leaves 

('substrate') and roots. Leaf area is calculated for each of ten tiller age classes. Four leaf age 

classes per tiller age class are distinguished. 

The following steps are taken in the calculation of the total growth rate, the leaf expansion 

rate and allocation of dry matter to roots, sheath, substrate in sheaths, unemerged and 

expanding leaves: 
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1) Calculation of the source size for leaf growth. 

a) Calculation of total growth rate (Gnew), eqns. (1)-(2). 

b) Calculation of the availability of new dry matter for leaf growth = source size, eqn. 

(3). The source size for leaf growth is the sum of the maximum rate of usage of 

substrate in sheaths for leaf growth, the flow of material from unemerged to emerged 

leaves and the part of the total growth rate not allocated to roots or structural material 

in sheaths and unemerged leaves. 

2) Calculation of the sink size of leaves, i.e. the demand of leaves for substrate,D , based on 

the potential leaf expansion rates of leaves, eqn. (4) 

3) Calculation of actual growth rate of leaves, which is the minimum of the source size and 

sink size, eqn. (5). 

4) Calculation of the actual leaf expansion rates, eqn. (6). 

5) Calculation of f lows from and to the substrate pool in sheaths, eqn. (7). 

6) Calculation of growth rates of leaves, unemerged leaves, root, structural sheath material, 

rate of leaf death and total growth rate, eqns. (8-9). 

7) Calculation of the "leaf age",/ , in leaf appearance intervals, tiller bud formation rate and 

tillering rate, eqns. (10M11). 

8) Changes in weights at cutting dates, eqns. (12)-(14). 

These steps are explained below in more detail. The equations of the model and the 

explanation of the symbols are listed in the Appendix (3.5.1 and 3.5.2). 
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Fig. 3.1. A relational diagram of the regrowth model: dry matter accumulation. Rectangles are 
state variables, valves are rates and circles are driving variables. A dashed line indicates that 
one variable influences another variable. Solid lines indicate flows into and out of state 
variables. For explanation of symbols and acronyms: see Appendix (3.5.2). 
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