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Lack of suitable criteria for early screening for nutritive value (NV) of pasture varieties has 

been indicated as a cause of slow improvement in lamb liveweight gain from new pasture 

varieties. A study was carried out to develop a NV index that could be used in the early 

stages of a ryegrass breeding program to rank ryegrass varieties for lamb liveweight gain. 

A series of four experiments, involving 12 perennial ryegrass varieties (Lolium perenne), 
? 

differing in flowering date and morphological attributes, were carried out over two autumn 

seasons (1999 and 2001). Varieties were established in pure sward plots that were mown 

to a height of 5 cm, two weeks prior to experimental measurements. These swards were 

used to obtain data for selected NV components (NVCs) that were later used in a multiple 

linear regression with published lamb liveweight gain data (LWG) to identify appropriate 

components of a NV index. The same control variety (c.v. Nevis) was used in each 
o 

experiment so relative values of NVCs could be compared with LWG. 

Turves of all varieties were dug from established swards and offered in pairs to trained 

sheep to determine preference, intake rate, bite weight and bite rate. Preference for a 

variety was determined as the intake of that variety as a proportion (%) of the total intake 

of both varieties on offer. Representative samples were taken from swards to determine 

chemical composition; nitrogen (N) and water soluble carbohydrate (WSC) (glkg DM), 

degradable N to degradable non-N organic matter (g DN/kg DNNOM) in vitro digestibility 

(IVDMD, glkg DM), force to break leaf (FfB; N/mg DM) and in vitro DM loss after six 

hours incubation (DML6; glkg DM). Methods for quantifying preference, leaf FfB, 

DML6 and DN:DNNOM were developed during the study in order to reflect plant 

resistance to grazing, rumen degradation rate and N to energy balance, respectively. These 

methods were shown to be precise, repeatable and able to detect significant differences 

between varieties for preference, leaf FfB, DML6 and DN:DNNOM (50.0 ± 10.8, 4.14 ± 

0.17, 529 ± 23, and 3l.6 ± 2.0 respectively) 
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The mean values of a range of NV components (WSC, N, IVDMD, DML6, leaf FfB, 

DN:DNNOM) were determined by REML analysis for 12 perennial ryegrass varieties for 

which lamb liveweight gain data was available from published reports. Liveweight gain 

was used as the dependant variable in multiple linear regressions using different 

combinations of NV variables as indices of NV. Two of the three indices were significant 

(P < 0.05) but the backward stepwise" selection resulted in two different indices in terms of 

the final NV components. It was concluded that neither index provided reliable 

coefficients because the multiple regression was based on a data set that was limited and 

the explanatory and response variates were derived from disparate sources. 

The techniques used for quantifying NVCs were simple to use and required less than 5 g 

DM sample material, which make them appropriate for screening at early stages of 

ryegrass selection. Leaf FfB was negatively correlated with intake rate (r = -0.67; P < 

0.05) and therefore has potential as an indicator of resistance to grazing, handling time and 

perhaps even subsequent digestion rate. Sequential in vitro degradation rate (h- l
) of freeze

dried ground ryegrass was strongly correlated with degradation rate in sacco (r = 0.94; P < 

0.05). Selection for ryegrass using dry matter disappearance following a single incubation 

of six hours in pepsin-cellulase (DML6) may improve rate of rumen degradation and 

emptying. The ratio between N and energy supply was defined by a DN:DNNOM 

measurement. A quadratic relationship for DN:DNNOM with lamb liveweight gain was 

observed, a relationship which supported results in the literature. 

Significant variation between 12 varieties was recorded for each of the NVCs measured. 

Previously reported heritability estimates for like-measurements (leaf shear strength, 

IVDMD and N content) indicate that a response to selection can be expected. It is likely 

that the NV measurements developed in this research would be suitable for a ryegrass

breeding index. However, it was recommended that the measurements provided in this 

study initially be used to select the best parent material and that directional selection for 

improvement of NV is used on subsequent generations. Validation of relative importance 

of the NV measurements was also recommended following animal performance trials on 

improved genotypes. 
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CHAPTERl 

Introduction 

New Zealand's pastoral livestock industry relies largely on pasture as the predominant feed 

source. Fann management practises which emphasise the importance of maintaining high 

pasture availability and increased return on investment in livestock breeding have, as a 

result, placed increasing pressure on seed companies to produce grass varieties which meet 

animal's nutritive requirements. 

Development and release of new varieties of grass onto the market may take up to 12 years 

from initial crossing of parent grasses. At the beginning of this period, selection pressure 

is very high and due to the large number of potential varieties (thousands) grass screening 

is based on visual assessment. Morphological characteristics provide the visual cues which 

indicate high yield, persistence, disease and pest resistance, while a high proportion of leaf 

is used to denote good nutritive properties. These indirect measures of yield and quality 

are vital throughout most of the selection process, as there is insufficient grass seed for 

animal production trials. Other indirect measures of nutritive value (NV) include 

laboratory measurements for digestibility, nutrient composition and some animal 

preference from small plots. Not until much later in the breeding program, when one or 

two varieties are almost ready for market release, are animal-grazing trials used to evaluate 

NV. These animal grazing studies are expensive and time consuming and only compare a 

small number of varieties «10). The limited range of genetic material from which these 

selections are made, and the basis on which NV is screened means progress in grass NV 

has limited animal performance (Lancashire and Ulyatt, 1975; Bluett et al. 1999a and 

1999b). 

"None of the methods of herbage evaluation using the animal [which have been discussed] 

are suitable for routine use. A relatively simple index that can be applied rapidly in the 

laboratory to hundreds of samples is required" - Ulyatt (1973). This statement written by 

Marc Ulyatt thirty years ago identifies the crux of the issue today. There are very few 

simple laboratory techniques for measuring grass NV and which correlate with animal 
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performance. This problem is compounded by the question of whether the current 

measures of NV are relevant. 

There have been a number of recommendations made by nutritionists to improve or 

maintain high NV in pastures and these have been summarised in two surveys carried out 

by Wheeler and Corbett (1989) and Smith, Reed and Foot (1997). In spite of relatively 

consistent opinions regarding the major limitations of grasses, trends do occur in grass 

breeding which often reflect political popularity/funding of a particular area of research, 

causing shifts in emphasis from one selection criterion to another. 

Early reports of a selection index for NV in the 1960's (Crampton et al. 1960; Donefer et 

al. 1960; Donefer et al. 1962; Donefer et al. 1963) demonstrated that an index of animal 

performance could be obtained by simultaneous measurement of voluntary intake and 

digestibility. However, this index was validated using legume and grass hay that had been 

harvested prior to feeding to the animals in which the intake data were obtained. 

Consequently, the applicability of this index for grazed pasture comes into question. It 

appears that the improvement of forage NV based on the index was not incorporated into a 

grass breeding program. 

Genetic improvement of grass NV depends on the magnitude and nature of genetic 

variation in the current germplasm, the reliability of the estimates of NV and the 

effectiveness of the selection procedure used (Carpenter and Casler, 1990). The objectives 

of the present research were: 

~ To review the literature regarding pasture NV and identify potential performance 

indicators of NV 

~ To work closely with commercial seed company Agriseeds NZ Ltd and ascertain 

which methods of NV assessment would be suitable in a ryegrass breeding program 

~ To develop/modify methods of assessing NV which were identified as important in the 

literature but where no evidence of a suitable screening method exists 

~ To use new and existing techniques to quantify components of NV in a genetically 

diverse range of perennial ryegrasses 

~ To use the NV database and published lamb liveweight gam data for matching 

varieties to create a NV index using multiple regression 
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At the outset of this thesis project, it was expected that an index would be constructed by 

carrying out a grazing trial on which both liveweight gain and potential index components 

would be measured. However, collaborative work with Agriseeds revealed a real need for 

relevant screening tools and a useful protocol on which to base a selection program for the 

improvement of ryegrass NV. Consistency of conclusions drawn in the literature regarding 

the limitations of pasture NV provided sufficient confidence to designate the majority of 

research time developing screening techniques and building a database on which an index 

could later be established. A NV index was constructed at the completion of the thesis 

project (Chapter 6) to provide an objective means for which to base decisions on NV. A 

general discussion is provided in Chapter 7 to evaluate the usefulness of the index and how 

it might be integrated into a rye grass breeding program. 
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CHAPTER 2 

Literature review 

2.1 Factors influencing nutritive value 

Nutritive value (NV), which has been described as a measure of a feed's ability to maintain 

or promote growth (Blaxter 1977), is recognised as being influenced by a wide range of 

characteristics in grasses. In a survey to determine what are considered the most important 

of these, and should be used in selection criterion for forage breeders, an international 

panel of specialists in grazing animal production identified high digestibility as number 

one priority (Wheeler and Corbett 1989; Smith et al. 1997). Easy comminution, high non

structural carbohydrate content, fast rate of digestion and high crude protein content, were 

also ranked highly. Justification for prioritizing digestibility and protein content would be 

to enable high levels of animal production by increasing the breakdown of non-protein 

organic matter, as well as increasing the rate of outflow of digesta from the rumen and 

reducing protein loss before the duodenum. These factors tend to fall into one of two 

categories; those relating to physical properties of ingestion and degradation, and those 

relating to provision of nutrients from digested components. 

The following review is divided into three sections. 1 - The limitation of NV to availability 

of nutrients imposed by physical resistance to breakdown, 2 - Implications of feed 

chemical composition for NV, and 3 - The role of NV evaluation in grass breeding 

systems. 

2.2 Physical resistance to ingestion and degradation 

Physical resistance of pastures to particle breakdown tends to occur over two consecutive 

stages. The first is during ingestion/grazing where resistance is reflected in the ease with 

which ruminants are able to prehend and masticate the grass. The second stage of 

resistance is during fermentation in the rumen and the ease and speed with which microbes 

access cellular material ego degradation. 
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2.2.1 Resistance to ingestion 

The impact of plant material resistance on total intake during grazing was demonstrated in 

a recent study by Hazard et al. (1998). These authors compared intake of sheep during 

grazing or from pre-harvested material of four perennial ryegrass varieties. They found 

that grazing animals had a lower total intake compared with housed animals and that 

varieties ranked differently for total intake depending on whether the feed was pre

harvested or grazed. The authors observed similarities in DM content, sward surface 

height (SSH) and tiller densities between varieties. The difference in intake from pre

harvested grasses compared with that ingested during grazing could be due to: 1. Sward 

structure and the distribution of green mass through the sward horizon as influenced by 

leaf to stem ratio, known to influence bite depth and volume, 2. Resistance of leaves to 

prehensive grazing and bite rate through differences in leaf strength or 3. A combination of 

both 1. and 2. 

Sward structure 

Increasing proportions of pseudo stem and true stem in the sward have been associated with 

causing lowered feed intake by livestock (Poppi, et al. 1980a). Gong et al. (1996a) 

observed a reduction in intake rate of sheep from 6.3 to 4.3 g DMimin when grass swards 

became reproductive. There is general agreement that increasing the reproductive 

components of plants reduces the acceptance of swards by sheep and cattle. O'Reagain and 

Mentis (1989) found a negative relationship (r = -0.62) between cattle preference and 

stemminess of various grass species. Low preference for true stem material is attributed to 

its higher cell wall content, lower digestibility (Groot and Nueteboom 1997; Groot, et al. 

1999) and lower concentration of nitrogen. However, the relationship between grazing 

intake and proportion of pseudostem is less obvious. 

There are contradictory arguments regarding the influence of pseudostem on bite weight. 

Many experiments have observed diets with a higher percentage of leaf than pseudostem in 

the diet (Bakker, et al. 1998; Armstrong, et al. 1995). This is often interpreted as an 

indication of an aversion to pseudostem material. For instance, in short swards (3-6 cm) 

pseudostem is thought to act as a barrier to bite depth, as bite weight of sheep appears to be 

more closely related to the depth of the lamina tissue (Armstrong et al. 1995) and 
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avoidance of 'tough' pseudostem. Alternatively it could be that a reduced bite depth is 

incidental to sward horizon and proximity to other undesirable features. Hughes et al. 

(1991) reported that bite force was not limiting and that sheep would exert more effort to 

obtain greater bite weight on taller swards than they would on shorter swards. In shorter 

swards bite weight was constrained by bite depth rather than bite force. It seemed sheep 

were less able to adjust bite area to include more pasture per bite. Studies from Gong et ai. 

(1996b) supported these findings. They noted that sheep would penetrate sward horizons 

containing pseudostem on swards between 7-14 cm. Above 14 cm sheep grazed in the 

leafy horizon which enabled them to maintain a bite depth:sward height ratio of 0.5-0.6. 

As described by Edwards et ai. (1995), ryegrass tillers of shorter swards are stiffer and are 

more likely to escape to their initial upright position as the vegetation is gathered towards 

the mouth. This can be exacerbated if growth habit is prostrate. Further, Hughes et ai. 

(1991) found that when grass swards increased from 5 cm to 10 cm, sheep maintained a 

peak bite force between 6.4 and 6.9 N, but on 15 cm swards they exerted over twice the 

peak bite force (14.1 N). The authors reasoned that proximity of shorter swards to soil and 

dead material was a greater constraint to bite weight than the force required per bite. For 

artificial swards, when dead material and soil are not confounding, pseudostem does not 

appear to be the limiting factor on bite depth (Flores et al. 1993). At present there is very 

little quantitative information on the differences in breaking force of leaf and pseudo/stem. 

The type of stem present will also influence sward height. The use of SSH to predict intake 

has limited value if the nature of the sward and stem content is continually changing ego 

leafy autumn SSH vs. stemmy summer SSH. This is reflected in the study of L'Huillier et 

al. (1986) who found that in vegetative swards, sheep progressively removed green leaf 

material from upper sward horizons >3 - 6 cm whilst leaving pseudostem and dead 

material (which featured predominantly in the 0-3 cm horizon) relatively untouched. In 

summer, SSH was >18 cm as a result of reproductive stem material but sheep diets were 

derived from 0-3 cm where green leaf was predominant. However, at these low heights, 

bite weight and total intake were considerably reduced. Because of the interaction between 

sward height and ryegrass components that constitute taller swards, a universal model for 

predicting intake based on general SSH have had little success (Prache et al. 1998). 
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The structure of the sward is a function of tiller architecture at various growth stages and 

the distribution of growth stages within the population of tillers (Moore and Moser, 1995). 

One means 'Of improving the NV of swards as they enter the reproductive phase is to select 

for a lower proportion of flowering tillers. Wilkins (1995), who studied four varieties of 

perennial ryegrass, recorded differences in the proportion of flowering tillers even though 

their heading dates were similar. Obviously some reproductive development is required 

for seed production and sales. However, a sward that contains more vegetative tillers 

relative to flowering tillers will be of higher NV and sward uniformity in a vegetative state. 

The aversion of sheep to reproductive material was identified earlier (L'Huillier et al. 

1986), thus the development of varieties that maintained a vegetative state has obvious 

benefits. 

Plants can also use assimilates to increase the proportion of cell wall material within the 

tillers. Resistance to ingestion can be influenced not simply by how the tillers are 

produced in terms of their density and height but also by production and arrangement of 

cells within with the plant. If animals cannot compensate low bite mass for faster bite rate 

then the issue of handling time, which is the time required for comminuting and 

swallowing each bite, becomes important. The proportions of leaf and stem, and possibly 

the effect of breaking force of these components, playa role in determining comminution 

time. The influence of leaf strength on grazing behaviour will be now be considered. 

Leaf strength 

A number of experiments have investigated the effect of selecting for low leaf strength in 

perennial ryegrass in New Zealand. Selecting for reduced strength appears to have had 

little impact on digestibility and hemicellulose concentration (Table 2.1), but varieties with 

low strength have tended to have lower cellulose concentration - however, this relationship 

was not always consistent (Table 2.1). When leaf strength is standardised for 

morphological parameters such as leaf length and width, the relationships with fibre 

disappear (Hughes et al. 2000). These findings confirm those of Evans (1967b) who noted 

that the species with the highest strength were not the ones with the highest proportion of 

cellulose and vice versa. 
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Table 2.1 Effect of selecting for lower leaf strength of perennial ryegrass on fibre 

components, digestibility and intake rate. (The difference between high and low strength 

lines is expressed as a % of high strength lines) 

Component 

Hemicellulose 

Cellulose 

Lignin 

Sc1erenchyma 

Digesti bili ty 

Intake rate 

% difference 

-5 

+4 

-10 

-11 

- 31 

- 6.5 

+21 

- 110 

- 0.3 

+ 1.0 

- 1.5 

+ 17 

+26 

+ = positive change; - = negative change 

Source 

MacKinnon et al. 1988 

Inoue et al. 1994a 

MacKinnon et al. 1988 

Inoue et al. 1994a 

Wilson 1965 

MacKinnon et al. 1988 

Inoue et al. 1994a 

Inoue et al. 1994a 

MacKinnon et al. 1988 

Inoue et al. 1994b 

Inoue et al. 1989 

MacKinnon et al. 1988 

Inoue et al. 1994b 

Cellulose is often regarded as a contributing factor to leaf strength because of its structural 

nature in cell walls which contain cellulose microfibrils embedded in a hemicellulose and 

lignin matrix (Buxton, 1990). However, in grasses, a higher proportion of cellulose is 

confined to sc1erenchyma and vascular tissues account for >80% of the force required to 

break the leaves (Vincent, 1991 cited by Wright and Vincent, 1996). Consequently, it is 

possible that the relationship between leaf strength and cellulose is not due to cellulose per 

se, but with the sc1erenchyma component of that cellulose. The influence of divergent 

selection for leaf strength has resulted in a difference in sc1erenchyma content of over 

100% (Table 2.1) 

The effect of sc1erenchyma content on intake rate was demonstrated by Wilman et al. 

(1996). Compared with perennial ryegrass species, tall fescue leaf blades contained 59% 

more large veins and 8% fewer small veins, although both small and large veins were 

greater in diameter in tall fescue. The difference in intake rate was 7.8 vs 6.5 g DMimin 
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for pre-harvested perennial ryegrass and tall fescue respectively. Across a range of 

temperate and tropical species, the authors concluded that greater numbers of leaf veins, in 

closer proximity, contributed to low digestibility and low intake rate. 

However, many of the assumptions made about the effect of leaf strength on animal intake 

and performance are largely hypothetical. For example, if leaf toughness limited bite 

weight, it may be that by decreasing leaf strength, bite weight could be increased in much 

the same way as increasing bulk density increases bite weight. Because lowering leaf 

strength has been found to reduce handling time by decreasing masticatory chewing rate 

(MacKinnon et al. 1988; Inoue et al. 1994b), and reducing rumination times (Inoue et al. 

1989; Inoue et al. 1994b), it is expected that lowering leaf strength will also increase total 

daily intake. Moreover, bite force does not appear to limit intake (Hughes et al. 1991) 

suggesting that intake rate is not constrained by the effect of leaf toughness on bite weight. 

The influence of leaf strength on sheep performance was examined by Inoue et al. in 

housed (1989) and grazed (1994b) experiments comparing high- and low- strength 

perennial ryegrass. In the housed experiment, sheep had significantly higher daily intake 

on low leaf strength material in the spring experiment. Digestibility was 73 and 76% for 

low and high strength grass respectively, so it is unlikely that differences in intake can be 

explained by digestibility. The authors also noted that sheep spent significantly less time 

ruminating low strength material. However, the grazing experiments (Inoue et al. 1994b) 

showed no significant difference in either voluntary intake or liveweight gain of ewes or 

lambs on high or low leaf strength pastures, suggesting little benefit of low strength 

through prehension. This may be due to an average difference of only 13% in leaf strength 

between the two selections as a result of changes in morphology under field conditions, 

which made it difficult for the authors to separate causes of variation in intake between 

experiments. Given that the effect of leaf strength was more prominent during spring in 

earlier experiments, it is unusual that only one of the five grazing intake experiments 

occurred at this time. On the basis of selection of leaf strength from a single parent 

population, the impact of leaf strength on grazing intake remains uncertain. 

In spite of conflicting views about the importance of leaf strength on intake, there is 

supporting evidence for a reduction in handling time from grasses with reduced strength. 

Mastication and rumination are important for reducing particle length, as the process of 
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digestion has negligible effect on the length of particles (Wilson et al. 1989). In one 

experiment by Inoue et al. (1994b) with housed sheep, material with lower leaf strength 

(LS) resulted in 18% fewer jaw movements and larger bite weights compared with high 

leaf strength (HS) material. Particle size distribution of swallowed boli did not differ 

greatly between selections, indicating that sheep continued to chew feed (at a constant rate) 

until feed reached a certain particle size. This suggests that the sheep maintained similar 

chewing efficiency for both genotypes. Unfortunately there are no data on grazing 

behaviour in either of the previous studies, making it difficult to ascertain whether these 

animals compensated chewing rate and particle size for variation in bite weight and or bites 

per minute. MacKinnon et al. (1988) did, however, observe an increase in intake rate of 

pre-harvested low leaf strength (7.6 g DMimin) above that of high strength (6.5 g DMimin) 

perennial ryegrass. These results suggest that resistance to prehension or bite force during 

grazing is not the major limiting factor on grazing intake rate, as suggested by Hughes et 

al. (1991), and that leaf strength influences intake by other means. More quantitative 

information on the influence of leaf strength during grazing is required to provide a full 

understanding of the impact of this variable on NV. 

Diet selection and preference 

Like many of the NV characteristics of plants (eg. digestibility, degradation rate) 

preference is not a plant characteristic per se. However, a number of characteristics of the 

plant can influence the preference for that genotype/specie. A higher cost of grazing of 

one plant over another may result in preference for plants with lower structural resistance 

to ingestion. Forbes and Mayes (2002) have reviewed the factors affecting animal 

selection. The process of grazing has a number of requirements which utilise energy, 

searching for patches or the act of harvesting itself. Consequently, the ease of harvesting 

may affect choice whether in same species sward (stern vs leaf) or mixed sward (clover vs 

grass). Several studies have identified intake rate (a direct reflection on ease of grazing) as 

the key determinant for preference (Illius et al. 1999; Kenney and Black, 1984). Given the 

positive relationship between sward height and intake rate (Harvey et al. 2000; Gong et al. 

1996c; Edwards et al. 1995), it is not surprising that greater preference is often exhibited 

for taller swards (Concha and Nicol 2000; Harvey, et al. 2000). Other factors which relate 

to the composition of the forage, such as water soluble carbohydrates, have also been 
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recognised as playing a strong role in preference of temperate grasses and these will be 

discussed in later sections. 

2.2.2 Resistance to degradation 

The factors driving energy demand and forage intake in any given circumstance are 

continuously being explored. In terms of the physical nature of the forage a number of 

intake constraints have been proposed by Weston (1996; 2002) to explain the difference 

between the animal's potential need for energy and its useful dietary energy intake. These 

encompass digesta-particle degradation in the rumen and feed-particle breakdown during 

chewing. The latter of these has been discussed in the previous section (2.2.1). In this 

section the effect of degradation rate on intake will be examined. 

While total digestion occurs between the mouth and the rectum, 50-70% of fresh forage is 

degraded in the rumen (Ulyatt and MacRae, 1974). However, in terms of relevance to NV 

digestibility is considered one of the most important (Hacker, 1982; Wheeler and Corbett, 

1989; Smith et ai. 1997). This is not surprising, as digestibility is a direct reflection of 

energy availability to the ruminant per unit of food consumed. However, comparisons of 

lamb performance on grass or clover pastures show increased liveweight gain on clover, in 

spite of similar digestibility and physiological requirements of animals (Cruikshank et al. 

1985; Ulyatt, 1970). There is some evidence to suggest that increasing digestibility beyond 

67% will have little impact on intake (Blaxter et ai. 1961; Conrad et ai. 1964). Below 67% 

digestibility, intake was restricted by physical distension of the digestive tract (Conrad et 

al. 1964). Hodgson (1968), on the other hand, reported a linear increase in intake of young 

calves on forage with increasing digestibility from 68 to 82%, concluding that in rapidly 

growing young animals, the chemostatic control of food intake was important at much 

higher levels of digestibility. 

The influence of chemostatic control was discussed by Montgomery and Baumgardt, 

(1965a) who supported the theory that ruminants will adjust voluntary intake in relation to 

their demand for energy when rumen load is not limiting (Figure 2.1). Montgomery and 

Baumgardt, (1965b) also noted that the mechanisms regulating food intake are constantly 

changing and that the shift in value for non-limiting DM digestibility was due to the 

differences in physical form of the forage. 
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Figure 2.1 Suggested relationship in the regulation of food intake in ruminants (Source: 

Montgomery and Baumgardt, 1965a) 

The relevance of combining measures of degradation rate and total digestibility, to predict 

intake has been demonstrated with roughage diets. Fonseca et al. (1998), using a range of 

roughages, found higher relationships between intake and three-hour degradability than 

with potential degradability. Shem et al. (1995) used a range of feed by-products differing 

in digestibility and degradation characteristics to develop a model for predicting intake. 

They concluded that feeds with similar digestibility did not have the same degradation 

rates of fibre. Consequently, they were able to improve their predictions of intake by 

incorporating degradation rate into their model. 

The bulk of reported studies concerning degradation rate and intake involve the use of 

roughages or cereal by-products as the main diet. Nandra et al. (1998) measured lamb 

growth and degradation characteristics of three clover diets and concluded that rate of 

degradation of cell-wall material was more useful in predicting intake (r2 = 0.65) than 

potential degradability (r2 = 0.53). More information on the genetic variability of temperate 

forages for both degradation rate and animal performance is required. 

Factors affecting degradation rate 

Any effect of plant genotype on degradation characteristics is likely to arise from the 

genetic variation in leaf and stem fractions and the type and proportion of cell-wall 

material within those fractions. For instance, vegetative ryegrass leaf and sheath have 
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similar digestibility but vary in the proportion and spacing of vascular tissue or veins. 

Mtengeti et al. (1995) observed that after chewing the number of vascular bundles per 

particle was lower in ryegrass sheath than in leaf blade. In situations where restrictions to 

microbial access are imposed by reduced rupture of cells of feed particles there is likely to 

be a negative effect on the rate of degradation (Wilman and Rezvani Moghaddam, 1998a). 

Exposure of cell walls during rumination is critical in facilitating microbial access. Ulyatt 

and MacRae, (1974) proposed that differences in rumen retention time between grasses 

were due to the rate with which microbes hydrolysed structural carbohydrates. These 

authors observed a similar extent of degradation for cellulose and hemicellulose in annual 

and perennial rye grasses and white clover and yet the mean rumen retention time varied 

considerably (8.5, 10.0 and 6.0 h respectively). Bailey and Jones (1971) showed 

significant differences in enzyme hydrolysis of cell wall for a number of perennial ryegrass 

varieties, i.e. 27% variation in 24 h. 

Plant cell wall composition 

Variations in the thickness of the cell wall and the presence of lignin in the wall matrix are 

the major limitations to access by bacteria. Wall surface area to cell wall volume ratio 

(SA:CWV) has a very strong influence on bacterial access and degradation rate (Wilson 

and Mertens, 1995). The first cells to be completely digested are loosely packed mesophyll 

cells (Akin et al. 1990), which have a spherical shape and a SA:CWV ratio of 6.7-13.3:1, 

whilst the almost indigestible sclerenchyma cells have a ratio of 1:5 (Wilson and Mertens, 

1995) and possess a cylindrical shape (Figure 2.2). Microbes degrade sclerenchyma cells 

from inside out, accentuating further the importance of rumination in providing microbial 

access. Leaves of temperate grasses differ in thickness of their cells, which may be the 

result of genetic differences in net assimilation rate of photosynthetic material. 
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Figure 2.2 Physical dimensions of mesophyll, parenchyma and sclerenchyma cells in plant 

tissue (from Wilson and Mertens, 1995) 

Genetic variation of sclerenchyma fibrils/strands in plants occurs in diameter, number and 

proximity. Variation (2.9 to 6.1 % of DM) in the proportion of sclerenchyma tissue in 

leaves of two perennial ryegrass genotypes was reported by Inoue et al. (1994a). With the 

same grasses Inoue et al. (1989) had observed a faster rate of DM degradation in the 

variety which had a low sclerenchyma content and, in early spring, time spent ruminating 

was lower. Mesophyll is degraded rapidly so species such as clover, which have a large 

proportion of its cells as mesophyll (Table 2.2), have been shown to degrade more rapidly 

than ryegrass (Ulyatt, 1971). Higher mesophyll in annual compared with perennial 

ryegrass has also been recorded (Ulyatt, 1971; Garnier and Laurent 1994) which may 

contribute to its lower rumen retention time (Ulyatt and MacRae, 1974).' These results 

reflect how differences in the growth strategies of various genotypes affect NV, as the 

trade-off between growth rate, persistence and productivity dictates the relative distribution 

of thick- or thin-walled tissues. The photosynthetic capacity of a leaf is dependent on 

mesophyll tissue, which contains chloroplasts, thus slower growing plants tend to invest 

more heavily in sclerenchyma and vascular tissues and have greater leaf longevity. This 

poses the question of whether selection for higher plant growth rate within a species leads 

to lower proportions of thick-walled tissue and whether this results in an increase in 

degradation rate. 
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Table 2.2. Percentage (of cross sectional area) and wall thickness of different cell types of 

three forage species, (from Rezvani Moghaddam and Wilman, 1998) and rumen retention 

time for perennial ryegrass and white clover (from Ulyatt, 1971). 

Percentage of leaves (%) 

Thick-walled cells 

Thin-walled cells 

Epidermal cells 

Wall thickness ().lm) 

Thick-walled cells 

Thin-walled cells 

Rumen retention (h) 

White clover 

3.3 

78.7 

18.0 

0.86 

0.310 

6.3 

Perennial ryegrass 

19.8 

57.7 

22.5 

0.85 

0.145 

10.4 

Tall fescue 

22.5 

56.5 

21.0 

1.21 

0.269 

Several studies have investigated the effect of plant morphology on nutritive characteristics 

such as digestibility. In one study Casler and Carpenter (1989) found smooth bromegrass 

genotypes with high in vitro DM digestibility (IVDMD) tended to have larger, heavier and 

fewer leaves. In a later study, Casler et at. (2000) used a particle size reduction index 

(PSR1: energy required to reduce particle size during grinding) as a selection criterion to 

improve NV of bromegrass. The results of their selection were grasses with narrower, 

lighter leaves. This suggests that measurement techniques used to quantify aspects of NV 

are linked to different tissue types, and/or there is a divergence in plant morphology for 

NV characteristics. 

A forage which is slow to degrade, (thereby, reducing grazing frequency due to rumen fill), 

may have fewer costs associated with grazing but will be further from meeting the animals 

energy capacity compared to a feed with similar digestibility but with a higher rate of 

degradation. To summarise, degradation rate of DM in the rumen appears to be 

responsible for at least part of the variation in intake of fresh forages particularly with 

whole-tract digestibility of over 67%, thus making it a potential trait for selection. While it 

appears that chemical composition and arrangement of cells within plants are major 

contributing factors to variation in degradation rate (in steady state conditions), their 
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relationship with plant morphology is inconsistent. Most of the current information 

regarding degradation rate is for tropical (C4) pastures and roughage diets of low 

digestibility. Temperate and tropical pastures have large differences in NY as a result of 

anatomical differences associated with the C3 and C4 photosynthetic pathways (Wilson and 

Minson, 1980). Table 2.3 presents the relative proportion of digestible (i.e. mesophyll) and 

indigestible (i.e. vascular and sc1erenchyma) tissues in these two types of grasses. 

Consequently, differences in animal performance on roughage diets are often limited by 

total energy availability and gut capacity constraints on intake rather than degradation rate 

per se. 

Table 2.3. Comparison of C3 and C4 grasses in the percentage of different tissues in cross

sectional area ofleafblades (± SEM. From Wilson and Minson, 1980) 

Temperate (C3) 

Tropical (C4) 

Epidermis 

28.7± 1.5 

33.0 ± 2.1 

Mesophyll 

61.0 

Bundle 

sheath 

34.6 ± 2.4 19.3 ± 2.1 

2.3 Nutrient composition and utilisation 

Vascular 

bundle 

5.5 ± 0.4 

7.6 ± 0.4 

Sc1erenchyma 

3.4 ± 0.4 

5.0 ±1.1 

A diet should be able to satisfy an animal's requirements for nutrients, which are 

determined by the physiological state and level of production of the animal. The second 

aspect of Weston's (2002) model for intake constraint is based upon the animal's 

requirement for essential nutrients. When availability of the feed is not limiting, intake 

may still be restricted by imbalances in the supply of key nutrients in the feed, which in the 

extreme may result in metabolic disorders. Imbalances can occur through insufficient 

supply of specific nutrients to either microbe or host. A high NY diet is one that satisfies 

the needs of both microbe and host. While there are many vitamins and minerals that are 

essential to animal nutrition, the first limiting nutrients are usually the supply of energy 

andN. 
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2.3.1 Nitrogen 

The principal source of nitrogen (N) absorbed by the ruminant is non-ammonia N (NAN) 

of which over 70% is of microbial origin (Beever et al. 1986b). The majority of the 

remaining 30% of the NAN is derived from undegraded dietary protein (UDP). The 

quantity of microbial protein is itself dependent on the rumen degradabi1ity of dietary 

protein (RDP) and the fermentable metabo1isab1e energy (FME) for incorporation of RDP 

into microbial protein. Therefore, if the balance and supply of FME and RDP is important 

to microbes - it is also important to the ruminant. 

Although microbial protein is not a plant characteristic as such, plants vary in their genetic 

potential to supply N for microbial protein synthesis (MPS). These plant factors include 

species, N uptake, tillering capacity and stage of maturity. While N status of the plant can 

be increased by management practices such as fertiliser application (Rogers and Thomson, 

1970) these influences are dictated more by man than plant genetics and will not be 

discussed further in this section. Nitrogen content of perennial ryegrass pastures (30-40 g 

N/kg DM: Norton, 1982) often exceeds the suggested N content of 30 g/kg DM for 

efficient conversion to NAN (Poppi and McLennan, 1995). On its own this would not be a 

great cause for concern, except that high pasture protein content is exacerbated by a very 

high rate of rumen degradability. High rumen concentration of ammonia builds up as a 

result of microbes not being able to utilise N as rapidly as it becomes available, and the 

excess is lost in the urine as urea. However, increased capture ofN by microbes will be of 

little benefit to the animal if the additional NAN is above the animal's requirement for N. 

In this case the excess NAN is excreted in the same manner as ammonia. 

There are three sources of N in plant material and they have different rates of degradation 

in the rumen, thus influencing the supply of N for MPS. These are: cytoplasmic and 

chloroplast N which is rapidly degraded in the rumen; cell wall (excluding lignin) N, 

which is slowly degradable; and N bound in the lignocellulose component which has a low 

degradabi1ity (Sanderson and Wedin, 1989). Over 80% ofN in leaves of both legumes and 

grasses is in the cell contents, reflecting a high potential availability. Rumen degradabi1ity 

of pasture N consumed reaches values of over 70% (van Vuuren et at. 1992; Berzaghi et 

al. 1996). The 10% rumen undegradab1e protein recorded by van Vuuren et al. (1992) is 

likely to be that proportion of N found in lignocellulose. As plants mature, the total N 
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Another factor controlling the source and supply of metabolisable protein is the level of 

feeding and the rumen turnover. The residence time of feed in the rumen determines the 

proportion of protein degraded by microbes and the efficiency ofMPS. 

2.3.2 Energy 

The energy used by ruminants is derived from the end products of digestion which include 

volatile fatty acids (VF A: acetate, propionate, butyrate), amino acids and lipids, which are 

converted to ATP. However, the majority (90%) of this energy is from VFAs which are 

the result of fermentation of carbohydrates. As with N, sources of carbohydrates depend 

on the proportion of different plant components. These are: cellular carbohydrates 

consisting of storage polysaccharides such as starch, sucrose and fructans, and simple 

reducing sugars such as glucose and fructose (White, 1973); structural carbohydrates, 

including hemicellulose (pentosans and hexosans) and cellulose (White, 1973). The 

pattern of VF A production is dependent on the carbohydrate source and the populations of 

different species of rumen bacteria. 

Discussion in section 2.3.1 presented evidence that a reduction in the proportion of 

degradable N in temperate pastures will reduce N loss. The inefficiency of protein transfer 

is compounded by the apparent lack of readily available energy to support MPS when there 

are large quantities of degradable protein in the rumen. It is argued that if grass contained 

higher concentrations of water soluble carbohydrate (WSC) more N would be captured and 

efficiency of protein utilisation would be increased (Miller et al. 2001; Trevaskis and 

Fulkerson, 1999). As a consequence, there has been increased emphasis on the importance 

of measuring WSC to indicate the rate of energy supply for N capture when ammonia 

levels are highest. Additional advantages of increasing WSC have also been suggested in 

order to encourage its use in ryegrass selection. The first: WSC improves the acceptability 

or preference of the feed (Jones and Roberts, 1991). The second: a higher proportion of 

soluble carbohydrates will improve the VF A profile by increasing the propionate:acetate 

ratio (Berzaghi et al. 1996). The third: WSC leads to more MPS because of the greater 

proportion of OM fermented in the rumen (Beever et al. 1986a). This section will review 

these arguments and the importance of meeting microbial requirements for N and energy. 

19 



WSC and preference 

It has been suggested that acceptability, or preference, of herbages is important for the 

quantity of herbage consumed and the rate of consumption (Ivins, 1952). In a series of 

experiments involving the pre-anthesis spray-topping of annual grass pasture with 

glyphosate, results revealed a reduction in the decline of WSC and IVDMD (Leury et al. 

1999; Gatford et al. 1999; Siever-Kelly et al. 1999; Dove et al. 1999). There were 

significant differences in WSC of control and sprayed pastures and diet selection 

experiments showed that sheep responded positively to herbage with elevated WSC 

content (Siever-Kelly et al. 1999). Both Seiver-Kelly et al. (1999) and Leury et al. (1999) 

observed greater total intake on sprayed pasture i.e. high WSC diets, compared with 

control pasture. 

Caivarella et al. (2000b) also reported a positive selection for WSC by sheep on phalaris. 

The authors manipulated the content ofWSC by shading areas of test pasture (Ciavarella et 

at. 2000a). Sheep rapidly detected differences in composition between shaded (62 mg 

WSC/g DM) and unshaded pastures (126 mg WSC/g DM) and consumed 72% of their diet 

from unshaded pasture. Mayland et al. (2000) observed lower post-grazing residual on 

high WSC genotypes of tall fescue indicating a preference for WSC content. Humphreys 

(1989a) has shown that selection for WSC in perennial ryegrasses has resulted in 

improvements in many varieties. Further, intake trials which include these varieties 

substantiate claims that elevated WSC levels are associated with animal productivity 

(Miller et al. 2001). 

Nitrogen and energy balance in the rumen 

Miller et al. (2001) reported an increase in N utilisation for milk production on diets with 

high WSC content (Figure 2.4). This is perhaps the most crucial benefit for selecting for 

elevated WSC in forages, which is to provide a more rapid supply of energy to improve N 

capture by rumen microbes and to increase NAN flow to the duodenum. Grazing 

experiments carried out in Hamilton, New Zealand, examined the influence of altering 

either the ratio of structural (SC) to non-structural carbohydrates (NSC) (Carruthers et al. 

1997) or the total carbohydrates (Carruthers and Neil, 1997) on milk solids production. 
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temperate forages is 35-45 g N/kg OM (Poppi, et al. 1997). Although this range is 

influenced by stage of growth and season there may be potential to manipulate energy and 

N ratios when grasses are outside the optimal range. 

WSC and VF A profile 

An additional argument for increasing the concentration of WSC in ryegrass is to improve 

the VF A profile by increasing the ratio of propionate to acetate. Acetate is produced 

predominantly as the end product of fermentation of fibre by cellulolytic bacteria. Ifblood 

acetate concentration rises above a threshold level and remains high, the result is a 

negative feedback on voluntary intake (Forbes 1986, cited in Beever 1993). Fermentation 

of WSC results in a higher proportion of propionic acid (Berzaghi et al. 1996), which can 

be converted to glucose in the liver. In order for conversion of acetate into triglyceride, 

propionate or glycogenic amino acids are required for energy. Studies have shown that 

forages with higher concentrations of WSC have increased ratios of propionate to acetate 

(Lee et al. 2002; Dove and Milne, 1994). 

In summary, it is apparent that there can be inefficiency in the use of pasture N when levels 

are above 45 g N/kg OM. In terms of N and energy content, pasture contains enough to 

support high levels of animal production. However, a very high rate of degradation of 

RDP results in poor utilisation of N and a net loss as urea. Evidence for increasing WSC 

as a rapid source of energy to improve N capture is promising. Although, an equally 

compelling approach for improving efficiency of MPS could be through selection of 

ryegrass for lower N concentration combined with selection for faster rates of cell wall 

(fibre) degradation. There are a number of approaches that could be adopted for dealing 

with NY limitations of pasture and these are outlined in the following section. 

2.4 Ryegrass breeding systems 

2.4.1 Improvements in pasture nutritive value 

The impact of pasture breeding on nutritional value of grasses has been discussed in 

numerous review papers (Casler, 2001; Casler and Vogel, 1999; Fahey and Hussein, 1999; 

Reed, 1994; Hacker, 1982). One of the biggest influences on ryegrass selection for 

improvement of NY were developments in in vitro procedures such as the Tilley and Terry 
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(1963) in vitro digestibility (IVDMD) method. This allowed ryegrass breeders to analyse 

large numbers of samples over a short period of time. The result has been a documented 

increase in IVDMD of 1.0 to 4.7% per cycle of selection in perennial ryegrass (Casler, 

2001). 

Selecting a ryegrass with a high NY and which meets all other breeding objectives is a 

difficult task. Ryegrass breeders are required to select from thousands of early generation 

plants where selection pressure might be as great as 40%. Because of the sheer numbers, 

single rye grass selection is based on visual assessment alone with little consideration for 

NY. To properly assess genetic progress the popUlations which have undergone selection 

should be compared to the original, unselected population in replicated, randomised trials 

in a number of environments (Casler 2001). Because animal performance trials can only 

be carried out on a limited number of new lines at the end of a breeding program it is 

essential that ryegrass breeders select the appropriate tools and nutritional components for 

capitalising on the genetic material after the first cross. 

2.4.2 Selection methods 

Earlier sections in this chapter have identified a number of both plant and animal 

characteristics that are likely to influence animal performance. There are a number of 

methods for improving multiple characteristics throughout a breeding program. In most 

cases rye grass breeders adopt a recurrent selection method to improve the frequency of 

desirable genes (Casler, 2001). The three basic steps of recurrent selection is the 

development, evaluation and recombination of superior progeny for synthesis of the next 

population cycle (Hallauer, 1981). A multiple acceptance approach exists within most 

pasture breeding programs to improve a large number of characters i.e. yield, disease 

resistance, persistence etc ... In this type of approach the breeder uses preconceived ideas 

of a selection and uses less than optimum thresholds for each of the desired characteristics 

so there is sufficient material to select from. The basis for elimination of plants or lines in 

early recurrent selection programs is largely subjective because of the large numbers being 

dealt with. 

Alternative selection methods for improvement of multiple characters includes index 

selection, tandem selection and independent culling. For a review on theory of these 
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selection methods see (Elgin, et al. 1970; Hallauer, 1981; Villanueva and Kennedy 1993). 

The use of index selection over other methods such as tandem or independent culling has 

been advocated in a number of papers (Villanueva and Kennedy, 1993; Jensen, 1988; Elgin 

et al. 1970; Pesek and Baker, 1969; Manning, 1956). The merits of using tandem, 

independent culling or index selection methods were investigated by Elgin et al. (1970) 

and are summarised in Table 2.4 which show the change in total merit from selection for 

improvements of five traits in alfalfa. Of the three methods presented here the index 

selection method appears to be superior to other methods of selection. The authors did 

note though, that their calculations for genetic gain were not totally reliable due to inflated 

estimates of heritability. However, the advantages of using index selection over tandem 

selection mean there is less imbalance in selection pressure and recovery of trait means 

was stronger after each cycle. Villanueva and Kennedy (1993) considered the effect of 

equilibrium of genetic parameters on response to selection using index or tandem selection. 

In a simulation model which did not include recalculation of index weightings, index 

selection was superior to tandem although the relative efficiency declined with a reduction 

in variance and covariance of parameters over time. 

Table 2.4. The difference in three selection methods for trait means for combined 

improvement of five characteristics of Alfalfa over five cycles of selection (Data from 

Elgin et at. 1970) 

Cycle of selection Estimated Index Tandem Independent culling 

0 11.0 11.0 11.0 

1 12.2 12.0 11.9 

2 11.8 12.5 12.5 

3 13.2 12.2 12.9 

4 13.0 12.8 13.0 

5 14.0 12.2 13.0 

Index selection is a linear function of observable phenotypic values of different traits 

(Baker, 1986) for which expected genetic response can be calculated by: 

110 = Vb . Z 
.Jb'Wb P 

(From Pesek and Baker, 1969) 
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Where ~G is expected genetic gains, V is the genetic variance-covariance matrix, W is the 

phenotypic variance-covariance matrix, b is the index coefficient, P is the selection 

intensity, Z is the ordinate of the standardised normal curve for truncation area P. 

Assigning an economic value to each characteristic enables the breeder to discriminate 

between traits which would otherwise be selected on observable characters which are 

believed to be correlated with desirable characters. Genetic worth is then the sum of the 

products of the genotypic values of the measured characters and their respective 'economic 

weights' (Pesek and Baker, 1970). Economic weights are given when several 

characteristics affect the net worth of a variety because they provide a ratio of the relative 

importance of each trait to the final objective, giving rise to maximum progress from 

selection. 

Multi-trait selection indices have been used in agriculture for generations, e.g. wheat and 

maize. To date, most pasture breeding efforts have focussed on increasing the yield and 

longevity of pastures with some quality assessment towards the end of the program. 

Godshalk et al. (1988b) reported genetic improvements in yield and in vitro dry matter 

digestibility in switchgrass from index selection. However, in spite of the documented 

improved efficiency of using indices, weighted emphasis on selection for specific NY 

parameters does not appear to be common practice for pasture breeding. There are a 

number of obstacles in using a selection index which are likely to limit its use in ryegrass 

breeding. Because use of index selection requires quantitative measures of desired 

characteristics, the breeder is required to collect a considerable amount of data before any 

decisions can be made. In instances where selection indices are well suited, using the 

multiple acceptance approach can be used as a compromise for making a large number of 

measures on material that is going to be discarded. Another disadvantage is that heritable 

variations can be masked by non-heritable variations (Smith, 1936). For accuracy in 

estimating the expected gain from index selection it is necessary to obtain precise estimates 

of the required variance and covariances (see equation above). Again this requires a large 

number of measurements on plant material to be used over a number of different 

environments. A final consideration is suitability of the parent origin on which the index is 

based, assuming it has been derived from recurrent multiple acceptance of partially or non

related characters. The question is whether this base population will have enough variance 

for NY characteristics proposed for an index. 
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The NY index proposed by Crampton et al. (1960) required intake measurements which 

are not feasible during early phase selection because insufficient plant material is available. 

Although a number of recommendations have been made by ruminant nutritionists to target 

grass selection (Section 2.2) the techniques either do not exist or are inappropriate to make 

quantitative assessment on large numbers of plants. 

2.4.3 Current methods for evaluating feeding value 

Leaf strength 

The influence of leaf strength on intake rate was described in Section 2.2.1. Consequently, 

measurement of leaf strength in a breeding program needs to recognise the various forces 

applied to leaves. The two main forces that have been used to determine leaf strength are 

the resistance to longitudinal strain, which represents the pulling or tensile strength, and 

shear strength or resistance across a horizontal plane which may be an indication of 

chewing resistance. Attempts to relate mechanical differences in leaf strength, as 

measured by shearing or tensile devices, with animal experience have been reported by 

Inuoe et al. (1994a) and MacKinnon et al. (1988). In both cases increases in intake rate 

have been linked to reduced leaf strength. However, genetic differences in leaf strength 

did not result in consistent seasonal differences in animal performance (Inuoe et al. 1989). 

Tensile strength using standard clamp equipment tends to break laminae at the weakest 

point and measurements are restricted to one leaf and one value per reading. Shear 

strength on the other hand, has typically been measured by taking one or two readings from 

a predetermined length of the lamina (Easton, 1989; MacKinnon et al. 1988). However, 

this measurement is limiting in that the position of the shearing point is subjective and may 

not be representative of the whole leaf. Moreover, when more than one reading is taken on 

the same group of leaves there is an increase in the labour requirement. 

The leaf strength characteristic is expected to respond to selection. Differences in leaf 

strength have been detected within Brachiaria species (Hughes et al. 2000) and in 

perennial ryegrass (Easton, 1989). Leaf strength has reported heritabilities of 0.4 and 0.36 

(MacKinnon et al. 1988; Easton 1989, respectively). 
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Digestibility 

Progress in developing laboratory techniques for detennining digestibility has been integral 

in their adoption into grass breeding schemes and the subsequent improvement in forage 

digestibility (Casler, 2001). Detennination of whole-tract digestibility from in vivo trials is 

unfeasible in most stages of a breeding program due to the large quantity of material 

required, the number that could be tested and the expense associated with the use of 

animals. Subsequently, rumen-cannulated animals were used for suspending feed samples 

enclosed in undegradable silk bags in the rumen for the in sacco method. Prolonged 

incubation in the rumen was used to predict total tract digestibility. This method enabled a 

larger number of samples, of smaller size, to be tested, but still required the use of 

surgically prepared animals and had a high labour demand. Tilley and Terry (1963) 

developed an in vitro technique where samples were first incubated in rumen fluid and 

buffer solution followed by incubation in a pepsin solution. The method had a very high 

correlation with in vivo digestibility but, again, has had limited use by rye grass breeders 

due to the need for surgically prepared animals as a source of rumen fluid. The next step 

in technique development was the introduction of enzymatic methods. Feed samples were 

incubated firstly in an acid-pepsin solution followed by a cellulase buffer solution (Jones 

and Hayward 1975). The advantage of this technique was that it had the same benefits as 

the Tilley and Terry two-stage technique but did not require fistulated animals and results 

were highly correlated with in vivo measures (Jones and Hayward. 1975; McLeod and 

Minson, 1978). For an extensive review on techniques for detennining digestibility see 

Kitessa et at. (1999). 

Casler and Vogel (1999) reviewed the incorporation of digestibility into breeding programs 

and its subsequent effect on animal perfonnance. They noted an increase in in vitro 

digestibility of 0.7-2.5% per year for a range of species of grasses and legumes. Studies 

show there is still variability between plant genotypes for digestibility (Frandsen, 1986; 

Wilkins, 1997), but the evidence that this is having an impact on animal perfonnance is 

less convincing (Davies 1987; McCallum and Thomson, 1994) and the reasons for this 

were discussed earlier (Section 2.2.2). 
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The variability in DM digestibility reported by Frandsen (1986) was found in spaced 

plants. Genotypes that are selected for IVDMD under spaced planting generally show 

greater variability than they would in sward conditions. Under space planting (each plant 

is approximately 30 cm from any neighbour) individual plants are allowed more complete 

expression of their characteristics compared with those within the sward and, as a 

consequence, tiller size and number reflect their genetically predetermined maximum. 

Under grazing, plant morphology alters in response to defoliation and competition with 

other plants for light and soil nutrients. Digestibility of plant material therefore can vary 

according to how well plants adapt to conditions and how tillers differ in the relative 

proportions of leaf and stem material. When varieties are compared in grazing trials, they 

have all met the same selection criteria, namely persistence and yield, which may 

predispose them to adapt to prevailing conditions in a similar manner. As a result 

digestibility has been given comparatively less emphasis in breeding schemes so 

differentiation between genotypes in the field is much less pronounced. 

Rumen degradation rate 

Determination of degradation rate uses the same technique as in sacco digestibility 

described above. A number of bags containing known weights of the same feed sample are 

removed from the rumen progressively. Factors affecting accuracy and practicality of the 

in sacco technique were reviewed by Kempton (1980); the most important of which 

include, bag pore size, fineness of grinding, effect of washing, and diet and animal 

variation. Although estimation of rumen degradation rate can be predicted in the laboratory 

using the gas production technique (Theodorou et al. 1994), the use of rumen fluid is still 

required and hence, the use of fistulated animals. 

An alternative technique involves the use of liquid and solid phase markers (typically 

Cr203 and Cr-EDTA) and dually fistulated (rumen and duodenum) animals. A known 

amount of marker is added to rumen contents via the rumen cannula and samples of digesta 

are removed from the duodenal cannula at varying periods so marker depletion can be 

recorded (Berzaghi et al. 1996). This technique is useful because it gives an estimation of 

the ruminal rate of passage (klh). Because nylon bags prevent the movement of 

undegraded sample particles from the rumen, a value for fractional clearance will avoid 

overestimation of degradability (Kempton, 1980). 
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Both methods are laborious and expensive and require the use of fistulated animals which 

are costly to maintain. Furthermore, Waghom and Caradus (1994) have observed 

differences in degradation characteristics between animals on the same diet which have the 

potential to confound results when comparing samples between animals unless standard 

samples are also included. 

Lopez et al. (1998) compared different in vitro and in sacco methods for estimating rate 

and extent of degradation. These methods included gas production, dry matter 

disappearance in cellulase and nylon bags. The cellulase technique was an in vitro 

technique that involved incubating a known weight of dry matter in a standard commercial 

cellulase solution. Their findings showed high correlation between the in sacco and 

cellulase techniques for both potential degradability and rate of degradation. Although the 

results for potential degradability were not presented, the authors stated that lower 

estimates were observed for samples incubated using the cellulase technique. There are 

distinct benefits to using a synthetic enzyme method which include removing the need for 

fistulated animals. The number of samples that can be processed at anyone time is only 

limited by the size of the laboratory, and variation between runs is minimised by using a 

standard enzyme. 

Most ofthese analytical methods involve the use of dried samples that have been ground to 

produce particles, which are small enough to pass though a fine sieve (1-2mm). Grinding 

increases the proportion of cell wall that is immediately accessible to enzymes (Wilman 

and Rezvani Moghaddam, 1998b). Whilst grinding through a screen provides the benefit of 

creating particle size uniformity. It is this process which can mask the difference in 

structural resistance to breakdown between similar forages. Waghom and Caradus (1994) 

argued that freeze-dry grinding for comparative analysis of grazed forages is inappropriate, 

as this is not the form of feed presented to the digestive system. As a result, determination 

of fractional degradation rate from freeze-dried material might over- or under-estimate true 

biological values. Chapman and Norton (1982) investigated the effect of preparation of 

Siratro and Pangola grass on in sacco degradation characteristics and reported significant 

differences between chopped, ground and masticated preparations. Preparation by drying 

and grinding resulted in significantly higher degradation rates than preparation by 

chopping or masticating. Similarly Barrell et al. (2000) showed that degradation rate of 
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chopped ryegrass was significantly lower than by freeze-drying or mincing. Of greater 

concern in this study was the obvious interaction between forages and preparation method 

for degradation rate. Their experiments used lotus, ryegrass and clover, which are very 

different anatomically, so it would be interesting to observe whether ranking of 

degradation characteristics within a species is influenced by preparation method. 

Fractional degradation rate is described by fitting appropriate mathematical models to the 

data. There are several models which can be used to describe the degradation 

characteristics, the first of these is the first-order kinetics model which implies that the rate 

of digestion is affected by the quantity of potentially digestible substrate remaining 

(Orskov and McDonald, 1979): 

y = a + b (1_e-c(t-L)) (Equation 1) 

Where: y is the fraction degraded at time t (h); a is the soluble fraction; b is the insoluble, 

degradable fraction (g/kg); c is the rate of degradation of b (h-1
), and L is lag time (h). 

Since the development of Equation 1, several investigations have disputed its applicability 

for accurately evaluating degradation rate. A comprehensive investigation for using the 

standard curve for different feeds was reported by Dhanoa et al. (1999). In this paper the 

authors identified the areas in which overestimation of degradability is likely to occur and 

proposed a number of models to compensate for these issues as follows: 

• Overestimation of the soluble fraction due to loss of a small proportion of the insoluble 

fraction during the washing procedure 

• The rate of passage of insoluble but degradable fraction which escapes at time zero is 

determined by separating into two pools 1- liquid, 2- particulate matter. 

• The rate of degradation of the DM, which does not escape at time zero, changes with 

time because microbial adhesion and colonisation to particles is not immediate (van 

Milgen and Baumont, 1995) and different cell walls degrade at different rates (Dhanoa 

et al. 1995) 

As a consequence a number of different models have been proposed for estimating 

degradation rate. Lopez et al. (1999) reviewed the different models for analysing 

degradation data. Table 2.5 shows how models separate into either diminishing returns or 

sigmoidal models. Using 87 ruminant feeds, these authors evaluated each model by fitting 
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it to in sacco data and companng the ability of each model to estimate degradation 

parameters. The authors concluded that all the models were valid for most disappearance 

curves and that the fit with anyone model was not significantly better than any other. 

Although some models were better than others in meeting their statistical criteria, the 

outputs were not always consistent. They concluded that it was entirely up to the user's 

preference which model should be used. One point to note however, is that the validation 

of these models was carried out primarily on high-fibre feeds such as hays and tropical 

forages where microbial attachment is slow. Hence the problem of whether or not to 

include a model which involves complicated descriptions for lag times may be 

overemphasised for temperate pasture species. 

In terms of grass breeding, a suitable model is probably one that is simple to use in that it 

can be readily fitted to any set of data, enabling the user to rank varieties of the same 

species in terms of their degradation parameters. To date, there has been no selection of 

temperate grasses for degradation characteristics. Until a method is available which 

ryegrass breeders can use to predict degradation characteristics it is unlikely selection for 

degradation rate will occur. 

Preference 

The importance of preference in terms of ease of harvesting (Section 2.2.1) and chemical 

composition (Section 2.3.2) has been discussed in previous sections. Preference testing has 

been used at the end of rye grass breeding programs as an indication of which forages have 

improved nutrition (Falkner and Casler, 1998). Animals often select a diet higher in 

digestibility than that on offer (Bluett et al. 1999a) and on mixed swards of grass and 

clover, the proportion of clover in the diet is usually greater than in the sward (Milne et al. 

1982). Falkner and Casler (1998) showed that divergent selection for NDF and IVDMD of 

smooth bromegrass resulted in grazing preference for forages that were nutritionally 

supenor. 
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Table 2.5 Alternative functions for <P in the general equation of the in sacco disappearance curve D = W + So x <p(t) (from Lopez et al. 1999). 

Model 

Exponential 
ModO 

ModI 
Mod2 

Sigmoidal 
Mod3 

Mod4 

ModS 

Mod6 

Mod7 

Mod8 

<P (t) 

£.. (t-L) 

So 

1 _ e-c(t-L) 

t-L 
t-L+K 

1 - ce-At _ Ae-ct 

c -A 

1 -c(t-L) - dCVt - VL) -e 

K _ Kexp( -ct) 

K-l 
(1 _ e-ct)lIv 

Nodes in Description 
segmented models 

L< t :::; L + .s.Q Segmented model with three spline-lines delimited by two 
c nodes or break points, constraining splines 1 and 3 to 

be horizontal asymptotes 
t > L Simple negative exponential curve with lag phase 
t > L Rational function or inverse polynomial model with lag 

phase, which is a rectangular hyperbola. Also known 
as the Michaelis-Menten model in enzyme kinetics 

Lag compartment model, in which lag and degradation are 
considered compartments both represented by first
order kinetics 

t > L Generalised Mitscherlich, generalisation of ModI (results 
in ModI for d = 0), with the addition of a square root 
time dependence component 

Generalised Michaelis-Menten, generalisation of Mod2 
(results in Mod2 for c = 1) 

Ordinary logistic, autocatalytic or inverse exponential 
curve, symmetrical about an inflection point M, which 
can be calculated from K = exp (cM) 

Gompertz curve, asymmetrical about an inflection point M, 
which can be calculated from K = exp[-exp (cM)] 

Generalised von Bertalanffy 



Relative preference for a variety is generally detennined by visual scoring of post-grazing 

residual after an hour of sh~ep grazing. However, due to the short-tenn nature of these tests it 

is unlikely that animals are responding to post-ingestive feedback. Forbes and Mayes (2002) 

review a number of the factors affecting choice. Of particular relevance though is whether 

preference is detennined from indoor or outdoor trials. Indoor tests are useful because they 

make it easier to control experimental conditions although when grass diets are pre-harvested 

but care must be taken extrapolating results for the same feeds under grazing. Under grazing 

the animal must consider a number of factors which will influence choice such as 

environmental conditions, presence of other animals and accessibility and ease of harvesting 

feed. Because most grazing preference studies manage swards/conditions in order to isolate a 

single factor influencing preference i.e. height, it is uncertain how the animal prioritises 

between all those factors which are recognised to influence preference when confronted with 

all possible variables. 

Quantifying DM consumption to measure grazing preference in the field can also be difficult 

which has lead to visual scores of relative removal (Mayland et al. 2000) or by using pre- and 

post-grazing height (Falkner and Casler, 2000). Techniques involving artificial swards (Gong 

et al. 1996b; Kenney and Black, 1984) or turves dug from existing swards (Concha and Nicol, 

2000) have successfully been used in indoor studies to evaluate short-tenn grazing behaviour. 

Furthennore there are no documented reports on quantitative indoor grazing studies on the 

within species preference for perennial ryegrass. 

Nutrient composition 

Current systems for measuring the supply of N and energy within a feed sample use the 

standard procedures of analysis for Kjeldahl N and digestible organic matter. Other NV 

components include WSC, digestibility, acid detergent fibre, neutral detergent fibre, lignin and 

so on. There is usually at least one laboratory technique which can be used to detennine each 

component of NV and these procedures are in publications by the Association of Official 

Analytical Chemists. Evolution of technology and development of tools such as near-infrared 
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spectroscopy (NIRS) which can estimate a vast range of variables from a single reading is 

expected to make a huge impact on pasture assessment and improvement. 

Osborne et al. (1993) provides the theory behind the NIRS but the basic principle of the 

method is that it measures the spectra of food samples by reflectance or transmittance. 

Subsequent mathematical processing of the spectra data enables absorption information to be 

extracted and determined for a range of variables. The results from NIRS analysis are 

therefore only as good as the wet-chemistry used to develop the mathematical calibration. 

Hence, for useful calibration a large number of samples must be processed. Deaville and 

Flinn (2000) reviewed NIRS for grass evaluation ofNV and found the technique to be suitable 

for determining in vivo digestibility, metabolisable energy, crude protein and other NV 

components with varying degrees of confidence. 

2.5 Summary 

The limitations of temperate pasture NV have been reviewed and most of these limitations fall 

into one of three categories: physical resistance to grazing intake; physical resistance to rumen 

breakdown; and insufficient suppiy of energy for efficient use of nitrogen. An improvement 

in pasture NV through grass breeding is expected to arise from a selection program that uses 

all these components in its selection strategy. The most effective breeding method for 

simultaneously improving multiple characteristics is by using a selection index. This method 

requires that each characteristic in the index is quantified, and has the advantage of ensuring 

appropriate emphasis is applied to each characteristic. However, the current methods for 

quantifying the pasture NV components listed above are not suitable for ryegrass screening. 

From this knowledge, two questions arise: Can methods be developed/modified which can be 

used to quantify these characteristics? and If these characteristics are important determinants 

ofNV, what is their respective emphasis in an index? 
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CHAPTER 3 

Development and evaluation of laboratory methods for screening 

nutritive value components of ryegrass 

3.1 Introduction 

A review of the literature (Chapter 2) identified several possible indicators ofNV which could 

be included in grass selection criteria if appropriate measurement techniques were available. 

The first indicator was rate of intake, associated with breaking force of leaf/plant. The second 

was rate of degradation, associated with a high proportion of cell wall material. Thirdly, a 

limiting supply of readily available energy is associated with low efficiency of microbial 

protein synthesis. Finally, a high acceptability of, or preference for, a grass - by animals - may 

be a reflection of a higher NV. The review also identified that the techniques available to 

measure such traits have shortcomings associated with most of them (Section 2.4.3). 

The purpose of the work described in this chapter was to develop new, or to modify existing, 

techniques for measuring rye grass for breaking force, degradation rate, nutrient supply and 

animal preference to meet the following criteria (as listed by Petrie and Watson, 1999): 

1. The new method should be accurate per se or correlate well with a standard procedure. 

2. The method should be repeatable. 

3. The method should be sensitive enough to detect differences between varieties of ryegrass. 

4. The method should provide obvious time and economic savings to the ryegrass breeder by 

being inexpensive and applicable at an early stage of the breeding program. 

36 



3.2 Determining the mechanical resistance of grass to breaking 

MacKinnon et al. (1988) showed that ryegrass selected for low leaf shear strength had an 

increased rate of dry matter consumption. In New Zealand, leaf shear strength is most 

commonly measured using a Warner-Bratzler shear machine (Easton, 1989; MacKinnon et al. 

1988; Inoue et al. 1989). While this method detects differences in strength and requires small 

samples, it provides information on only a single cross-section at one position along the 

lamina. Because the width and thickness of leaves change as the leaf tapers, additional 

measurements for cross-sectional area are required to calculate intrinsic shear strength (see 

Henry et al. 1997). Intrinsic shear strength can then account for operator differences in 

position of shear along the lamina. Tensile strength has also been measured (Wilson, 1965; 

Evans 1967a). Because tensile force is also recorded from a single breaking point similar 

cross-sectional adjustments are required. Further, the results of tensile measurements can be 

misleading as breaks tend to occur where the lamina is clamped or where weakened by 

disease. 

Irrespective of whether the current techniques are suitable measures of leaf strength, there do 

not appear to be any reports on the shear or tensile force of stem and tiller material. Using the 

criteria for technique development listed in Section 3.1 this study aimed to provide the 

rye grass breeder with a more representative measure of the breaking forces of ryegrass by 

developing a tool which would generate a large number of measurements on leaf or stem from 

a single reading. 

At the onset of this study several attempts were made to develop a method which would 

provide a measure of breaking force of fresh grass and which could be used to produce fresh 

macerated samples which could also be used for determining degradation characteristics 

(Section 3.3). A wattmeter was used to ascertain if differences in electric current usage 

existed when either of two varieties was macerated in a kitchen blender or paper shredder. 

Neither appliance was sensitive to differences between grasses. A machine previously used to 

measure the maturity and tenderness of peas by pushing pins through the peas was then 
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considered. The remaining section describes the modification of this apparatus, its calibration 

and sensitivity to the breaking force of grass. 

3.2.1 Apparatus 

A commercially manufactured pea maturometer (Sardik Engineering PTY. Ltd) was modified 

to enable simultaneous shearing of a number of leaf, tiller or stem samples at several points. 

A picture of the machine, now referred to as the Agriseeds Strengthometer (ASM), with 

labeled parts is given in Plate 1. Modification of the original machine, other than for safety 

features, was restricted to replacement of the punch and die plates. These plates now consist 

of a die with 11 slots (120 x 6 mm) situated at 5 mm intervals, and a corresponding punch 

(Plate 2.). 

To measure breaking force, individual leaves, pseudo stems etc. are placed parallel to each 

other across the slots in the die (Plate 3.). Once activated, the electric motor-gearbox 

assembly drives the die plate up into the punch plate at 8 mmlsecond, inducing a shearing

tearing force across the sample material which is then caught in the collecting tray. The 

breaking resistance of the sample material is detected by four steel compression tubes, and is 

transferred directly to a peak- recording gauge. After meshing with the punch plate, the die 

plate is automatically returned to the lowered resting position. 

The die plate can be withdrawn to enable sample material to be placed across the slots (Plate 

3). The shearing and bruising action of the machine was evident from examination of the cut 

pieces which were either 5.3 mm (± 0.52) or 11.2 mm (± 0.70) in length, the longer pieces 

showing bruising across the centre. The dry weight proportions of short and long pieces are 

36.1 % (± 5.5) and 63.9% (± 5.5) respectively and the total number oflong and short pieces of 

sample material in the collecting tray are approximately equal. 
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Plate 1. The Agriseeds Strengthometer (ASM) - a punch and die apparatus for 

measuring the force to break grass tiller components. 
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Plate 2, Headpiece of the Agriseeds Strengthometer showing punch and die plates at resting 

position 

Plate 3, Die plate of the Agriseeds Strengthometer with three test pieces of 100 mm ryegI'ass 

lamina 
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3.2.2 Calibration 

To determine whether the peak recording gauge gave results that were linearly related to the 

weight that the apparatus would bear, the four dome nuts on the assembly head were removed 

and the assembly head was lifted from the machine body. The a~sembly head was placed ona 

flat surface and the recording dial gauge was set to zero. Known weights of up to 40kg were 

then placed on the assembly head and each dial reading recorded. The reading on the scale 

was directly proportional to the mass the apparatus was bearing (Figure 3.1). 
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Read-out = 1.79*kg + 0.20 

R2 = 1.00 

10 20 

Bearing load (kg) 

30 40 

Figure 3.1. Relationship between the read-out on the peak recording gauge of the Agriseeds 

Strengthometer and the bearing load (kg) placed upon the assembly head. 

Sample length was confined to the punch and die plates dimensions, so leaves longer than 10 

cm were clipped to 10 cm. Half of the leaves were clipped 10 cm from the base and the other 

half from the tip of the lamina material as the force to break (FTB) declines closer to the tip of 

the lamina (Easton, 1989). After FTB measurements, all plant material was gathered from the 

die and collecting tray, weighed, and dried at 80°C for 24 h. The gauge read-out values were 

converted to firstly to mass (kg) using the equation in Figure 3.1 then to Newtons (N) by 

multiplying by 9.807. LeafFTB had a higher coefficient of determination when calculated on 

a dry matter basis (R2 = 0.73) compared with FTB per unit wet weight (R2 = 0.37). Subsequent 

measurements of force (N) are expressed per milligram of dry matter. 
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Four groups each of 2, 4, 6, 8 or 10 leaves were each recorded for FTB. The force required to 

break leaves was directly proportional to the number ofleaves (Figure 3.2). It appears (Figure 

3.2) the machine does not register forces below 0.496 N/mg DM which is the case when one 

or two leaves are tested. Once data have been corrected, additional leaves increase force by 0.2 

N per leaf. This measure of FTB is independent of the number of leaves being tested. More 

than 10 leaves increased the likelihood of overlapping of sample material. 

The number of replicates required to attain a coefficient of variation (CV) of approximately 

30% of the mean was determined (Figure 3.3). The FTB for 16 replicates of a random 

selection of 10 cm leaves in groups of 10 was measured. The CV declined with increased 

replication but only small improvements in CV were achieved by increasing the number of 

replicates beyond four (Figure 3.3). The standard error of 4 observations was 0.64 N/mg DM 

and reduced to 0.59 N/mg DM with ten replicates giving an increase in precision of 8% for six 

additional replicates. 
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Figure 3.2 Relationship between breaking force and the number of leaves when measured 

using the Agriseeds Strengthometer (Y is the force (N) and x is the number of leaves). 

Bars represent SEM. 
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Figure 3.3. Effect of the number of replicates (N/mg DM) on the coefficient of variation of 

force to break. Each replicate was lOx 100mm leaves. 

Samples taken in the field for subsequent measurement of FTB were placed in plastic bags and 

refrigerated (3°C) until measurements were made (no more than 2 h). The time taken to 

measure four replicates (i.e. one variety) took a single operator approximately 10 minutes, 

every additional replicate requires an additional two minutes. Handling and weighing of 

leaves for measurement may have induced some wilting, but any effect is likely to be common 

to all material being compared. 

Sensitivity of Agriseeds Strengthometer for force to break tiller components 

The FTB lamina, pseudostem, true stem and entire tiller was established on perennial ryegrass 

material from six varieties. These varieties were harvested in spring after: 48 days regrowth 

for vegetative material (pseudostem and lamina); 62 days for intermediate material (green true 

stem with live lamina); and 95 days for reproductive material (maximum lignification of true 

stem with senescing lamina), and had an average dry matter content of 20%, 24% and 37% 

respectively. Sample material was collected from field plots in which all six varieties were 

represented and placed in labelled plastic bags which were refrigerated until testing took place. 
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Forty tillers were randomly selected from each sample of each variety and divided into groups 

of ten. Lamina for testing were removed from stem material by clipping at the base of the 

lamina. Entire tillers were measured by clipping leaves off stems and laying leaves and stem 

parallel across the die. Although the ASM could measure FTB on groups of ten leaves and on 

psuedostem, once internode elongation occurred large quantities of true stem material 

overloaded the machine, i.e. the punch would return to its lowered resting position without 

breaking through the tissue. As a result FTB true stem was determined from four, single-stem 

readings. After each reading, the majority of the cut material was removed from the collecting 

tray, reweighed and dried as a single sample. 

Comparisons of FTB leaf, stem and tiller are given m Table 3.1. The ASM detected 

significant differences (P < 0.05) between leaf and pseudostem or true stem but not between 

stem and tiller. The FTB tillers was less than that to break leaf (P < 0.001), but did not differ 

significantly from that to break pseudostem. FTB tiller was calculated by dividing the 

recorded peak force by the total weight of the material being tested. In vegetative material, the 

FTB tillers was lower than leaf (P < 0.05) or pseudo stem (P > 0.05). FTB pseudo stem was 

lower than FTB vegetative leaf (P < 0.05), therefore it may be that the force recorded for 

tillers was actually the greater peak force for leaf material i.e. the lower FTB of pseudo stem 

was not recorded. Thus dividing peak force by the weight of the whole tiller, rather than the 

weight of leaf, would underestimate tiller force. The mean proportion of tiller which was leaf 

was 60%, 38% and 5% at vegetative, intermediate and flowering maturity respectively. 

Calculating FTB tillers as the sum of FTB of relative proportions of leaf and stem material 

gave values of 4.97, 4.97 and 6.21 N/mg DM for vegetative, intermediate and reproductive 

tillers respectively. 
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Table 3.1. Mean force to break (N/mg DM) components of rye grass tillers when harvested at 

three maturity stages. (Tiller force is unadjusted for leaf to stem ratio) 

Component 

Leaf 

Pseudostem 

True stem 

Tiller (unadjusted) 

SEM 

Component 

Maturity 

Interaction 

Vegetative 

5.22c 

4.60d 

4.19d 

0.079** 

0.091 ** 

0.157** 

SEM, Standard error of the mean. 

Maturity 

Intermediate Reproductive 

6.03b 4.99c 

4.32d 6.27a 

4.36d 6.09a 

Columns and rows with different superscripts are significantly different (** = p < 0.001). 

Sensitivity of the Agriseeds Strengthometer for force to break leaves 

The sensitivity of the ASM for detecting differences in FTB of the same plant components 

was tested by comparison of FTB lamina of six ryegrass varieties at vegetative growth. The 

ASM detected differences (P < 0.05) of 12.5% or > 0.65 N/mg DM, using four readings per 

10 leaves, between six varieties (Table 3.2). The ASM was sensitive enough to split six 

varieties into three groups of low (4 - 5 N/mg DM), intermediate (5 - 6 N/mg DM) and high 

(>6 N/mg DM) FTB. The difference in FTB between the low and high varieties was 1.93 

N/mg DM (± 43% of the mean FTB). 
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Table 3.2. Force to break leaf (FTB; N/mg DM) of six ryegrass varieties at vegetative stage of 

growth 

Variety FTB 

1 5.61 ab 

2 5.95ab 

3 6.25a 

4 4.16c 

5 4.02c 

6 5.36b 

Mean 5.23 

SEM 0.221 

LSD 0.655 

SEM, Standard error of the mean; LSD, Least significant difference 

Columns with different superscripts are significantly different (P < 0.05). 

3.2.3 Application 

The ASM met most of the specifications of an effective ryegrass screening method for 

breaking force properties of leaf and stem. The main points to note in relation to its suitability 

are as follows: 

• The force measured was proportional to the amount of material being tested (Figure 3.2) 

• The ASM measured the FTB leaves, pseudostem and green true stem, but had difficulty 

with some older, lignified true stem (Table 3.1). 

• It was sensitive enough to detect differences (P < 0.01) of over 12% in FTB of vegetative 

lamina from different varieties of perennial ryegrass with four replicates of 10 leaves 

(Table 3.2). 

• With a single operator, the time taken to determine force (N/mg DM) from four replicates 

was approximately 10 minutes and required less than four grams of fresh sample. 

The modified maturometer was shown to be a suitable tool for detecting differences in FTB 

leaf of 12% and greater, from four readings per sample. No less than four replicates per 
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variety should be used or the CV is likely to be too high to detect significant differences 

between varieties. If greater sensitivity is required between samples with a smaller range in 

leaf force than that tested here, five to six replicates are recommended. Measurement of FTB 

leaf and/or stem should be carried out separately as the FTB tillers appears to reflect the ratio 

of leaf:pseudostem. The number of true stems tested in a single replicate should be restricted 

to one. 

Variation in FTB of greater than one Newton has been detected within the ryegrass species 

(Table 3.2). It is uncertain whether the variation in breaking force measured here will have 

significance on total grazing intake. Further consideration to the variation of FTB and the 

subsequent impact on grazing is provided in Chapter 5. 

Comparison of the results for the ASM with methods such as the Warner-Bratzler is difficult 

due to differences in angle of the cutting blades of both apparatus. The ASM has a closing 

angle of zero degrees whereas the Warner Bratzler is > 0°. Henry et al. (1996) discusses the 

implications of blade closing angle on the plateau force of sample and how this can affect 

interpretation of the results. Interestingly, Henry et al. (1996) also commented that selection 

for low leaf strength based only on the force exerted during the cut at angles> 0° will select 

for genotypes with leaves of decreased thickness or decreased width in cases where the closing 

angle is 0°. In most instances rake angles are not specified and even corrections for leaf 

thickness and cross-sectional area cannot overcome difficulties with interpretation between 

sets of data. It is hoped that the ASM will alleviate some of these issues, although the main 

reason for its development in this study was to provide a rapid form of measurement for leaf 

force which was representative of the entire lamina. The ASM is sensitive to differences 

between varieties from a small number of readings and while testing thus far has not been 

rigorous there is evidence that monitoring of leaf toughness in new genotypes is possible 

during early stage selection using this equipment. 
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3.3 Determination of ryegrass degradation characteristics using an in vitro method 

Current methods for determining rumen degradation characteristics of plant dry and fresh 

matter and nitrogen are generally not suitable for ryegrass breeding, mainly because they 

require the use of surgically prepared animals either as incubators or donors of rumen fluid. 

Also, for reasons addressed in Chapter 2, the standard determination method using the nylon 

bag often fails to meet the criterion (as listed in Section 3.1) for estimating degradation rate of 

feeds in terms of repeatability (Dewhurst et af. 1995), sensitivity within species (Akbar et aZ. 

2002) and cost effectiveness (Clarke et af. 1982). Similarly, fistulated animals used as rumen 

fluid donors for measuring degradation rate in vitro using either the gas production method 

(Theodorou et aZ. 1994; Cone et af. 1998) or the Tilley and Terry (1963) method, fail to meet 

the ryegrass breeding criteria for time and economic savings. 

An in vitro procedure, developed to predict digestibility using commercial enzymes in two 

stages (McLeod and Minson, 1978), was selected for modification in this study. The 

technique uses pepsin and cellulase - two major digestive enzymes. The protocol is simple to 

use and has low associated costs. Successful modification of this technique to measure 

degradation characteristics would eliminate the need for rumen fluid and provide a more 

uniform digestive solution as well as allowing large numbers of samples to be tested 

simultaneously. 

The first objective then, was to study the pattern of degradation using a modified two stage 

technique which involved a time sequence of samples as with the in sacco degradation 

procedure. In this study, the degradation characteristics of samples using the modified in vitro 

method were compared with fresh chopped grass degraded in sacco. While, most of the data 

for in sacco degradation characteristics of forages use samples which have been dried and 

ground (Cone et af. 1998; Bowman and Firkins, 1995; Cherney et aZ. 1992), preparation by 

fresh chopping is thought to better represent the macerated bolus during grazing (Barrell et af. 

2000). 

To meet the criterion for technique development outlined in the introduction the following 

goals were sought: 

48 



• Compare the degradation characteristics of dry matter (DM) and nitrogen (N) from the 

proposed sequential in vitro technique (dried/ground and frozen/chopped) with those 

obtained from in sacco incubations using frozen/chopped plant material. 

• Use follow-up sequential in vitro incubation on suitable plant material to ascertain the 

repeatability of the technique. 

• Determine the sensitivity of the sequential in vitro procedure by measuring differences in 

rate of dry matter loss of six perennial ryegrass varieties. 

• Determine the possibility of using a single incubation period as an estimate of degradation 

rate to improve the cost-effectiveness of the technique. 

3.3.1 Development and method agreement 

Plant material 

Similar plant material to that used in the development of the FTB method was also used in the 

development of the degradation rate method (Section 3.2). The samples represented the 

diversity in maturity and morphology of ryegrass material on which selection might occur. 

Three varieties of perennial ryegrass were harvested from field swards at three stages of 

growth (vegetative, intermediate and reproductive) and samples were dissected into tillers 

from each stage. Samples were prepared by a) chopping, to < 5 mm lengths with scissors, and 

passing through a 5 mm sieve before freezing (FC), or b) freeze drying and grinding to pass 

through a 1 mm sieve (FD). A more complete description of sward management and 

harvesting is given in Chapter 4. 

Degradation rate in sacco 

Two Angus heifers, fistulated and cannulated at the rumen, grazing a pasture of ryegrass and 

white clover were used for the in sacco work. Nocek (1988) recommended a sample size to 

bag surface area of 10-20 mg DM/cm2
. Duplicate herbage samples of 1.5 g dry matter 

equivalent FC material were weighed into 9 x 12 cm nylon bags (44 !lm pore size). Bags were 

folded in half and secured with an indigestible synthetic string, giving a sample to surface area 

ratio of 13.9 mg DM/cm2
. Bags for each incubation time were threaded onto a plastic cable 
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that was attached to a stainless steel chain (approx 1kg). One sample of reproductive herbage 

was included in both animals to measure between-animal variation. 

Bags were inserted into the rumen and incubated for either 4, 8, 16, 48 or 96 h. At time zero, 

all samples were placed in the rumen simultaneously and removed sequentially thereafter. At 

initial insertion and after each removal, chain and samples were immersed in rumen fluid 

beneath the digesta raft. Immediately after removal, each bag was rinsed to remove surface 

contamination and placed in a commercial washing machine set to run on a 30-minute wash 

and rinse cycle in cold water. Machine washing was used to ensure uniformity between 

washing of each group of samples. Dry matter loss for time zero was determined for each 

sample by washing undegraded samples using the same procedure described for the degraded 

samples. All bags were dried at 80°C for 48 h before weighing to determine dry matter loss. 

Degradation rate in vitro 

Duplicate samples of 1.0 g DM equivalent of FC or FD material were weighed into 50 ml 

porous glass crucibles (Pore Grade 1). Crucibles were placed in plastic cups (80 ml) 

containing 60 ml of 0.125 N hydrochloric acid containing 0.3% (w/v) pepsin and incubated at 

50°C for 3, 6, 12, 24, 48, or 96 h for FD samples and 4, 8, 16, 48 and 96 h for FC samples. 

The difference in number and timing of incubation intervals was due to a shortage of FC 

material. Following each incubation interval, both crucibles were removed and the residue 

was washed with 60 ml of boiling water to halt enzyme action and remove acid. The digests 

were then filtered under vacuum to minimise quantitative transfer of water between 

incubations. Crucibles were returned to plastic cups containing 60 ml of a buffer solution 

containing sodium acetate (20.4 gil, CH3COONa*3H20), acetic acid (8.7 mIll, CH3COOH) 

and 0.025 g cellulase (OnoZuka FA) and incubated at 50°C for the same amount of time as 

was spent in their respective acid-pepsin digest. After removal from cellulase solution, the 

digests were rinsed again with 60 ml of boiling water and placed in a forced-air oven for 24 h 

at 100°C. Organic matter was determined on residue in crucibles after incineration at 600°C 

for 5 h. Time zero measures were determined using the same washing procedure as incubated 

samples. 
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Freeze-dried samples at vegetative and intennediate (flag leaf stage) growth were also used to 

detennine dry matter loss from cellulase alone. Half a gram of each sample was weighed into 

crucibles and incubated in the cellulase buffer solution described above for 0, 3, 6, 12,24 and 

48 h. After each interval crucibles received the same rinsing and drying procedure as samples 

which had been incubated in the pepsin-cellulase solutions. 

Dry matter disappearance was plotted against time for each degradation method (Figure 3.4). 

The in vitro cellulase alone method resulted in much lower rates of degradation and potential 

degradation than in vitro using FD and in sacco. SIeper and Roughan (1984) found that 

cellulase does not digest cuticle, sclerenchyma or xylem in temperate forages which could 

explain the difference of this method with other methods in this study. No further use of the in 

vitro cellulase only method was carried out. 

Degradation characteristics of nitrogen 

All digested samples from in sacco and sequential in vitro digestibilities were sub-sampled for 

measurement ofN content. After detennining dry matter loss, a portion (30%) of each sample 

was removed and weighed into glass tubes and analysed for N content using the Kjeldahl 

method (Kjeltec 1035 Analyser Tecator). 
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Figure 3.4. Dry matter disappearance from in sacco FC (-), sequential in vitro FC ( ... ), 

sequential in vitro FD C-) and sequential in vitro cellulase only FD (_._) degradation 

(g/kg DM) of ryegrass at three stages of growth. (FC is frozen chopped and FD is freeze

dried and ground. Data points are the mean of three varieties). 
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Derivation and comparison of degradation parameters 

Using Sigmap10t v. 5.0, values for dry matter and N disappearance, expressed as a fraction of 

the original sample weight, from in sacco FC and in vitro FC and FD incubations for samples 

at each stage of growth were fitted to the exponential model ofOrskov and McDonald (1979): 

y = a + b (l_e-c(t-L)) 

Where: y is the fraction degraded at time t (h); a is the soluble fraction; b is the insoluble, 

degradable fraction (g/kg) and c is the rate of degradation of b (h-1 of DM or N), and L is lag 

time (h). 

Using the parameters a, b, and c, potential and effective degradabi1ities were calculated. 

Where: 

Potential degradabi1ity = a + b 

Effective degradabi1ity = a + [(b x c) / (c + k)] 

Effective degradabi1ity of DM or N takes into account outflow (k) of particulate matter from 

the rumen and provides an estimate of the digestibility of samples if they were not confined to 

nylon bags. Values for outflow rates of 6% h-1 determined by Orskov and McDonald, (1979) 

from sheep given an ad libitum diet of dried grass were used for these calculations. 

The effects of degradation technique on degradation parameters were analysed as a 3 x 3 

factorial design with three degradation methods and three stages of growth. Differences in a, 

b, c, lag, potential and effective degradabi1ity between in sacco FC and in vitro FC and FD 

techniques were determined from analysis of variance (ANOVA). 

Model: Xij = f.l + ai + I3j + al3ij+ Eijk 

Where Xij is the degradation parameter of the ith method ( a) for the /h stage of growth (13) and 

Eijk as the error mean square. 

Animal variation 

A replicated (n = 2) control sample was included in both heifers to ascertain whether variation 

in degradation existed between animals. Dry matter loss over time (excluding time zero) was 
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fitted to the exponential model to detennine degradation parameters. ANOV A was perfonned 

on degradation parameters of fitted data where 'animal' was treated as a main effect. There 

were no significant differences (P > 0.05) between the two heifers for any of the predicted 

degradation parameters. 

3.3.2 Method comparison 

Dry matter disappearance 

Dry matter disappearance usmg all methods including the sequential in vitro methods, 

produced data which could be fitted to the exponential e.quation of Orskov and McDonald 

(1979. Figure 3.4). Degradation characteristics of the grasses estimated by each method are 

presented in Table 3.3. There was a highly significant difference between the methods (P < 

0.01) for degradation characteristics (Table 3.3). Compared with the in sacco FC method, the 

in vitro FC method resulted in similar predictions for a but lower predictions for all of: b, 

effective and potential degradability. Generally, in vitro FD resulted in estimates of c which 

were higher than other methods. Method had a stronger influence (P < 0.05)on rate of 

degradation when grasses with a slow degradation rate such as the reproductive material were 

used. Rate, c, was overestimated by the in vitro FC method relative to in sacco FD. 

Preparation of in vitro samples by freeze drying and grinding (FD) resulted in high values for 

a (P < 0.01) compared with the in sacco FC method. Effective degradability was also higher 

with the in vitro FD method, although the reverse was true for b and potential degradability. 

There were no significant differences for c between in vitro FD and in sacco FC. Comparison 

of the two in vitro methods showed that FD material produced higher values for a, effective 

degradability and potential degradability compared with FC material. The in vitro FC method 

tended to result in higher predictions for b, but compared with in vitro FD, prediction of c was 

lower on vegetative samples and higher on reproductive samples. 

Nitrogen disappearance 

In vitro degradation characteristics of N were to be used to predict the rate of crude protein 

degradation. In contrast to results for dry matter, disappearance ofN was both more complete 

54 



and faster in vitro than in sacco. The in vitro methods resulted in significantly (P < 0.01) 

higher fractional rates of CP degradation (c) regardless of stage of growth (Table 3.4). There 

was no appreciable decrease in the potential or effective CP loss from in vitro incubation at 

advancing stages of growth. In contrast, effective CP degradability, in sacco, decreased by 

67% from vegetative to reproductive (P < 0.001). Plotting N disappearance over time for each 

of the degradation methods lent weight to the argument that there would be poor reliability in 

using the in vitro methods tested (Appendix Figure A3.l). Consequently, failure of the in 

vitro method to meet the first criterion which is to correlate with a standard procedure, brought 

a stop to any further testing of the sequential in vitro method for the purpose of predicting the 

rate ofN disappearance. 
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Table 3.3. DM degradation characteristics whereby soluble (a: g/kg DM); degradable insoluble (b: g/kg DM); fractional disappearance rate (c: h

\ lag time (lag: h), effective and potential degradability (g/kg DM) determined by the in sacco method with frozen chopped material (FC), the 

sequential in vitro method using FC and freeze-dried (FD) material of perennial rygrass at three stages of maturity. 

Maturity Method a b c Lag Effective Potential 

Vegetative in sacco FC 147c 779a 0.115ab 0.28a 658b 956a 

Vegetative in vitro FC 151c 604c 0.080cd -0.33b 495d 754d 

Vegetative in vitro FD 367a 506e 0.127a -0.29b 709a 873b 

Intermediate in sacco FC 135c 741b 0.106b 0.29a 607c 876b 

Intermediate in vitro FC 133c 562d 0.101b -0.27b 484d 695e 

Intermediate in vitro FD 385a 434f 0.117ab -0.28b 671b 819c 

Reproductive in saccoFC 55d 596cd 0.051e 0.44a 325e 650f 

Reproductive in vitro FC 57d 410f 0.134a -0.31 b 336e 467h 

Reproductive in vitro FD 264b 341g 0.062de -1.18c 436d 605g 

Mean 188 552 0.099 -0.18 524 740 

SEM 11.4 12.2 0.008 0.076 8.8 11.0 

Method *** *** * *** *** *** 
Maturity *** *** *** NS *** *** 
Interaction NS NS *** *** *** NS 

Levels of significance and the interaction are: NS, not significant; *, P < 0.05; **, P < 0.01; *** P < 0.001. SEM are those for combined main 

effects. 
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Table 3.4. The N degradation parameters for soluble (a: g N/kg DM) and degradable insoluble (b: g N/kg DM) pools, fractional disappearance 

rate (c: h- l
), lag time (lag: h), effective and potential degradability (g N/kg DM) determined by the in sacco method with frozen chopped 

material (FC), the sequential in vitro method using FC and freeze-dried (FD) material of perennial rygrass at three stages of maturity. 

Maturity Method a b c Lag Effective Potential 

Vegetative in saccoFC 176ad 791a 0.86e 0.63b 642b 968a 

Vegetative in vitro FC 152ad 664ab 0.116d 0.06b 584c 816b 

Vegetative in vitro FD 209a 752ab 0.289a 0.20b 831 11 960a 

Intermediate in sacco FC 120d 756ab 0.085e 0.89b 561c 876ab 

Intermediate in vitro FC 137cd 694ab 0.120d 0.09b 600c 832b 

Intermediate in vitro FD 182a 768ab 0.282a 0.20b 816a 951a 

Reproductive in sacco FC 176ad 465c 0.020f 3.84a 275d 642c 

Reproductive in vitro FC 140bd 638b 0.159c 0.04b 601c 778b 

Reproductive in vitro FD 199ac 699ab 0.211 b 0.41b 743b 898a 

Mean 166 692 0.152 0.71 628 858 

SEM 22.3 49.2 0.007 0.60 14.8 38.1 

Method * NS *** ** *** ** 

Maturity NS *** *** * *** ** 
Interaction NS * *** * *** * 

Levels of significance and the interaction are: NS, not significant; *, P < 0.05; **, P < 0.01; *** P < 0.001. SEM are those for combined main 

effects. 



Correlations between methods for dry matter degradability 

Correlations between in sacco FC and in vitro methods for degradation characteristics were 

calculated. The correlations for each degradation characteristic of three perennial ryegrass 

varieties at vegetative, intermediate or reproductive growth are presented in Table 3.5. The 

results show that both in vitro methods have high positive correlations (r > 0.70; P < 0.05) 

with the in sacco FC method for fractions a, b effective and potential degradability. However, 

correlations between in vitro and in sacco methods for c were lower for FC than for FD 

material. 

Table 3.5. Pearsons correlations between the in sacco method and the in vitro methods (frozen 

chopped, FC; or freeze-dried and ground, FD) for estimates of degradation characteristics 

(soluble fraction, a; insoluble, degradable fraction, b; rate of degradation, c; lag time; effective 

and potential degradability). 

FC FD 

a (g/kg DM) 0.76* 0.74* 

b (g/kg DM) 0.92* 0.88* 

c (h-1
) -0.61 * 0.94* 

Lag (h) 0.01 -0.40 

Effective (g/kg DM) 0.97* 0.99* 

Potential (g/kg DM) 0.96* 0.98* 

* P < 0.05 

In vitro incubations using freeze-dried and ground material have slightly higher correlations 

with the in sacco FC method compared to in vitro incubations using frozen chopped material. 

Subsequent evaluation of the in vitro method was carried out using FD material. 

3.3.3 Repeatability of method 

Repeatability of the sequential in vitro FD technique was carried out on the same herbage 

samples as used the procedure described in Section 3.3.1. FD material for three varieties at 

three growth stages was weighed (0.5 g DM) into two crucibles per sample and incubated for 
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0,3,6,12,24,48 or 96 h in pepsin followed by cellulase (Section 3.3.1). The herbage control 

sample used in the first run was included in the repeat run. The difference in DM loss of the 

control sample between runs, was used as a correction factor between runs (See Appendix 

Figure A3.2). 

Degradation curves from both runs were fitted using the equation of Orskov and MacDonald 

(1979) and differences between parameters were analysed for variance. Separation of curves 

differed (P < 0.001) - as reflected in Figure 3.5 - due to differences in DM loss at the 

incremental incubation times. As a result run also had significant effect on several 

degradation parameters (Table 3.6). Apart from estimation of lag time there were no 

interactions effects for degradation parameters. On this evidence the in vitro FD method is not 

repeatable for predicting absolute values for most degradation parameters but will rank 

samples consistently between runs. 

Table 3.6 Differences between runs for predicting degradation parameters (see Abbreviations) 

of three perennial ryegrass varieties at three stages of maturity using the sequential in vitro FD 

method. 

Significance of main effects 

Run 1 Run 2 SEM Run Run x Run x 

variety maturity 

a 328 361 3.10 <0.001 NS NS 

b 383 417 4.03 <0.001 NS NS 

c 0.098 0.091 0.004 NS NS NS 

Lag -0.51 -0.67 0.076 NS NS <0.05 

Potential 711 778 4.99 <0.001 NS NS 

Effective 600 641 3.29 <0.001 NS NS 

NS = not significant 
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Figure 3.5. Mean dry matter disappearance over time for perennial ryegrass samples incubated in repeated runs using the sequential in vitro 

degradation method. (Means include three varieties from three stages of maturity). 



3.3.4 Method sensitivity 

Sensitivity of the sequential in vitro dry matter disappearance technique to detect differences 

between the DM loss of six varieties (five diploids and one tetraploid) at three stages of 

maturity was measured. Duplicate samples of freeze-dried ground material were incubated in 

ReI-pepsin for 0, 3, 6, 12,24,48 or 96 h followed by incubation in cellulase solution for 0,3, 

6, 12, 24, 48 or 96 h (as described in section 3.3.1). Degradation parameters for all samples 

were determined using the procedure described in Section 3.3.1. Separate ANOVAs were 

performed on varieties within stage of maturity for each degradation parameter. 

Model: xij = f.l + Ui + Eij 

Where Xij is the degradation parameter of the i th variety (u) and Eijk is the error mean square. 

The sequential in vitro FD method detected differences (P < 0.01) between varieties within a 

stage of growth for fraction a, rate of degradation and potential degradability (Table 3.7). The 

method was less sensitive (P < 0.10) for distinguishing between rate of degradation over 

different stages of growth. In vegetative growth, the sequential in vitro method identified 

differences (P < 0.01) of over 15% in degradation rate. Within intermediate and reproductive 

stages of growth the method detected (P < 0.10) differences in degradation rate of 26% and 

54% respectively. The sequential in vitro technique detected (P < 0.05) differences in potential 

degradability at all stages of maturity. Differences between varieties for effective 

degradability were not significant at the reproductive stage. For most degradation parameters 

the sequential in vitro method separated the six varieties into high and low groups at the 

vegetative stage and into three groups for intermediate stage varieties (P < 0.01). Varieties 

tended to stay in the same groups for degradation rate and effective degradability i.e. varieties 

1, 2 and 3 had lower values than varieties 3, 4 and 5 during maturation from vegetative to 

intermediate stage (Table 3.7). 
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Table 3.7 Degradation parameters of six ryegrass varieties at three stages of maturity (V, 

vegetative; I, intermediate; R, reproductive) determined by the sequential in vitro FD method. 

(Values in columns with different superscript are significantly different) 

Variety Soluble (g kg-I) Rate (h-I) Effective (g kg-I) Potential (g kg-I) 

IV 395a 0. 104b 715cd 860b 

2V 397a 0. 100b 696d 845c 

3V 409a 0. 112b 734bc 877ab 

4V 329b 0.117b 739b 851 bc 

5V 408a O.l48a 764a 882a 

6V 365b 0.115b 761a 886a 

Mean 384 0.116 735 867 

P significance 0.001 0.008 0.002 0.001 

SEM 5.8 0.0055 6.3 3.2 

11 404ab O.092bc 671 b 831a 

21 405a 0.095abc 653b 812bc 

31 410a 0.088c 674ab 840a 

41 367c 0.1 15ab 675ab 801c 

51 402ab 0.118ab 698a 834a 

61 386b 0.120a 692a 821 ab 

Mean 395 0.104 677 822 

P significance 0.009 0.082 0.036 0.007 

SEM 5.4 0.0078 7.1 4.7 

1R 320a 0.031 b 485 696a 

2R 288b 0.088a 503 621 b 

3R 316a 0.076a 472 614b 

4R 267c 0.055ab 450 591 b 

5R 258c 0.068a 477 598b 

6R 269bc 0.062ab 496 627b 

Mean 286 0.063 480 624 

P significance 0.001 0.066 0.309 0.036 

SEM 4.2 0.010 15.3 16.6 

62 



3.3.5 Single incubation for rye grass breeding 

To meet all the criteria of a useful ryegrass breeding tool, a method for determining 

degradation rate should involve minimal labour time and financial input. A limitation of the 

proposed sequential in vitro method is that it has a high labour requirement for sample 

removal at a large number of incubation intervals. Furthermore, for additional incubation 

intervals there is a cost, per sample, for digestive enzymes and oven space. The possibility of 

using a single incubation interval to represent the various degradation characteristics was 

investigated. Correlation analysis was performed on the quantity of dry matter disappeared 

(g/kg) at separate incubation intervals. This would determine whether one incubation time had 

a higher correlation with degradation characteristics than other intervals (Table 3.8). The 

shortest incubation interval which correlated closest with all degradation parameters could be 

chosen to become part of the selection criteria. The data for these correlations included six 

varieties at three stages of growth. 

The DM disappearance at all incubation intervals was strongly positively correlated with all 

degradation parameters. However, intervals of DM loss between 0-6 hand 0-12 h showed 

consistently higher correlations with degradation parameters. Thus adopting one of these 

intervals to represent degradation characteristics could perhaps attain economic savings by 

reducing the number of incubations per test sample. 
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Table 3.8. Correlations between the DM disappearance at each in vitro incubation interval and 

the DM disappearance (g/kg) and degradation parameters: soluble fraction (g/kg DM); rate of 

degradation (h-1
); effective and potential degradabi1ity (g/kg DM) for six perennial ryegrass 

varieties. 

Incubation Soluble Rate of Effective Potential 

interval (h) fraction degradation degradabi1ity degradabi1ity 

0 1.00 0.72 0.93 0.90 

3 0.93 0.87 0.99 0.96 

6 0.91 0.87 1.00 0.98 

12 0.90 0.87 1.00 0.98 

24 0.90 0.87 0.99 0.97 

48 0.86 0.85 0.99 0.98 

96 0.91 0.80 0.99 1.00 

3.3.6 Application 

Most of the required criteria for a technique to provide ryegrass breeders with a simple and 

effective screening tool for measuring the degradabi1ity characteristics of ryegrass dry matter 

were met. 

• The sequential in vitro pepsin-cellUlase method produced repeatable measures of dry 

matter loss from freeze-dried, ground material, (Figures 3.4 and 3.5). From these values, 

DM degradation characteristics of soluble (a), insoluble degradable (b), degradation rate 

(c), effective and potential degradabi1ity were generated (Table 3.3). Most of the 

characteristics from the proposed in vitro method are highly correlated with the same 

parameters for the in sacco FC method (Table 3.5). 

• The sequential in vitro method can distinguish significant differences between perennial 

ryegrass varieties for DM degradation characteristics at three stages of maturity (Table 

3.7). 
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• The DM loss between 0-6 h was highly correlated with all degradation characteristics 

derived from in vitro measurements of DM loss. This single measure of early loss of dry 

matter (DML6) could be used as an input for a nutritive index as a function of 

degradability characteristics. 

The rates of in sacco protein degradation measured in the present study were consistent with 

results from van Vuuren et al. (1991) who measured in sacco degradation rates of crude 

protein of perennial ryegrass at advancing maturity. The sequential in vitro technique resulted 

in much higher rates of N loss compared to the in sacco method indicating it to be unsuitable 

for predicting degradation characteristics of N (Table 3.4). It is likely that pre-treatment of 

samples in acid-pepsin resulted in an almost complete degradation of plant N in a very short 

time (3-4 h. See Appendix Figure A3.1). Acid-pepsin was introduced as a pretreatment to the 

in vitro digestibility technique to improve correlations with in vivo measures and reduce 

residual standard deviations (Jones and Hayward 1975). The difference between digestibility 

in pepsin and cellulase compared with cellulase alone was approximately 30% of the 

digestible DM which more than accounts for protein losses. Pre-treatment with acid-pepsin is 

said to make degradation in cellulase more effective by making plant cells more accessible for 

attack as well as cause the breakdown of protein material (Dowman and Collins, 1982). In the 

Tilley and Terry (1963) two-stage technique, acid-pepsin was used after incubation in rumen 

fluid to convert herbage and microbial protein into soluble 'digested' products. In this studyN 

loss at time zero was less than 20% (Table 3.4) with the highest losses ofN occurring within 

the first 12 h (Appendix Figure A3.l). The relatively lower quantities ofN loss using the in 

vitro cellulase procedure indicate that it is the acid-pepsin phase which facilitates Nand 

possibly DM disappearance. 

Development of a method that can be used to rapidly predict rumen degradability of pasture is 

made difficult by the uncertainty as to what should be the standard procedure with which it is 

compared. As a method on which to base justification of a new method, degradation in sacco 

has a number of shortcomings. Rumen incubation of dried samples in nylon bags takes no 

account of how grazing, mastication and rumination prepare digesta for fermentation; the 

small sample size have little impact on the rumen pH (Noziere and Michalet-Doreau, 1996); 
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containment in bags require calculations of effective degradability using estimates of outflow 

rates. In the absence of whole animal data the use of DML6 as an estimate of cell wall 

breakdown might be a useful method for screening varieties for NV. In principle, 

development of a method which can discriminate between cultivars for degradation rates 

should result in varieties with fewer constraints to intake regulation by reducing the digesta 

load component (Weston, 2002). The issue now is whether differences in degradation rate for 

the present population are large enough to be biologically significant and this question will be 

addressed in Chapter 6. 

Operational benefits for using DML6 are that results can be available within 36 h i.e. 12 h (6 h 

in pepsin + 6 h in cellulase) incubation followed by drying to attain dry matter loss data. One 

suggestion for improving the practicality of the method would be to investigate the effect of 

shortening the pre-treatment period. At present, incubation in pepsin and cellulase are the 

same length of time, but given that the pepsin treatment was so effective in releasing N, a 

three hour incubation in pepsin may be all that is required. This would enable DML6 

measurements to be carried out within a single working day. 

Further development of this technique could be achieved through sample preparation. The 

decision to use freeze-dried ground material to develop the suitability of the sequential in vitro 

technique was based on both the results presented in Tables 3.3 and 3.5 and the needs of the 

end user. Freeze-drying and grinding produces samples which are uniform and easily stored. 

One of the major concerns over using freeze-dried and ground samples is the high estimate of 

the readily available fraction compared with that using frozen chopped material. Low 

correlation between in vitro FC and in sacco FC for rate of degradation (c) was possibly a 

result of poor exposure of cell tissue (i.e. cut ends only) in stationary crucibles, resulting in 

lower degradability with the latter method. There is less handling for freeze-dried samples as 

once harvested they are immediately placed in a freezer. Fresh samples need to be chopped 

and particle size is likely to vary from person to person when processing this by hand. Time 

constraints prevented further investigation of development of a more uniform method of fresh 

sample preparation, although further investigation into a method which uses fresh material is 

warranted (Lopez et al. 1995; Barrell et al. 2000). 
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3.4 Determination of sheep grazing preference 

Acceptability to animals was listed as an important feature of high performing forages in 

Delphi surveys (Wheeler and Corbett, 1989; Smith et al. 1997). Although rye grass breeders 

generally carry out some measure of acceptability or preference in their breeding program, 

these preference tests tend to be subjective measures attained by visual observations of post

grazing sward height in small field trials. Large numbers of animals on a small area of land 

make it difficult to control factors that influence preference and results can be confounded 

with contamination, competition or previous over-grazing and subsequent low availability. A 

short-term grazing preference, which can be performed indoors, would offer greater control 

over confounding environmental factors. To determine if a short-term grazing test could be 

used to quantify preference, six sheep were offered two ryegrasses, known to differ in 

preference, over four successive days. The lowest number of observations required to detect 

differences was determined and used to compare a wider range of varieties in a later study. 

3.4.1 Methodology 

Plant material 

Replicated pure swards (2 x 5 m plots) of two perennial ryegrass varieties were sown at the 

Agriseeds Research Station (Courtenay, Canterbury) in autumn 1997. The two varieties 

selected, Yatsyn 1 and Nevis, had been shown (Wilson, Pers. Com.) to vary in preference with 

Nevis being more intensely grazed than Yatsyn 1 when sheep had access to plots of both 

cultivars. The swards were grazed regularly during the first two years of establishment and 

after each grazing, swards were levelled to 5 cm with a mower. Fourteen days prior to 

experimentation the first of two plots was mown to a residual height of 5 cm using a push 

mower. Seven days later the second plot was mown to maintain consistency in sward 

vegetation over a two week measurement period. Urea was applied at a rate of 50 kg N/ha 

following each mowing. Plots were irrigated if conditions became dry. 

Samples for DM content were collected daily between 1030 and 1100 h. Herbage was clipped 

to a residual height of 5 cm with a set of hand shears and placed in plastic bags. Dry matter 

content was determined by taking a known sub-sample weight and oven drying for 24 h at 
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80°C prior to re-weighing of dry weight. Between 1500 and 1700 h entire turves were 

removed from undisturbed swards in preparation for measurements the following day (Plate 

4). Nine turves ofYatsyn 1 and three of Nevis were dug from plots to a soil depth between 8 

and 10 cm. These were of a size to fit individual plastic seed trays (30 x 40 cm) and 

transported to the experimental site. Turves were watered and stored indoors overnight under 

minimal lighting. 

Animals 

Six New Zealand Romney two-tooth, non-lactating ewes were selected for preference testing 

on the basis of their ability to adapt to experimental conditions. The animals were weighed 

three days before going into metabolism crates and had a mean liveweight of 48.0 (± 2.4) kg. 

A week prior to experimentation the animals were transported from Lincoln to Courtenay 

(approximately 30 krn), and were housed in metabolic crates in a woolshed. A supply of fresh 

water and a maintenance diet of lucerne chaff and barley pellets was fed to the sheep each day 

at 1000 h (Table 3.9). Animals were given a seven day acclimatisation period, during which 

time they gained experience in grazing turves in the presence of humans. To minimise any 

effect of fasting on preference, animals that had consumed all of their previous day's meal 

were fed an additional 50 g of barley pellets prior to the preference test. 

Table 3.9. Composition of maintenance diet fed to sheep during preference testing. 

Dry matter content % 

Organic matter content (%DM) 

Crude protein (%DM) 

Crude fat (%DM) 

Acid detergent fibre (%DM) 

Digestibility (DMD) 

Estimated ME MJME/kg DM 

ME intake (MJ/sheep/day) 

Barley pellets 

87.4 

92.9 

15.6 

3.0 

11.3 

85.0 

11.7 

5.11 

Lucerne chaff 

89.4 

94.4 

15.4 

39.8 

54.5 

8.8 

7.87 
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Sward measurements 

Sward and grazing measurements occurred between 0800 and 1000 h each day. Pre- and post

grazing sward surface height (SSH) was recorded from 20 readings per turf using a sward 

stick. Turves were then allocated into six sets of pairs. Where necessary, sward pairs were 

combined on the basis of height similarity. Both turves in each pair were weighed (to the 

nearest gram), immediately before. being offered to sheep (evapo-transpiration losses were 

regarded as negligible during the five minute observation period). After weighing, turves 

were placed together, with soil edges touching, on a wooden platform and bound together with 

adjustable straps. The wooden platform holding both turves was placed on a second platform 

attached to the sheep crate (Plate 4). 

Any soil which fell from turves as a result of movement during carrying or grazing was 

collected and weighed. The weight of soil loss (seldom greater than 2 g) was divided in half 

and allotted to each turf. This procedure was repeated with the next set of turves until each of 

the six sheep had been observed. Post-grazing mass was determined for individual turves by 

removing all herbage to soil level with an electric shearing handpiece and drying for 24 h at 

80°C. 

Grazing measurements 

A pair of turves were offered simultaneously to sheep to determine preference; defined here as 

the proportion of the total DM consumed from either turf. Sheep received each variety on left 

and right-hand sides at alternate offerings to eliminate bias. To avoid confounding effects of 

height or availability of herbage during grazing with variety effects, turves were removed 

when approximately 50% of the preferred sward had been consumed. Using the 

measurements outlined above a number of grazing variables were determined: 

Turfpreference = DM intake of turf lI(total DM intake of turf 1 + 2) x 100% 
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Plate 4. AlTangement of animals and a pair of turves during grazing preference 

experimentation. Example of turf pairs being offered to Sheep #4. 
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Statistical analysis 

Effect of variety on SSH of turves was analysed for variance using the ANOV A procedure in 

Genstat 5.0. If significant differences between varieties existed, SSH was included as a 

covariate in the preference analysis. 

Differences in mean preference of varieties were compared following ANOV A. To determine 

the number of times varieties should be offered to six sheep for detection of a significant 

difference, ANOVA was performed on data after turves had been offered 1,2, 3 or 4 times to 

individual sheep giving a total of 6, 12, 18 or 24 observations for each pair. 

3.4.2 Results 

There were no significant differences between varieties for SSH. Sward height was 17.9 and 

18.0 (± 1.85) em for Yatsyn 1 and Nevis respectively. Table 3.10 shows the mean percentage 

of DM consumed (or preference) for Yatsyn 1 when offered either with itself or with Nevis. 

The probability of the difference in preference being significant is also presented in 

conjunction with the number of times the combination is given to each of the six sheep. Sheep 

showed a significantly higher preference for Nevis than Yatsyn 1. No preference was 

displayed when the pair offered contained the same variety i.e. preference for Yatsyn 1 against 

itself, was not significantly different from 50%. Significant (P < 0.05) differences between the 

varieties could be detected from 12, 18 or 24 observations. Increasing the number of 

observations per variety from 12 observations increased the precision of the mean preference. 
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Table 3.10. Mean preference (% total DM consumed) from one to four observations when six 

sheep were offered ryegrass variety Yatsyn 1 with itself or with Nevis. (Standard error of the 

mean in parenthesis). 

Associate variety Yatsyn 1 Significance (P) 

1· observation per ewe 

Yatsyn 1 45.1 (± 5.6) 

Nevis 66.7 (± 9.4) 0.062 

2 observations per ewe 

Yatsyn 1 46.5 (± 3.1) 

Nevis 61.1 (± 5.3) 0.022 

3 observations per ewe 

Yatsyn 1 46.1 (± 2.4) 

Nevis 62.2 (± 4.1) 0.001 

4 observations per ewe 

Yatsyn 1 47.3 (± 1.9) 

Nevis 58.7 (± 3.4) 0.004 

The least significant difference increased with reductions in the number of samples (Figure 

3.6). With 12 observations the least significant difference was 12%. Also by keeping the 

number of preference measurements to the minimum number required the risk of animals 

failing to respond to increased measurements is reduced (Martin and Bateson, 1986). 

Therefore, six sheep should be offered turves at least twice for a 95% confidence interval. 
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Figure 3.6. Influence of number of observations on the least significant difference in mean 

grazing preference (% DM consumed) between two varieties when tested with six sheep. 

3.4.3 Application 

This grazing preference method offers a formal, sensitive approach to measunng grazing 

preference in sheep as it meets the following criteria: 

• Sheep (n = 6) did not show a significant preference for one or other of two turves of the 

same variety. 

• By offering each of six sheep a pair of different grass varieties twice, a 12% difference in 

grazing preference was detected. 

• Keeping the number of observations per animal to twelve IS more likely to avoid 

repercussions of habitual behaviour i.e. animals stop responding 

• The grazing preference method can be implemented when the ryegrass breeding program 

reaches the stage of small field plots. 

To date, there has been discrepancy over the impact of selecting for preference as an indicator 

of improved performance. Minson and Bray (1986) found that differences in grazing 
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preference of buffel grasses did not correspond to daily intake when the same feeds were 

offered as a pre-harvested diet during an indoor study. Hazard et al. (1998) recorded the 

highest grazing intake for the perennial ryegrass variety which also had the highest palatability 

when pre-harvested, but palatability of pre-harvested ryegrass was not a good indicator for 

intake when palatability was lower than 50%. However the variables associated with grazing 

i.e. acquisition related factors such as breaking force, are likely to influence preference when 

the same feed is offered either pre-harvested or as a standing sward. From previous studies 

that have compared both total intake and preference of same species forages it is difficult to 

infer that one represents the other. In this study a difference in mean preference of 12% was 

deemed statistically significant, whether this translates into biological significance in terms of 

enhanced animal performance is not known. Discussion on this will continue in Chapters 5 

and 6. 

3.5 Conclusions 

The objective of the studies in this chapter were to develop methods that could be used by 

ryegrass breeders to distinguish between perennial ryegrass varieties for force to break (FTB), 

degradation characteristics and grazing preference. The outcomes were: 

• The ASM detected differences (P < 0.01) in FTB of 12% between varieties of perennial 

ryegrass within and between different stages of maturity. Additional advantages of using 

the ASM to measure FTB compared to other methods include: 

It handles up to 10 leaves at once 

It records multiple readings on each leaf 

It uses small quantities of plant material 

It is simple to use 

• Six hour dry matter loss in vitro distinguished (P < 0.01) between high and low 

degradability varieties of ryegrass at vegetative growth for degradation characteristics. 

The advantages of this method compared with current methods are: 

It does not require surgically prepared animals 

It can be used to screen a large number of samples at once 
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Because it is a modification of an two-stage enzyme digestibility technique it 

can be provided by any standard laboratory 

• An indoor test with sheep using turves dug from field trials enabled varieties to be ranked 

for grazing preference if differences were greater than 12%. This has advantages over 

field observations because: 

It requires a small number of sheep 

It provides quantitative data for preference 

Preference is not influenced by between-animal competition, contamination 

Quantitative measures of sward characteristics can avoid confounding of 

variety preference with herbage availability 

Selecting ryegrass varieties for features associated with high NV such as ease of prehension, 

ease of rumen breakdown and palatability (as identified in the literature) was brought a step 

closer by development and modification of the techniques described in this chapter. Further 

discussion on the strengths and weaknesses of these methods will be discussed in following 

chapters. 
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CHAPTER 4 

Tiller morphology and sward structure: a basis for changes in 

nutritive value during maturation 

4.1 Introduction 

Development of new ryegrass varieties can be separated into three stages of selection, 1. 

Primary selection, 2. Secondary selection and 3. Performance testing. The methods developed 

in Chapter 3 are appropriate for secondary selection purposes which occurs after several 

cycles of selection have restricted the number of potential lines to less than 50% of the original 

cross. An example of this might be 'Year Five' in a ryegrass breeding program such as that 

outlined in Table 4.1. Prior to this, it is impractical to base selection for nutritive value (NV) 

on laboratory measures due to the large number of potential lines (thousands) and the small 

quantity of material available from each F 1 line. During primary selection, visual cues for 

morphological characteristics relating to plant establishment and yield are used. As a result of 

selection pressure during primary selection, as much as 40% of the initial germplasm has 

already been eliminated by the time NV index selection is expected to commence. 

Table 4.1. Time-scale of Agriseeds NZ Ltd ryegrass breeding program used for variety 

development 

Year 

1 

2 

3 14 (optional) 

3/4 

5 

6 

7-9 

9-11 

12 

Process 

F 1 seed production 

F2 seed production (primary selection) 

Single plant selection and F3 seed production 

Selection under grazing and competition 

Clonal rows (secondary selection) 

Seed production (create new rye grass ) 

Multi-location pure sward yield trials 

Large plot grazing trials nationwide 

Farmer demonstration trials 
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Given that a number of potentially high NV varieties may be eliminated before quantitative 

index selection occurs, two questions arise. The first being; Do changes in plant morphology, 

with time, influence the between-variety ranking on NV i.e. is there an interaction between 

variety and stage of maturity? This question is important because it addresses the issue of 

seasonal NV. If some genotypes maintain a higher NV through their reproductive cycle, the 

potential to avoid a drop in livestock production during late spring would have huge appeal to 

farmers. Secondly; Can ryegrass breeders avoid the loss of useful genetic material during 

primary selection, within a stage of maturity, by using plant morphology as a visual cue for 

NV? The objective of the following study was to address these questions by investigating the 

relationships between NV and morphology with maturity of six perennial ryegrass varieties 

which vary in flowering date. 

4.2 Materials and methods 

4.2.1 Plant material 

Replicated (n = 3) single-specie swards (plot size = 2 x 5 m) of six perennial ryegrass varieties 

were sown in autumn 1997 at the NZ Agriseeds Research Station, Canterbury, New Zealand 

on a Hatfield silt loam. The names and flowering dates of the varieties are shown in Figure 

4.1. 

-17 days o o 0 +2 +21 

Meridian Nevis Yatsyn 1 Bronsyn Aries Impact 

Figure 4.1. Flowering dates of experimental perennial ryegrass varieties, standardised against 

Yatsyn 1 (0 = 22 October. From NZPBRA, 2002). 

During the establishment phase (1997/98), sheep grazing was used to control sward height and 

mass. After each grazing, swards were cut to 5 cm with a mower and top dressed with 30 kg 
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N/ha. Plots were irrigated if soil moisture content dropped below levels suitable for pasture 

growth. On 18 August 1999 plots were mown to 5 cm stubble height and 50 kg N/ha was 

applied, after which sampling began as each variety reached the predetermined stages of 

maturity. 

4.2.2 Sampling procedures 

Due to variation in flowering date, collection of material from each variety took place when at 

least 50% of tillers within each sward was visually assessed to meet the morphological criteria 

outlined in Table 4.2. All sampling was carried out between 0900 and 1000 h to minimise 

diurnal differences in chemical composition. Although there are known diurnal effects on 

chemical composition (Ciavarella et ai. 2000a; Henry et al. 2000) i.e. WSC concentration, 

morning sampling was opted for in order to complete the necessary measurements within a 

day. 

Table 4.2 Morphological description of stages of maturity at which material was harvested 

from six perennial ryegrass varieties 

Stage Description 

I Early vegetative: full extension of first new leaf 

II 

III 

IV 

V 

Late vegetative: sheath development 

Flag leaf appearance: internode elongation evident 

Noticeable inflorescence emergence in green tillers 

Full anthesis 

Sward height and mass measurements were taken from two random quadrats (0.1 m2
) within 

each plot. Mean sward surface height at stages I to III was recorded from 15 readings per 

quadrat using a 40 cm sward stick, however, when sward height exceeded 40 cm, as was the 

case from stage III to V, a tape measure was used. Mean sward mass was then determined by 

cutting all material within quadrats to ground level using an electric shearing handpiece. The 

harvested material from each quadrat was placed in separately labelled bags. Quadrats 1 and 2 

from each plot were treated separately. 
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Sward phenology and botanical composition and tiller demography 

Botanical composition was detennined from material harvested in Quadrat 1 from each plot 

for estimation of herbage mass. Each sample was separated into tiller groups corresponding to 

all five stages of growth, senescent material, loose leaf and weeds (Figure 4.2). Sward 

demography of each variety was detennined by calculating the proportion of tillers from each 

stage of growth which contributed to total sample weight (from Quadrat 1 samples). Average 

mass per tiller was detennined by weighing 10 tillers from each group. Tiller population 

density per quadrat (0.1 m2
) was calculated by: 

Stage of growth 

~ [ group weight l x 
I-V 10 tiller weighJJ 

10 
1 

Separated material for each sample of Quadrat 1 was re-aggregated, freeze-dried and dry 

weight recorded for detennination of herbage mass DM. 

Harvest 2 
Quadrat 1 

Plot 1 
I 

I I 

SI SII Sill Leaves Weeds Senescent 

I I I I I I 
Wet wt + Wet wt + Wet wt + Wetwt Wetwt Wetwt 
10 tiller wt 10 tiller wt 10 tiller weight 

Figure 4.2. Example of separation of sward components from a single quadrat cut at Harvest 2 

(where SI, SII and SIll are Stages of growth: I, II and III). 

Samples from Quadrat 2 were also separated into stage of growth categories. The prevalent 

tillers from each harvest were then retained for morphological assessment. For example, 

handling of combined Quadrat 2 samples for Harvest 2 is illustrated in Figure 4.3. Tillers at 

stages I and III were not included in experimental measurements. During morphological 

measurements, samples were stored in a refrigerator (less than 5 h). After measurements were 
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made on fresh material, the remaining sample, containing entire tillers, was frozen for 

subsequent chemical analysis on freeze-dried, ground material. 

FTB 
40 tillers 

Harvest 2 
Quadrat 2 

Morphology 
10 tillers 

Figure 4.3. Example of handling of Quadrat 2 samples from plots at Harvest 2. 

Tiller morphology 

Morphological measurements were carried out on same stage material of 10 random tillers. 

All lamina material was clipped at the ligule and the number of live leaves per tiller recorded. 

Leaflength (ligule to tip) and leaf width (widest point on the leaf, near the base of the lamina) 

was measured on the youngest fully emerged and oldest live leaf of each tiller. Length of 

pseudostem and true stem were recorded for each tiller. Fresh and dry weight of separated 

leaf and stem material was recorded to calculate leaf to stem ratio. Leaf area was calculated 

using the equation by Wilman et at. (1996): 

Leaf area = length x width x 0.905 

After measurements had been completed, total leaf and total stem were oven dried at 100ce 
for 24 h. 
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4.2.3 Nutritive value components 

Force to break ryegrass components 

A random selection of forty tillers were used for FTB. Tillers were grouped into 10 to give 

four replicates per sample. The procedure used to determine FTB properties of leaf and stem 

has been described in Chapter 3. For each tiller, the youngest fully emerged leaf and the 

oldest live leaf was removed from the stem at the ligule (Figure 4.3). Any remaining leaves 

on stems were removed, leaving only stem material. FTB leaf or stem was recorded for each 

group of ten using the ASM. 

True stem was always longer than the die plate so there were often three to four equal lengths 

of a single true stem used for measuring true stem. After FTB was measured, cut material was 

retained for dry matter determination. 

Short-term in vitro dry matter loss 

As described in Chapter 3, six hour dry matter loss (DML6) was determined by weighing 

duplicate samples of approximately 500 mg for each variety at each stage of growth into 

porous glass crucibles. These were incubated at 50°C in an acid-pepsin solution for 6 h, 

followed by incubation for a further 6 h in a cellulase buffer solution. After the final 

incubation residues were rinsed and oven dried for 24 h. Dry weight of digested sample was 

recorded. 

Chemical composition 

In vitro dry matter digestibility (IVDMD), nitrogen (N), neutral detergent fibre (NDF) and 

water soluble carbohydrate (WSC) content was determined on entire tillers (freeze-dried and 

ground through a 1 mm sieve) within each stage of growth. IVDMD was determined using 

the method of Mcleod and Minson (1978). Nitrogen content was determined using the 

Kjeldahl procedure. The method of van Soest and Wine (1967) was used to determine NDF. 

WSC was determined by extraction at 28°C for 1 h in distilled water. One ml of filtered 

material was added to a 70% sulphuric acid reagent containing 1 gll.1 1 each of thiourea and 
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anthrone and heated in a water bath at 99°C for 20 minutes. Each batch of samples included 

glucose standards of known concentrations. The absorbence of each extract and standards 

were measured at 620 nm in a spectrophotometer. The incremental variation in absorbency of 

the known sample was used to determine glucose content from the absorbency of the extract. 

DN:DNNOM 

To estimate the availability of N relative to 'energy', the ratio of degradable N to degradable 

non-N organic matter (DN:DNNOM, g/kg) was determined. N and OM content were 

measured on sub-samples from IVDMD determination. The sub-samples of digested DM 

were ashed for determination of OM or Kjeldahl analysed for N. DNNOM was the degradable 

OM (kg) less the degradable N (g) content. 

4.2.4 Statistical analysis 

Differences in chemical composition between varieties within a stage of growth were analysed 

using the ANOV A procedure in Genstat. The ANOV A model was: 

Xij = 11 + ai + Eijk 

Where Xij is the chemical component of the ith variety (a) and Eijk is the residual error. 

The model for the stage of growth experiment was a 6 x 5 factorial design with six perennial 

ryegrass cultivars and five harvest dates. Analysis of variance (ANOV A), using plots as 

replicates, was used to compare stage of growth for sward surface height, herbage mass and 

tiller density. Discrimination of stage of growth and variety in terms of sward structure, tiller 

morphology and NV components was investigated using the canonical variate analysis (CV A) 

procedure in SAS 6.12 (see Appendix Table A4.l for SAS commands). A separate CVA was 

performed for the two main effects 1. stage of growth and 2. variety. In instances where only 

one measurement was made on morphology components (stem weight and leaf to stem ratio) 

data were excluded from CV A. Simple correlation between nutritive value components 

(NVCs, derived in Chapter 3), plant morphology, chemical composition and sward structure 

was performed using Pearson's correlation matrices in Minitab 11. 
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4.3 Results 

The mean number of days taken for each variety (from three plots) to reach the designated 

stage of growth after mowing is presented in Table 4.3. Meridian reached full anthesis 6 days 

before Yatsyn 1 but appearance of seed head was 17 days earlier. Nevis, Yatsyn 1, Bronsyn 

and Aries reached each stage of maturity within a week of each other. Impact flowered 19 

days after Yatsyn 1. 

Table 4.3. Number of days from mowing of six perennial ryegrass varieties to be visually 

identified as having reached each stage of growth (see Table 4.2). 

Variety Stage of growth 

I II III IV V 

Meridian 27 40 47 54 85 

Nevis 28 42 61 71 91 

Yatsyn 1 28 44 61 71 91 

Bronsyn 33 49 63 78 96 

Aries 33 49 65 78 96 

Impact 33 63 76 88 110 

Mean 30 48 61 73 95 

The following report is divided into two sections, each pertaining to the questions posed in the 

introduction (Section 4.1). The first question to be addressed is whether varieties are 

consistent for changes in NV as swards become more reproductive and the second question is 

whether or not relationships exist between morphology and NVC. 
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4.3.1 Varietal differences in nutritive value with increasing plant maturity 

Effect of maturity on NV 

There was progressive decline in NV of tillers at each successive harvest using standard 

techniques for determination of chemical composition (Section 4.2.3). A full table of means 

for NV at each stage of growth is presented in Appendix Table A4.2. In summary, a 

decreasing proportion of leaf and a concomitant increase in the proportion of stem and seed 

head occurred from stage I to stage V (A change in leaf to stem ratio of 1.55 to 0.06 for SI and 

SV respectively) coincided with: a 32% reduction in NDMD; a 72% decline in N content; a 

30% increase in NDF, and a 70% increase in WSC. 

In terms of the potential NVCs which have been introduced during this research (Chapters 2 

and 3), the decline in DN:DNNOM (50%) and DML6 (34%) (Table 4.4) were similar to those 

reported for total Nand NDMD. Leaf FTB declined after stage III suggesting an 

improvement in NV (a reduction in force) from the onset of inflorescence development. Prior 

to the appearance of inflorescence, average leaf FTB had increased by 40% (Table 4.4). Older 

leaves were weaker than younger leaves (P < 0.05) at stage II but tougher (P < 0.05) at stages 

IV and V. Stem FTB increased (P < 0.01) after inflorescence emergence (Stages N and V), 

but average leaf FTB was only lower than stem material during late reproductive development 

when leaves were senescing. 

Effect of variety on NV during maturation 

Means for NV components: DML6, FTB leaf and FTB stem, DN:DNNOM were plotted 

against stage of growth (Figure 4.4) to illustrate variation over time between varieties. 

Generally, across each stage of maturity Nevis had higher DML6 and Bronsyn was lower 

relative to other varieties (Figure 4.4a). At stages II, III and N separation of varieties into two 

groups with high or low DML6 was evident with Nevis, Meridian and Yatsyn 1 falling into 

the former group and Bronsyn, Aries and Impact the latter. Apart from Impact, which had a 

low DN:DNNOM at all stages of maturity, there was little consistency amongst remaining 

varieties for DN:DNNOM ratio (Figure 4.4b). 
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Table 4.4. Effect of stage of growth on the ratio of degradable nitrogen to degradable non-N organic matter (DN:DNNOM; glkg); 6 h dry matter 

solubility (DML 6; glkg DM) and leaf and stem force (FTB, N/mg DM), (Difis difference in FTB of young and old leaves). 

Tiller FTB tiller component 

Harvest DN:DNNOM DML6 Stem Average leaf Young leaf Old leaf Dif 

I 33.3a 629a 4.29 4.32e 4.24c -0.08 

II 23.3b 647a 4.60c 5.23bc 5.58b 4.87b -0.71* 

III 17.0c 615b 4.32c 6.03a 6.14a 5.93a -0.21 

IV 12.6d 512c 5.09b 5.52b 5.20c 5.84a 0.64* 

V 11.7e 426d 6.28a 5.14c 4.84d 5.67a 0.83* 

SEM 

Stage 0.27** 7.5** 0.16** 0.13** 0.12** 0.21 ** 

* P < 0.05; ** P < 0.01; superscripts denote means within columns which are significantly different 
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There were differences between varieties in mean FTB leaf and stem at progressive stages 

of growth (Figure 4.4c-d). These differences also showed little consistency in varietal 

ranking with reproductive development of tillers, although Nevis tended to have lower leaf 

and stem FTB compared with other varieties at most growth stages. However, low leaf or 

stem FTB at vegetative growth was not indicative of FTB ranking for later stages of 

growth. 

Phenological changes in tiller demography for each of the varieties harvested are illustrated 

in Figure 4.5. All varieties had a high proportion (>80% total fresh matter) of stage I and 

stage II tillers during early harvests, although Nevis, Yatsyn 1 and Impact had relatively 

higher proportions of senescent material in the sward at Harvest 1 compared with other 

varieties. As the sward reached inflorescence (from harvest III onwards) varieties differed 

in the rate and quantity of reproductive tillers. At harvest IV, Impact had a considerably 

higher proportion of young tillers (Stages I and II) within the sward compared with other 

varieties, although Yatsyn 1 and Nevis had between 40-50% tillers at stage III. For all 

varieties the total tiller numbers declined over time, from an average of 5900 at harvest II 

to 3300 tillers/m2 at harvest V (see Table A4.3 and A4.4 for mean sward characteristics) at 

which time, the majority of these swards, excluding Impact, contained stage V tillers 

(>70%). 

4.3.2 Relationship between plant morphology and nutritive value components 

Canonical variate analysis (CV A) revealed differences in sward, tiller and nutritive 

characteristics. Most of the variance could be accounted for by the first two canonical 

variates (97%) (Table 4.5). Canonical variate 1, which accounted for 86% of the total 

variance indicates differences between swards for each stage of growth (Figure 4.6). To 

the left of the X-axis swards are tall, sternmy, have low digestibility, low N content and 

low DML6. Conversely, to the right of the X-axis swards are shorter, leafier with higher 

digestibility and N content. The Y-axis, or second canonical variate, contributes to a much 

smaller proportion of the variance, which is largely explained by differences in WSC. The 

trends which appeared from this analysis were that the five stages of growth could be 

separated into three groups: group 1 containing vegetative material (combines stages I and 

II); group 2 containing green sternmy material (combines stages III and IV) and group 3 

containing flowering material (Figure 4.6). 
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Figure 4.5. Variation between six perennial rye grass varieties in their relative contribution 

of tillers from stages I to V (see Table 4.2), weeds and dead material at progressive 

harvest dates (see Table 4.3 for key). 
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Table 4.5 Eigenvectors for canonical variates 1 and 2 detennined from CVA of sward 

characteristics, tiller morphology and nutritive value composition for stage of growth of 

perennial rye grass swards (bold numbers indicate dominant characteristics within each 

variate. See Abbreviations for key) 

N (g/kgDM) 

DML6 (g/kg DM) 

IVDMD (g/kg DM) 

Leaf No. (ltiller) 

Tiller density (tillers/m2
) 

Leaf density (g DM/cm2
) 

Density (kg DM/m3
) 

Leaf FTB (N/mg DM) 

Leafwidth (mm) 

WSC (g/kg DM) 

Stem FTB (N/mg DM) 

Leaf area (cm2
) 

Leaflength (mm) 

Tiller weight (g FM) 

Mass (kg DM/ha) 

NDF (g/kg DM) 

Stem length (mm) 

SSH (cm) 

Sum of Eigenvectors 

Percentage of variance accounted for by 

aXIs 

Cumulative variance accounted for (%) 

Can. variate 1 

0.932 

0.890 

0.885 

0.705 

0.471 

0.109 

-0.031 

-0.141 

-0.144 

-0.357 

-0.363 

-0.503 

-0.564 

-0.802 

-0.819 

-0.891 

-0.931 

-0.931 

66.6 

86.2 

86.2 

Can. variate 2 

-0.219 

0.254 

0.361 

0.474 

0.206 

-0.016 

-0.028 

0.256 

0.304 

0.672 

-0.361 

0.262 

0.134 

0.149 

0.125 

-0.249 

0.137 

0.105 

8.6 

11.1 

97.3 
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Figure 4.6. Plot of the first two canonical variates showing discrimination of stage of growth (symbols). Three groups (dashed lines) with 

similarities in sward structure, tiller morphology and nutritive value components were identified among the five stages of maturity. 

(Descriptions of I to V in Table 4.2). 



Results for relationships between plant morphology and NVCs are presented in Table 4.6. A 

single plant morphology which corresponded with high NV for all stages of maturity was not 

evident from the relationships between morphology and NVCs presented in Table 4.6. The 

results for relationships between NVCs and plant morphology within each age group are 

summarised below. 

Vegetative: group 1 

Correlations between tiller weight and NVCs showed that heavier tillers tended to have higher 

DML6 and WSC content, but lower N content, NDF and DN:DNNOM. With the exception of 

DML6, leaf to stem ratio showed a negative correlation with these components. Leaf width 

had a strong negative correlation with NDF (r = -0.80) and stem FTB (r = -0.93) and positive 

correlations with WSC and DML6 (r = 0.61 and 0.73 respectively). No morphological feature 

was correlated with IVDMD, and leaf length was the only morphological feature which 

showed a significant relationship with leaf FTB (r = 0.60). 

Early inflorescence: group 2 

Both leaf number and leaf to stem ratio were positively correlated with DML6, IVDMD, leaf 

FTB and DN:DNNOM and negatively correlated with NDF and stem FTB. In contrast to 

group 1, heavier tillers at early inflorescence corresponded with lower DML6. Further, the 

effect of stem length on NV was more pronounced in the second group. Longer stems on 

tillers tended to have lower IVDMD, N, DML6, DN:DNNOM, and leafFTB. LeafFTB also 

showed negatively relationships with tiller weight (r = -0.80), leaf length (r = -0.60) and 

positively correlated tiller number (r = 0.65). 

Reproductive: group 3 

In group 3, leaf number and leaf to stem ratio had negative correlations with NDF and DML6. 

However, leaf number was positively correlated with IVDMD and leafFTB (r = 0.68 and 0.65 

respectively; P = NS). Leaf to stem ratio was negatively correlated with NDF and DML6 

(Table 4.6) although it is likely that DML6 and NDF are closely related. Varieties with longer 

stems were associated with lower NDF, WSC and DML6. 
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Table 4.6. Correlation (r) between nutritive value components and tiller morphology of six 

perennial ryegrass varieties at three stages of maturity. (Bold = P s 0.05. See Abbreviations) 

NDMD N NDF WSC DML6 DNto Leaf FTB Stem FTB 

DNNOM 

Group 1: SI and SII 

Leaf number 0.51 0.13 -0.21 0.15 -0.15 -0.12 -0.12 0.46 

Leaf: stem -0.07 0.78 0.76 -0.72 -0.39 0.75 -0.42 -0.22 

Tiller wt 0.25 -0.79 -0.74 0.92 0.72 -0.77 0.29 -0.34 

Leaf length -0.15 -0.39 -0.14 0.39 0.21 -0.38 0.60 0.54 

Leaf width 0.29 -0.49 -0.80 0.61 0.73 -0.45 0.07 -0.91 

Stem length -0.11 -0.55 -0.20 0.37 -0.15 -0.65 0.05 0.61 

Tiller number 0.11 -0.63 0.02 0.55 -0.18 -0.69 0.43 0.87 

Group 2: SUI and SN 

Leaf number 0.87 0.75 -0.77 0.06 0.83 0.67 0.52 -0.61 

Leafto stem 0.89 0.92 -0.88 -0.14 0.91 0.87 0.58 -0.56 

Tiller weight -0.60 -0.79 0.54 0.46 -0.59 -0.78 -0.80 0.31 

Leaf length -0.57 -0.50 0.43 0.25 -0.51 -0.45 -0.60 0.24 

Leaf width 0.25 0.28 -0.54 0.10 0.42 0.31 -0.33 -0.27 

Stem length -0.77 -0.83 0.82 0.17 -0.91 -0.83 -0.58 0.59 

Tiller number 0.34 0.42 -0.12 -0.13 0.25 0.35 0.65 0.21 

Group 3: SV 

Leaf number 0.68 0.03 -0.85 -0.46 -0.80 0.235 0.65 -0.28 

Leaf to stem 0.26 0.77 -0.81 -0.69 -0.87 0.86 0.42 0.64 

Tiller weight 0.05 -0.12 -0.29 -0.24 -0.45 -0.023 -0.03 0.16 

Leaf length -0.03 0.51 -0.28 -0.40 -0.52 0.51 0.08 0.84 

Leaf width 0.01 -0.02 -0.25 -0.24 -0.45 0.051 -0.04 0.32 

Stem length 0.30 -0.05 -0.72 -0.86 -0.85 0.151 0.30 -0.05 

Tiller number 0.49 -0.53 0.35 0.55 0.35 -0.56 0.38 -0.56 
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Effect of variety on morphology 

CV A revealed that varieties were relatively consistent in their tiller density and tiller weight 

characteristics across stages of maturity (Table 4.7 and Figure 4.7). Table 4.7 summarises the 

influence of plant, sward and NV characteristics for the first two canonical variates. The first 

canonical variate described 76% of the variance, and combined variance was just 88% for the 

two canonical variates (Table 4.7). On the right of the Y axis tiller density was lower and tiller 

size tended to be greater (Nevis and Bronsyn). At the top of the vertical axis, varieties were 

prone to have narrow leaves and high NDF, high stem FTB and low DML6. Impact could be 

seen as a dense variety with narrow leaves and low DML6 with high stem FTB. Conversely, 

Meridian appeared to have high tiller density but with wider leaves,'higher DML6 and low 

stem FTB. 

93 



Table 4.7 Eigenvectors for canonical variates 1 and 2 extracted from canonical variate analysis 

of sward characteristics, tiller morphology and nutritive value composition for varieties of 

perennial ryegrass swards (bold numbers indicate dominant characteristics within each variate). 

Tiller weight (g FM) 

Leaf density (g DM/cm2
) 

Leaf area (cm2
) 

Leaf length (mm) 

Leaf width (mm) 

Stem length (mm) 

SSH (cm) 

WSC (g/kg DM) 

NDF (g/kg DM) 

DML6 (g/kg DM) 

LeafFTB (g F/mg DM) 

N (g/kg DM) 

Mass (kg DM/ha) 

Leaf No. (ltiller) 

IVDMD (g/kg DM) 

Stem FTB (g F/mg DM) 

Density (kg DM/m3) 

Tiller number (tillers/m2) 

Sum of Eigenvectors 

Percentage of variance accounted for by 

aXIs 

Cumulative variance accounted for (%) 

Can. Variate 1 Can. Variate 2 

0.470 -0.081 

0.298 -0.145 

0.294 -0.010 

0.230 0.308 

0.228 -0.465 

0.093 0.094 

0.049 0.078 

0.043 -0.280 

-0.009 0.446 

-0.049 -0.347 

-0.055 0.275 

-0.086 -0.174 

-0.121 0.064 

-0.133 -0.011 

-0.203 -0.355 

-0.256 0.388 

-0.340 0.039 

-0.802 -0.143 

20.1 3.4 

76.0 12.7 

76.0 88.7 
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Figure 4.7. Plot of the first two canonical variates derived from canonical variate analysis of data for sward structure, tiller morphology and 

nutritive value components of six perennial ryegrass varieties. 



4.4 Discussion 

At the beginning of this Chapter two questions were posed, 1. Do changes in morphology over 

time influence between-variety ranking ofNV and 2. Can morphology be used as a visual cue 

for NV? The results of this study showed firstly, that changes in morphology from vegetative 

to reproductive tiller development resulted in an overall decline in NV as measured by 

selected NVCs. Secondly, that there were differences between varieties in the rate of decline 

in NV. Separation of stages of maturity into three groups, vegetative, early inflorescence or 

flowering tillers, revealed relationships between plant morphology and NVCs which could be 

used as visual cues NV during primary selection. 

Influence of variety on NVand maturity 

The observed decline in NV with maturity confirms previous reports that an increase in stem 

and seed head were associated with reductions in digestibility, N content, and increasing NDF 

(Wilman, et al. 1977; Halliday 1989; Sanderson and Wedin 1989; Cherney, et al. 1992; 

Hoffman, et al. 1993; Hill, et al. 1995; Cone, et al. 1999). In addition to traditional measures 

ofNV, this study also showed a similar negative effect of plant maturity on proposed NVCs: 

six hour DM loss (DML6) and ratio of degradable nitrogen to degradable non-nitrogen organic 

matter (DN:DNNOM). 

Although NV declined progressively with each stage of growth, ranking of varieties for NV at 

one stage of growth could not necessarily be used to assess the NV of that variety at another 

stage of growth. For example NV of varieties in Group 1 (vegetative growth) was largely 

improved by increased tiller weight and wider leaves so Meridian and Nevis ranked high in 

NV. Whereas, in Groups 2 and 3 (reproductive growth), tiller weight was inversely related to 

NV therefore ranking Aries better than other varieties. Furthermore, in contrast with Group 1, 

increasing leaf to stem ratio at SV did not improve NV. This may have been caused by the 

sinuous nature of scenescent leaves which may not have ground down to 1 mm as readily as 

stem material. 
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One of the components identified in the literature review (Chapter 2) as being limiting to 

animal production was the resistance of plants to ingestion during grazing. Numerous studies 

investigating the effect of diet selection and intake of grazing animals have found higher 

proportions of leaf in the diet compared with stem, (Laredo and Minson, 1973; L'Huillier et 

al. 1984; O'Reagain and Mentis, 1989; Armstrong et al. 1995). There is speculation that this 

was due to a greater structural resistance of stem. In this study, FTB stems was, on average, 

0.63 and 1.71 N/mg DM lower than leafFTB of stage II and III tillers respectively (Table 4.4). 

Although there do not appear to be any data in the literature which present results for both leaf 

and stem FTB of forages, Walters et al. (1971) showed that on harvested diets of dried 

forages, variation in intake was not influenced by the percentage of leaf or stem. Flores et al. 

(1993) showed that pseudo stem was limiting to intake of steers only when lamina length was 

less than half the height of the sward. Thus it could be said that if pseudostem is sufficiently 

high above soil and dead material, i.e. bite depth is not limiting, animals will graze below the 

leaf horizon. 

L'Huillier et al. (1984) showed that sheep displayed a high degree of selectivity for young 

vegetative material when grass swards became reproductive. The variations in sward 

demography in Figure 4.5 indicate varietal differences in the relative proportion of vegetative 

and reproductive tillers at advancing stages of maturity. At Stage V, stem FTB for Bronsyn, 

Yatsyn 1 and Impact were significantly lower than other varieties (Figure 4.4). At this stage of 

growth, these three varieties also had a higher proportion of stage I tillers in their sward 

demography (Figure 4.5). The lower stem FTB might therefore be due to a lower total 

carbohydrate content as a result mobilisation of carbohydrate reserves for the development of 

new tillers. Varietal differences in proportion of flowering tillers for perennial ryegrass is 

supported by findings from Wilkins, (1995). 

Consequently if the cost of selection by grazing animals for green material (in reproductive 

swards), results in decreased intake, varieties with a high proportion of vegetative material 

during the reproductive phase may promote higher intake. However, if the proportion of 

flowering tillers during anthesis is associated with timing of flowering, then selection for 

lower proportions of flowering tillers should take place within a specific flowering period. 
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Later flowering varieties tend to be less erect, with narrower leaves and more prolific ti1lering, 

i.e. high tiller density, than early flowering types. These tiller characteristics were associated 

with lower NV status at the vegetative stage but not during the reproductive stage. If 

morphological characteristics are linked with time of flowering, then selection for low 

flowering intensity may only be possible within a flowering period. While heading date is an 

additive gene effect, the genetic control of morphological attributes is not clear so it would be 

interesting to see the result of selection between two morphological different varieties with 

early and late heading dates. 

For NVCs other than FTB, varieties differ relatively little within a stage of maturity small 

scale compared with the differences in NVCs between stages of maturity. Therefore selection 

for a sward demography which maintains larger populations of vegetative tillers would be 

expected to result in higher NV over a longer period of time. Such a high NV sward might be 

further improved by selecting tillers which have a high NV for each stage of maturity. 

Influence of variety on morphology and NV 

The desirable ryegrass morphology for high NV in the Group 1 class can be inferred from the 

results as having large (heavy) tillers, with wide, short to intermediate length leaves. (Table 

4.6). Higher tiller weight and wide leaves corresponded to a high dry matter loss at six hours 

(DML6, r = 0.72 and r = 0.73 respectively). There is some evidence that leaf width may 

influence the ratio of soluble and structural tissues and therefore DML6. Akin et al. (1983) 

observed different rates and extent of digestion of different tissue types in the C4 species of 

Panicum. They found mesophyll and parenchyma tissues were readily and completely 

degraded whereas vascular tissues were much more difficult to degrade. Wilson et al. (1983) 

observed similar results with Panicum species but included sclerenchyma in their observations 

and found this was even more difficult to degrade than vascular tissue, and was variable in 

concentration between varieties. Although it is speCUlative, it is possible that the ratio of 

vascular tissues to mesophyll tissues is greater in narrow leafed varieties. Variation in both 

sclerenchyma and vascular content within a species has been reported (Gamier and Laurent 

1994; Deinum, 1994). Gamier and Laurent (1994) found more veins (vascular tissue and 

sclerenchyma) per unit leaf width in perennial compared with annual grasses which may 
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contribute towards the higher digestibility of annuals. Similarly, Inoue et al. (1994b) found 

genotypic differences in sclerenchyma and vascular tissue for two perennial ryegrasses 

resulting from divergent selection for leaf FTB. In an earlier study (Inoue et at. 1989), these 

authors showed that the genotype with the lower proportion of sclerenchyma and vascular 

tissue had a higher cumulative DM loss at six hours. 

Wide leaves were also associated with a lower stem FTB as were shorter stems. It is not clear 

why pseudostem FTB was higher on taller tillers at stage II, considering development of true 

stem at stage III resulted in a slight decrease in stem FTB (Figure 4.7a). This suggests that 

increasing FTB of taller stems is not associated with internode elongation but longer sheaths 

may have increased proportions of secondary cell wall or structural material in sheaths which 

maintains an upright plant for optimal light interception. 

Tillers with shorter leaves tended to have lower leaf FTB (r = 0.60). John et at. (1989) and 

Inoue et at. (1994) found that selection for low leaf strength from population of 'Grasslands 

Nui' resulted in leaves which were shorter and narrower than those selected for high leaf 

strength from the same parent population. Selection for leaf FTB within a population may 

have been incidental to a reduction in leaf width, particularly if no consideration of 

morphological attributes was made during selection. The differences observed in leaf strength 

for divergent selections of a Nui population were likely to be the result of a concomitant 

change in the proportion of sclerenchyma and vascular tissues. 

Newly emerged, younger leaves showed greater breaking resistance than older leaves (Table 

4.4). Evans (1967) has noted higher tensile properties of younger leaves during vegetative 

growth. One possible explanation for this is given by Groot and Neuteboom (1997) and Groot 

et at. (1999) who observed an increase in cell wall content of each new leaf produced during 

plant regrowth. 

Plant morphologies with a high leaf to stem ratio was associated with high ratios of 

DN:DNNOM. More than half the total plant N is contained in lamina tissue (Sanderson and 

Wedin, 1989), so a reduction in DN:DNNOM ratio with increasing stem is not surprising. 
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However, increasing the leaf to stem ratio to improve DN:DNNOM in vegetative plants may 

not necessarily be the right approach for increasing NV. If levels of DN relative to DNNOM 

become too high the effects of an overabundance of soluble N in the form of ammonia 

becomes an energy cost to the animal. Consequently, many papers have recommended an 

ideal balance between N and OM for highest NAN supply to the duodenum (Nocek and 

Russel, 1988; van Vuuren et al. 1992; Beever et al. 1986a). Beever et at. (1986a) found that a 

pasture diet containing 21-31 g N/kg OM resulted in the highest NAN flowlN intake, which is 

the equivalent of 23-37 g DN/kg DOM (from their IVDOM values and assuming a 90% N 

degradability). The results in Figure 4.4b show that at stage I, the ratio ofDN:DNNOM range 

between 27 and 39 g/kg, which is similar to the range of Beever et at. (1986a) However, these 

values drop rapidly with successive harvests and the average DN:DNNOM at stage III is only 

17 g DN/kg DNNOM (Table 4.3) and is unlikely to support high levels of microbial protein 

synthesis (Poppi and McLennan, 1995). Consequently any selection for DN:DNNOM should 

take into account the stage of growth. A variety such as Meridian might have some advantage 

as it had a lower DN:DNNOM at stage I but higher at stage III compared with other varieties. 

While a high leaf to stem ratio was not a necessity for high NV in group one, in Group 2 the 

best morphology for high DML6 and high DN:DNNOM in Group 2 was leafiness. Compared 

with sheath material, true stem resulted in a decrease in NVCs and both Group 2 and Group 3 

tillers were characterised by their high proportion of true stem (relative to leaf). However, it 

was difficult to identify suitable tiller morphology for high NV in Group 3. More leaves per 

tiller was related to a higher IVDMD but lower DML6 (Table 4.6). As with Group 2, a higher 

leaf to stem ratio was positively correlated with higher DN:DNNOM in Group 3. Thus, it 

appeared that selecting for vegetative characteristics i.e. high leaf to stem ratio at any stage, 

other than vegetative stage, would improve NV of tillers. 

4.5 Summary 

The findings of this chapter give some support to the potential for using morphological 

characteristics as visual cues for NV selection. High NV at vegetative development was 

associated with high tiller mass, wide leaves of short to intermediate length. The onset of seed 
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head development resulted in a decline in NV which was less apparent for varieties which 

maintained leafiness. The inverse relationship between NV and leafiness in Group 1 

compared with Group 2 and 3 tillers was due to the change in pseudostem to true stem. 

Differences in NV between varieties as they matured was the result of both variation in rate of 

decline of NV of individual tillers and the proportion of vegetative tillers within the sward. 

The knowledge gained from these studies should assist ryegrass breeders to select for NV 

based on morphological characteristics during primary selection. 
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CHAPTERS 

Variability in potential nutritive value components of perennial 

ryegrass varieties 

5.1 Introduction 

Perennial ryegrass (Lalium perenne) is the primary pasture species in temperate regions of 

New Zealand and to a lesser degree, Australia. The focus on improving the NV of new 

ryegrass cultivars has increased in ryegrass breeding programs. Most of the attention 

however, has been given to manipulating heading date or increasing digestibility to improve 

NV during different seasons. While there are reports of variation in digestibility of up to 8% 

between varieties (Wilkins 1997), breeding for improved digestibility has not always resulted 

in improved animal performance (Lancashire and Ulyatt, 1975; Bluett et al. 1999b). 

In New Zealand, perennial ryegrass varieties, when maintained in a vegetative state, are well 

above the digestibility values that are expected to restrict daily DM intake « 67%, Conrad et 

al. 1964). Consequently differences in animal grazing performance under such conditions 

require further explanation than digestibility alone. Limitations to the NV of grazed pasture 

were suggested in the literature review (Chapter 2) and subsequent studies established 

appropriate methods that would enable ryegrass breeders to measure these characteristics 

(Chapter 3). However, there are no suitable data on the extent of the variation in NVCs among 

a range of perennial ryegrass varieties using these methods. The outcome of any program to 

improve NV will be dependent on the number and variability of the varieties assessed for 

potential NV. Although studies in Chapter 4 identified that variety differences existed in a 

small population, more quantitative data on potential NVCs are needed to assess the 

relationship between animal performance and potential NVCs. This information can then be 

used gauge whether a response to selection can be expected. Consequently the purpose of this 

study was to determine the variation in potential NVCs for 13 perennial ryegrass varieties and 

establish a database for index development. 
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5.2 Materials and Methods 

5.2.1 Plant material 

All plant material used in measurements of leaf FTB, DML6 and preference were obtained 

from the Agriseeds Research Station (Chapter 3). Experimental plant material was obtained 

from replicated plots (2 plots, each 2 x 5 m) of each variety in three separate trial sites on the 

Research Station (Experiments 1 and 2 used the same site). During the establishment phase 

(1997/98), plots at all trial sites were rotationally grazed by sheep to encourage sward 

conditions representative of current on-farm practices. Four varieties (Embassy, LP163, Nui 

and Nevis) had been established as mixed grass and clover swards (Experiment 4), so 10 

weeks prior to the experimental period plots were sprayed with clopyralid (Versatil) at a rate 

of 0.5 I ha-1 to remove clover. The same varieties were also subject to grass grub damage and 

were treated with diazinon/xylene (Diazinon 800) at a rate of 3 I ha-1
, to eliminate grass grub 6 

weeks prior to experimentation. Ten weeks prior to the experimental periods (Table 5.1), 

sheep were excluded from grazing plots to avoid faecal contamination. 

Table 5.1. Experimental start and finish dates 

Experiment Date started Date finished 

1 8 February 1999 20 February 1999 

2 3 April 1999 15 April 1999 

3 12 February 2001 24 February 2001 

4 28 February 2001 13 March 2001 

Four experiments were carried out during autumn in 1999 and 2001 (actual dates in Table 

5.1). Each experiment used four varieties, and one variety (Nevis) was used in all four 

experiments giving a total of 13 varieties. The names and a brief description of the 13 

perennial ryegrass varieties used are provided in Table 5.2. 
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Table 5.2 The names, parentage, experiment, brief description and relative heading date of 13 ryegrass varieties used in· 4 experiments 

(Flowering dates from NZPBRA 2002; where 0 = 22 October). 

Experiment Variety Parentage Description 

1 Yatsyn 1 Mangere ecotype (4 PS) Med leaf, semi-erect growth 

2 Aries 6 PS Waikato eco x Endeavour Fine leaved 

2 Bronsyn Mangere ecotype (4 PS) Med leaf, erect growth 

4 Embassy 4 PS NZ x 2 PS Spanish Large tillers, erect growth 

1 Impact Spanish eco x Nui Dense, semi-prostrate, fine leaved 

4 LP163 (NE) Spanish germplasm Densely tillered, semi-prostrate 

4 Nui (LE) Mangere ecotype Semi-erect, fine leaved 

2 Meridian Yatsyn 1 x Kangaroo Valley Large tillers, erect growth 

1 Samson NZ ecotypes (dryland) Med leaf, semi -erect 

3 Tolosa (NE) Spanish germplasm Fine leaf, dense growth 

3 Vedette Mangere ecotype (5 PS) Erect growth, medium leaf 

1,2,3, & 4 Nevis (4n) Tetraploid of Yatsyn 1 Large tillers, erect growth 

3 Quartet (4n) Tetraploid, NZ selection Prostrate growth, dense tillers 

NE = Novel endophyte containing low Lolitrem B; 4n =tetraploid; LE = low endophyte (10%); PS = parent synthetic 

Relative 

flowering 

date 

o 
+2 

o 
-6 

+21 

+25 

o 
-17 

+3 

+17 

-6 

o 
+28 



In each experiment, two weeks before experimental measurements one of two plots from each 

variety was mown to 5 cm using a push mower and 50 kg N/ha was applied in the form of 

urea. Mowing and fertiliser treatments were applied to the second plot seven days later to 

ensure that pasture accumulation on plots differed by no more than seven days. The first plot 

of each variety was used for the first six days of measurements. On day seven, measurements 

began on the second plot for a further six days, giving a total of 12 measurement days. 

Sampling 

For grazing preference three turves (30 x 40 x 10 cm; width x length x depth) of each variety 

were dug from plots daily, using a spade, and placed in plastic containers. Turves were 

obtained between 1500 and 1700 h and transported to the experimental site the day prior to 

preference measurements. For Experiments 2, 3 and 4, daily (1030-1100 h) samples of each 

variety (n = 10) were clipped to grazing height (approx. 5 cm above soil level) and placed in 

labelled plastic bags. Other similar samples were taken the same day as grazing 

measurements from the same plots from which turves had been removed. A sub-sample was 

removed from each sample, put in a second bag and refrigerated for no more than 2 h before 

leaf FTB measurements. Remaining samples were frozen. At the end of each six-day 

measurement period, frozen samples were bulked, freeze-dried and ground for in vitro 

analysis. 

5.2.2 Measurements 

Chemical composition 

Samples of each variety were analysed for the concentrations of the alkaloids ergovaline, 

peramine and lolitrem B by FeedTest (Victoria Dept. Natural Resources and Environment. 

Australia). Water soluble carbohydrate content, N content and IVDMD, were also determined 

on freeze-dried ground material from bulked samples. 
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LeafFTB 

Daily leaf FTB of each variety was the mean of four replicates of 10 leaves using the ASM. 

From the sub-sample of fresh refrigerated material, 40 fully expanded leaves were removed 

from 40 randomly selected tillers. Leaves were clipped to 10 cm (5 leaves clipped from the 

lamina base and 5 from the tip) and leaf FTB measurements were determined as described in 

3.3.1. This gave 48 observations for each variety (4 replicates x 12 days). The ASM was not 

available in February 1999, therefore leafFTB was recorded only in Experiments 2,3 and 4. 

DML6 and DN:DNNOM 

Freeze-dried samples (from bulked six daily samples of each cultivar), were ground to pass 

through a 1 mm sieve. DML6 was determined on each sample using the method described in 

3.3.1. The same sample material used for DML6 was used for determination of the ratio of 

degradable N to degradable non-N organic matter (DN:DNNOM). Degradable N and OM 

content were measured on sub-samples of digested material (IVDMD determination) and 

DN:DNNOM was calculated as described in 4.2.4. There were four observations for each 

variety (2 replicates x 2 plots). Sub-samples were not taken during Experiment 1 so no 

measurements were made for DML6 or DN:DNNOM. 

Grazing preference testing 

For 12 consecutive days, six sheep were offered one of six paired combinations (Table 5.3) of 

four perennial ryegrass turves dug from plots described in 5.2.1. Variety pairs were assigned 

to sheep so that each animal received a different combination each day. On day seven 

(beginning of turves from plot two), combinations were re-randomised so sheep would not 

receive the same variety combination at the same regrowth age (Table 5.4). 

The grazing preference technique described in Chapter 3 (Section 3.4) could also be used to 

measure grazing behaviour. Two observers were present during grazing. The first observer 

recorded the number of prehension bites taken from each turf using two hand-held counters. 

The second observer timed how long the animals spent grazing either sward (two stopwatches 

were used). Timing commenced once an animal had taken its first prehension bite. In some 
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instances sheep would momentarily stop grazing to sniff or look around, in which case timing 

was suspended. Equations for calculating intake per turf, grazing preference (proportion of 

total DM consumed), bite weight, bite rate and intake rate are: 

• Intake (g DM) = (pre-grazing weight of turf - (post-grazing weight + half soil loss» x 

DM% 

• Turf Preference = DM intake of turf lI(total DM intake of turf 1 + 2) x 100% 

• Turf bite rate (bites/min) = number of bites per turf /(turf grazing time/60 seconds) 

• Turfbite weight (g DM/bite) = DM intake of turf/number of bites 

• Turf intake rate (g DM/min) = turf bite rate x turfDM bite weight 

Pre- and post-grazing turf height, and pre- and post-grazing and turf weight were measured as 

described in 3.4.1. 

Average ewe liveweights were 48 ± 2.4 kg and 52 ± 2.3 kg for Experiments 1 and 2 

respectively. Because one sheep from Experiments 1 and 2 was no longer available for later 

experiments, six mixed-age non-lactating ewes were reselected for Experiments 3 and 4. 

Experiments 3 and 4 were carried out successively (Table 5.1) and the mean of liveweight of 

the six ewes at the end of the experimental period was 66 ± 7.3 kg. 

Table 5.3 Example of allocation of paired combinations of four perennial ryegrass varieties as 

used in grazing preference experimental design. 

Variety 2 

Variety 1 A 

Variety 2 

Variety 3 

5.2.3 Statistical analysis 

Leaf FTB DML6 and DN:DNNOM 

Variety 3 

B 

D 

Variety 4 

c 
E 

F 

Within in each experiment (Experiments 2, 3 and 4) means for leaf FTB, DML6 and 

DN:DNNOM for each variety were compared by ANOV A using the model: 
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Xij = J..l + Ui + Eij 

Where J..l is the mean, Ui is the effect of the ith variety and Eij is the residual error. 

Grazing preference 

Each experiment was a modified repeated Latin square design (Table 5.4). Treatments A to F 

were all possible combinations of pairs for four ryegrass varieties (Table 5.3). Consequently, 

three observations (one with each other variety) were made per variety per day. Means were 

compared using the following ANOV A model: 

Xijk = J..l + Ui + {)j + Ok + Eijk 

Where Ui is the effect of the ith variety; () the effect of the jth day; Ok the effect of the kth sheep 

and Eijk is the residual. Sward height was included as a covariate if ANOV A identified 

significant differences between varieties. 

Pooled experiments 

To compare means of all varieties for leaf FTB, DML6, DN:DNNOM ratio (3 experiments), 

preference and grazing behaviour (4 experiments), the residual maximum likelihood (REML) 

procedure of Genstat 4 v. 5.1 was used. Nevis, which was used in all four experiments, was 

the control variety against which other varieties were ranked. All sward characteristics 

(height, mass and density) were included in the first model statement (Appendix Tables A5.1 

to A5.4), and were subsequently eliminated if effects were not significant. Experiment and 

variety were fixed terms in all REML analysis. 
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Table 5.4 Experimental design for grazing preference experiments. 

Sheep 

Day 1 2 3 4 5 6 

1 B C D E F A 

2 E F A B C D 

Plot 1 3 C D E F A B 

4 F A B C D E 

5 D E F A B C 

6 A B C D E F 

1 D E F A B C 

2 A B C D E F 

Plot 2 3 E F A B C D 

4 B C D E F A 

5 F A B C D E 

6 C D E F A B 
.. 

(Where A to F are paIred combmations of four vaneties) 

5.3 Results and discussion 

In the remainder of this chapter the results and discussion sections have been combined in 

series of sub-sections. Apart from the first sub-section the second, third and fourth sub

sections have been separated on a basis similar to that presented in Chapter 3. The first sub

section is generally quantitative and aims to provide information on experimental sites and a 

description of the sward material. The following sections quantify and evaluate a ryegrass 

population in terms of: 1. Physical resistence to prehension, 2. Resistance to degradation and 

nutrient balance and 3. Animal acceptability or preference. The final section attempts to find 

some inter-relationships between a range ofNVCs and sheep preference. 

5.3.1 Experimental conditions and description of ryegrass material 

Rainfall, air temperature and wind speed recordings for the experimental periods are given in 

Table 5.5. Experiment 2 experienced wetter, cooler temperatures and a lower mean wind 

speed. 
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Table 5.5. Climatic conditions over 12 days within each experimental period 

Rainfall Air temperature Cc) Mean wind run 

(mm) maXImum mean (km/day) 

Experiment 1 0.0 24.4 18.9 331 

Experiment 2 13.5 17.3 12.5 311 

Experiment 3 0.2 22.7 16.6 361 

Experiment 4 5.0 20.2 14.4 358 

Sward characteristics 

Pre-grazing height was not affected by variety in Experiment 2. However in Experiments 1,3, 

and 4 variety effects were significant, although maximum differences were only 1.1, 2.6 and 

2.0 cm respectively (Table 5.6.). Significant (P < 0.01) variety differences in mass, and 

density, were also recorded for Experiments 2 to 4. 

Chemical composition 

The chemical composition of swards in Experiments 2, 3 and 4 are presented in Table 5.7. 

Some varietal differences were recorded for N (all experiments), WSC (Experiment 3) and 

IVDMD (Experiments 3 and 4) content. In all experiments, IVDMD was over 75% for all 

varieties and N levels ranged between 26 and 31 g Nlkg DM. 

Endophyte status 

At the onset of the experimental period the alkaloid status of varieties was not known. 

However, the protocol was to use vegetative swards after the period in which ryegrass staggers 

are commonly reported i.e. swards were prepared in autumn when it was expected that 

endophyte levels would be low. Subsequent alkaloid analysis of herbage samples was carried 

out and the results are presented in Table 5.8. Both ergovaline and lolitrem B were below 1.0 

mglkg in Experiments 2 and 3. Lolitrem B levels in Experiment 4 were above 1.0 mg/kg in 

Embassy and Nevis, but this is considerably lower than values at which staggers have been 

observed ( >3.0 mg/kg, Bluett et al. 2001). 
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Table 5.6. Sward characteristics of varieties used in three preference experiments. 

Mass (kg DM/ha) Height (cm) Density (kg DM/m3
) 

Experiment One 

Nevis 2344 14.5b 1.64 

Samson 2346 14.3b 1.66 

Impact 2493 14.8 b 1.71 

Yatsyn 1 2559 15.4 a 1.67 

Mean 2436 14.7 1.67 

SEM 84.3 0.22 0.061 

Experiment Two 

Nevis 1165 b 9.8 1.17 b 

Meridian 1465 a 9.7 1.52 a 

Aries 1412 a 10.0 1.50 a 

Bronsyn 1414 a 9.9 1.39 a 

Mean 1364 9.9 1.40 

SEM 39.5 0.25 0.037 

Experiment Three 

Nevis 2095 a 10.0 e 2.l6 a 

Vedette 2118 a 10.6 b 2.04 a 

Quartet 2044 a 12.6 a 1.65 b 

Tolosa 1868 b 12.6 a 1.49 e 

Mean 2031 11.5 1.83 

SEM 54.1 0.22 0.068 

Experiment Four 

Nevis 2071 be 13.0 ab 1.58 

LP163 2138 b 12.9 b 1.70 

Nui 2445 a 13.7 a 1.77 

Embassy 1940 e 11.7 e 1.68 

Mean 2149 12.8 1.68 

SEM 56.8 0.26 0.051 

(Means in columns, within experiment sharing the same superscript are not significantly different. P < 0.01). 
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Table 5.7. Chemical composition and digestibility of perennial ryegrass varieties used in 

preference tests (See Abbreviations.) 

N NDMD WSC 

Experiment 2 

Nevis 31.2a 812 174 

Aries 28.0b 801 166 

Bronsyn 27.7b 791 143 

Meridian 27.8b 804 177 

Mean 28.6 802 165 

SEM 0.9 8.3 8.4 

Experiment 3 

Nevis 30.7a 800a 180a 

Quartet 29.1 ab 794a 179a 

Tolosa 28.5b 795a 173ab 

Vedette 30.9a 762b 152b 

Mean 29.8 787 171 

SEM 0.6 8.6 7.0 

Experiment 4 

Nevis 26.2b 794a 186 

Embassy 26.2b 807a 205 

LP163 28.3 a 801 a 184 

Nui 26.9ab 751 b 164 

Mean 26.9 788 185 

SEM 0.5 12.6 18.1 

(Means in columns, within experiment sharing the same superscript are not significantly different. P < 0.01). 
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Table 5.8. Alkaloid concentrations (mg/kg DM) of perennial ryegrass varieties used in 

preference tests. 

Nevis 

Aries 

Bronsyn 

Meridian 

Mean 

Nevis 

Quartet 

Tolosa 

Vedette 

Mean 

Nevis 

Embassy 

LP163 

Nui 

Mean 

Ergovaline Peramine 

Experiment 2 

0.22 18.8 

<0.1 16.4 

0.34 24.4 

<0.1 24.4 

<0.19 21 

Experiment 3 

0.31 40.4 

<0.1 28.0 

<0.1 14.4 

0.32 35.6 

<0.21 29.6 

Experiment 4 

0.36 42.0 

0.17 35.2 

0.27 8.0 

0.22 18.8 

0.255 26.0 

Lolitrem B 

0.15 

0.16 

0.19 

0.19 

0.173 

0.96 

0.74 

0.25 

0.97 

0.73 

1.50 

1.20 

0.26 

0.64 

0.90 
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5.3.2 Leaf FTB 

Results 

There was no apparent relationship between maximum daily temperature and leaf FTB (Figure 

5.1). Varietal differences in leafFTB were detected (P < 0.01) within each experiment (Table 

5.9.). There were always at least two groups of high and low leaf FTB between the four 

varieties in each experiment. Nevis had a lower leaf FTB than all but one variety (Meridian) 

in Experiments 2 and 3. However, both Embassy and LP163 had lower (P < 0.01) leaf FTB 

than Nevis in Experiment 4. Comparison of mean leaf FTB for each experiment showed that 

Experiment 2 was higher than 3 and 4. 
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Maximum daily air temperature (C) 

Figure 5.1 Relationship between leaf FTB and temperature (OC), (combined data for 10 

ryegrass varieties in experiments 1,2 and 3). 
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Table 5.9. Mean leafFTB (N/mg DM) of 10 perennial ryegrass varieties in three experiments 

Variety 

Nevis 

Aries 

Bronsyn 

Meridian 

Mean 

SEM 

P. 

Nevis 

Quartet 

Tolosa 

Vedette 

Mean 

SEM 

P. 

Nevis 

Embassy 

LP163 

Nui 

Mean 

SEM 

P. 

LeafFTB 

Experiment 2 

4.47c 

4.78b 

5.37a 

4.45c 

4.77 

0.127 

< 0.01 

Experiment 3 

3.63b 

3.95a 

4.06a 

3.94a 

3.90 

0.098 

< 0.05 

Experiment 4 

3.92a 

3.48b 

3.20b 

4.13a 

3.68 

0.084 

< 0.01 

(Means in columns, within experiment sharing the same superscript are not significantly different. P < 0.01). 
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The adjusted means (from REML analysis) often ryegrass varieties for leafFTB are shown in 

Figure 5.2. The combined analysis (3 experiments) showed significant (P < 0.01) differences 

in mean leaf FTB between varieties. In particular, three varieties were significantly different 

from all other varieties. Bronsyn had the highest leaf FTB (4.9 N/mg DM), while LP163 and 

Embassy had the lowest leafFTB (3.3 and 3.6 N/mg DM respectively). The difference in leaf 

FTB between Bronsyn and the combined mean of LP163 and Embassy was 1.5 N/mg DM or 

36% of the population mean (4.14 N/mg DM). Adjusted leafFTB of remaining varieties were 

not significantly different, and had a range of 3.9 to 4.4 N/mg DM. However, within the 

intermediate group Meridian and Nevis had lower leaf FTB. There was no significant effect 

of chromosome number on leafFTB, i.e. Nevis and Quartet did not significantly rank above or 

below diploid varieties. 
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Figure 5.2 Mean leaf FTB of ten perennial ryegrass varieties measured in three experiments 

(means with different letters are significantly (P < 0.01) different). 
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Discussion 

At a vegetative stage of growth, detectable differences of up to 36% in leaf FTB existed 

between perennial rye grass varieties. Variation in leaf shear strength between 29-67% have 

been reported in the literature (Table 5.10.). However, there are several factors which may 

affect identification of true varietal differences in leaf FTB. These include: misuse of 

measuring equipment; temperature effect; season and year; and genetic source (i.e. parentage). 

The following will discuss the implications of these factors on the interpretation of variation in 

leaf FTB as it applies to this study. 

Table 5.10. Comparison with published results of variation in leaf shear FTB as a result of 

selection within perennial ryegrass populations. (Variation is the difference between 

populations expressed as a percentage of the mean of both populations) 

Unit of strength High Low Variation Source 

selection selection (%) 

N/mgDM+ 4.9 3.45 36 Present study 

kgll 0 leaves FWt 59 26 

kg/10 leaves FW 18.5 9.25 67 Easton (1989) 

kgll 0 leaves DM 6.6 4.8 32 MacKinnon et al. (1988) 

8.6 6.6 26 

N/leaf (Autumn) 11 7 44 Inoue et al. (1989) 

(Spring) 13 9 36 

t Absolute values for FTB ofLP163 (low selection) and Bronsyn (high selection) within respective experiments 

t Adjusted values for FTB ofLP163 and Bronsyn across experiments as presented in Figure 5.2 

Easton (1989) reported a variability in perennial ryegrass leaf strength (by Wamer-Bratzler 

shear machine) of over 60%. However, these measurements of strength were not corrected for 

leaf weight/length or moisture content. The readings at 3 and 6 cm were subjective distances 

from the base of the lamina (ligule). MacKinnon et al. (1988), used the same perennial 

ryegrass population as Easton (1989) and the same technique to determine leaf strength but 

adjusted their values to dry weight per unit length. As a result the variability between the high 

and low leaf strength populations in their study were much lower (26 - 32%; Table 5.10.) than 
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those reported by Easton (1989). The leaf FTB measurements in this experiment have been 

adjusted for DM content per unit weight. Because the ASM records breaking force after the 

punch and die come into contact with the entire lamina surface area, this is likely to be a more 

reliable estimate of force per unit weight than that derived from two contact points. 

Previous work has demonstrated increases in shear strength of leaves as temperatures increase 

towards summer (Henry et al. 2000). Daily temperature was not correlated with leaf strength 

in this study (Figure 5.1), although climatic conditions were cooler during Experiment 2 and 

the average leaf FTB was higher than in other experiments (Table 5.9.). Evidence of a 

relationship between leaf shear strength and seasonal temperature has been noted by Inoue et 

al. (1989) who showed higher leaf strength in spring compared with autumn (see Table 5.10.). 

However, their results also indicated that the effect of season on variety was relatively 

consistent. Wilson (1965) also found that relative differences between plants for leaf strength 

was maintained across seasons and years. The effect of season is therefore not expected to 

have a pronounced effect on the ranking of varieties for leafFTB, although it is acknowledged 

that differences in FTB can occur between years. In this study Nevis was used as a control 

variety so ranking of varieties for leaf FTB across experiments should have been accounted for 

in the REML analysis. 

The varieties tested in this study were derived from a divergent parent population i.e. Spain, 

Australia and NZ. Variation in leaf FTB in the mixed population in this study is just as high 

as the variation in leaf FTB between extremes in a selected popUlation (Table 5.2). Further, 

because of the diversity in genetic material and growth types (Table 5.2) it is unlikely there is 

a relationship between a particular morphology and leaf FTB, which supports earlier findings 

in Chapter 4. Both LP163, which is a small dense tillering variety and Embassy, which is 

upright with large tillers, had relatively low leafFTB. No measures ofleaflength were carried 

out in this study to confirm whether shorter leaves were consistent with lower FTB as 

suggested in Chapter 4. 

Although Easton (1989) did not used corrected data for leaf strength, he did show consistent 

difference in leaf strength and that perennial ryegrass responded to selection for leaf strength 
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and that it had a heritability of 0.36. The variation in leaf FTB that was found in this study 

appears to reflect a genuine ranking of varieties that may also be useful in an index. The 

evidence that variation in leaf FTB is not confounded with morphology will increase the 

possibility of inclusion of FTB as a co-characteristic in a nutritive index. The influence of leaf 

FTB on ingestive behaviour will be discussed in a later section of this Chapter. 

5.3.3 Degradability and nutrient supply 

Results 

Mean DML6 (g/kg DM) and ratio of DN to DNNOM (g/kg) for each experiment are presented 

in Table 5.11. Nevis had the highest DML6 in all three experiments and the variation between 

Nevis and other varieties was significant in Experiment 2 (P < 0.001) and 4 (P < 0.10). 

Comparison of mean DML6 for Nevis with the combined mean of remaining varieties showed 

a coefficient of variation of: 12.6%, 2% and 4% for Experiments 2, 3 and 4 respectively. 

Varietal differences in the ratio of DN:DNNOM were detected in Experiments 2 and 4 (P < 

0.001, Table 5.11.). In Experiment 2, the DML6 of Nevis was 18.3% higher than the mean of 

the diploid varieties. In subsequent experiments Nevis had high values of DN:DNNOM but 

was not significantly higher than other varieties. In Experiment 4, DN:NNNOM of Nui was 

7.1 % higher than the group mean and Embassy was 5.8% lower than the group mean. 

Differences in DML6 between varieties for the adjusted means of three experiments are shown 

in Figure 5.3. The range in DML6 was 481 - 559 g/kg DM with a group mean of 529 g/kg 

DM. Tetraploid varieties, Nevis and Quartet, had the highest DML6 (>550 g/kg DM) with a 

combined mean of 556 g/kg DM. Diploid varieties could be categorised as having 

intermediate (510-550 g/kg DM) or low DML6 « 510 g/kg DM, includes Meridian, Bronsyn 

and Aries). The difference between the means of the high and low groups was 64 glkg DM or 

12% of the population mean. 

The variation in DN:DNNOM between 10 perennial ryegrass varieties is depicted in Figure 

5.4. The mean DN:DNNOM of the pooled population was estimated to be 31.6 glkg, and had 

a range of7.2 g/kg (34.9 to 27.7 g/kg). 
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Table 5.11. Mean in vitro DM loss (DML6, g/kg DM) and ratio of degradable nitrogen to 

degradable non-nitrogen organic matter (DN:DNNOM, g/kg) for 10 perennial ryegrass 

varieties in three experiments 

Variety 

Nevis 

Aries 

Bronsyn 

Meridian 

Mean 

SEM 

P. 

Nevis 

Quartet 

Tolosa 

Vedette 

Mean 

SEM 

P. 

Nevis 

Embassy 

LP163 

Nui 

Mean 

SEM 

P. 

DML6 

Experiment 2 

598a 

520b 

528b 

544b 

548 

8.1 

< 0.01 

Experiment 3 

544 

539 

529 

524 

534 

6.2 

NS 

Experiment 4 

534a 

524ab 

519ab 

502b 

520 

7.8 

< 0.10 

DN:DNNOM 

34.3a 

29.0b 

28.6b 

29.5b 

30.4 

0.43 

<0.01 

34.2 

33.8 

32.3 

35.1 

33.9 

1.03 

< 0.10 

30.4bc 

29.2c 

31.4ab 

33.2a 

31.0 

0.72 

< 0.01 

(Means in columns, within experiment sharing the same superscript are not significantly different. P < 0.01). 
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Figure 5.3. Adjusted means for in vitro six hour DM loss (DML6) for ten perennial ryegrass 

varieties in three experiments. (Means with the same letter are not significantly different). 
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Figure 5.4. Adjusted means for ratio of degradable nitrogen to degradable non-nitrogen 

organic matter (DN:DNNOM) for 10 perennial ryegrass varieties in three experiments. 

(Means with the same letters are not significantly different) 
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Tetraploid varieties had similar values for DN:DNNOM, but were neither high or low 

compared with other varieties (Figure 5.4). Meridian, Bronsyn and Aries were distinguished 

as one group with low DN:DNNOM i.e. less than 30 g/kg (combined mean 27.7 g DN/kg 

DNNOM). The remaining varieties could be allocated to two groups: those with a mean of 

34.9 g/kg (Nui and Vedette), and those with a mean of 32.6 g DN/kg DNNOM (LPI63, 

Quartet, Nevis, Tolosa and Embassy). The difference in DN:DNNOM between high and low 

population means was 7.2 g DN/kg DNNOM giving a variation of 22.8% (percent of group 

mean). 

Discussion 

Significant differences between varieties of perennial ryegrass at a vegetative stage of 

development were evident for both DML6 and DN:DNNOM. These NVCs could be used to 

segregate a perennial ryegrass population into high and low groups with a variability of 12 and 

23% for DML6 and DN:DNNOM respectively. In both instances tetraploid varieties were 

similar to each other when compared across experiments. Variability in related NVCs from 

published reports will be used to assess the variation reported here for DML6 and 

DN:DNNOM. 

DML6 is determined from a measurement technique developed in this study, thus no direct 

comparisons can be made with reports in the literature. However, as a modification of an 

IVDMD technique it is feasible to make some assumptions on the likely response ofDML6 to 

selection based on results for NDMD of previous studies. Although, digestibility is 

considered to be a heritable characteristic in perennial ryegrass, heritability of NDMD can 

range from 0.10 to 0.70 (Rogers and Thomson, 1970; Frandsen, 1986). 

Reports of variability for digestibility within speCIes of grasses have ranged from 4% 

(Wilkins, 1997; Casler et al. 1987) to 17% (Frandsen, 1986). Variation in digestibility could 

be confounded with heading date if varieties of different heading dates were sampled close to 

their flowering period. However, Frandsen (1986) showed a variation of 14 to 17% in 

perennial ryegrass after adjusting for flowering date in analysis of covariance. In this study 

the variation in DML6 was from plant material sampled in autumn when tillers were at similar 
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physiological stages. Although there was a wide range in heading dates in the varieties used, 

the ranking in tenns of DML6 did not appear to be associated with heading date, suggesting 

that heading date has not confounded variety effects on DML6 in this instance. This 

observation also suggests that selection for improved DML6 could occur within specialised 

groups of heading date varieties. 

Casler et al. (1987) showed only 4% variation in digestibility for a population of smooth 

bromegrass. However, variation was probably low as the varieties in this comparison had all 

been selected for high digestibility from similar genetic background. Genetic truncation of a 

population is likely to be observed in selected populations because the genetic diversity has 

already been removed through high selection pressure. 

So far this discussion has used digestibility of published studies to compare cultivar variability 

with that for DML6 as detennined in the present study. The only indication that variability in 

DML6 should be greater than that of IVDMD is provided by Casler et al. (1987) who 

presented in their results with bromegrass, in vitro cell wall digestibility (IVCWD) at six 

hours. These authors showed that the variation in 6 h IVCWD was 26%, which was 

considerably larger than the variation observed for cell wall digestibility after 72 h (7%). 

Their results also reflect that selection for digestibility alone will not inevitably result in faster 

rates of cell wall degradation. This suggests that DML6 is a more sensitive method for 

discriminating between varieties although whether or not it is truly suggestive of differences in 

rumen degradation rate requires further proof. 

Compared with DML6, the variability in DN:DNNOM (23%) for the ryegrass population in 

this study is relatively large. This may be a reflection oflow selection for this characteristic or 

a high sensitivity of plant N status (and therefore DN:DNNOM) to soil N status, or both. 

Frequent reference to N content as an indicator of the ratio of DN:DNNOM in vegetative 

swards is based on observations during the studies presented in Chapter 4 which show this 

NVC to be highly correlated with the N content of plants (r = 0.99). Improvements in N 

content from ryegrass selection have been suggested by Lazenby and Rogers (1964). 

Although these authors reported only small varietal differences « 10%), their observations 
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included only four ryegrass varieties and as there was no information on breeding of these 

varieties, similar parentage cannot be ruled out as an explanation for the small variation. 

The apparent lack of selection for N content in ryegrass may be the result of the perception 

that changes in soil N status caused by fertilisers or mixed sowing with legumes disguise any 

varietal differences. There is evidence to suggest that, within species, there is genetic 

variation in efficiency of utilisation of N (Vose and Breese, 1964: Valentine and Charles, 

1979). Thomson and Rogers (1970) also found genetic variation in utilisation of applied N 

and concluded with the comment that: although ryegrass breeders cannot select for 

unpredictable environmental factors, the genetic variability was enough to suggest that 

varieties could be developed which were suited to controllable environmental conditions i.e. N 

fertilisation. 

The implication of selection for a genetic response to change in N supplementation has some 

obvious benefits for maintaining a suitable ratio of DN:DNNOM. As discussed in the 

literature review a high ratio of DN:DNNOM may not be desirable. Poppi et al. (1997) 

concluded that plants which contained more than 33.6 g N/kg digestible OM would result in a 

net loss in protein, predominantly as ammonia. Given a degradability of 90% for N the range 

in N:DOM for 10 perennial ryegrass varieties of the present study was 30.3 to 39.2 g N/kg 

DOM and of these Embassy and Meridian came closest to meeting this 'optimal' balance 

(31.3 and 34.6 g N/kg DOM respectively). 

5.3.4 Grazing preference 

Results 

The objective of the grazing preference study was to offer swards at the same height. Because 

of significant varietal differences in height in Experiments 1, 3 and 4 (Table 5.6.), height was 

included as a covariate in the analysis for preference (proportion of the total DM eaten) and 

grazing behaviour of these experiments. Means for preference, intake rate, bite weight and bite 

rate are presented in Table 5.12. 
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Table 5.12. Grazing preference (proportion of total consumed, %), intake rate (g DM/min), 

bite weight (g DMibite) and bite rate (bites/min) for four ryegrass variety within four 

experiments 

Variety Preference Intake rate Bite weight Bite rate 
Experiment 1 

Nevis 65.1a 6.34 0.169 38.3b 

Impact 46.6b 6.55 0.165 40.5ab 

Samson 41.3b 6.64 0.156 44.2a 

Yatsynl 47.5b 6.48 0.163 40.0ab 

Mean 50.0 6.50 0.163 40.8 
SEM 3.62** 0.55NS 0.0140NS 1.48* 

Experiment 2 

Nevis 53.3ab 4.11a 0.096 43.3a 

Aries 47.9b 3.40a 0.073 44.7a 

Bronsyn 35.0c 2.77b 0.076 37.2b 

Meridian 63.1 a 3.51a 0.080 44.0a 

Mean 50.0 3.45 0.081 42.3 
SEM 3.98** 0.305* 0.0069NS 1.71 ** 

Experiment 3 

Nevis 53.7ab 9.20 0.160 55.4 

Quartet 61.7a 9.23 0.159 58.0 

Tolosa 43.4b 10.26 0.172 61.3 

Vedette 41.3b 8.03 0.136 58.6 

Mean 50.0 9.18 0.157 58.3 
SEM 4.83** 0.912NS 0.0155 2.44 

Experiment 4 

Nevis 74.2a 12.67 0.289 44.8b 

LP163 37.2b 12.45 0.224 52.5a 

Nui 37.0b 11.58 0.216 53.9a 

Embassy 46.4b 12.19 0.257 49.0ab 

Mean 50.0 12.22 0.247 50.1 
SEM 4.96** 1.53NS 0.0337NS 2.24* 

(Means in columns, within experiment sharing the same superscript are not significantly different. * = p < 0.05; 

** = p < 0.01). 
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In all experiments, sheep displayed a significant (P < 0.01) varietal preference. Nevis was 

always among the most highly preferred varieties which also included Meridian in Experiment 

2 and Quartet in Experiment 3. The largest difference in varietal preference occurred in 

Experiment 4 where preference for Nevis was 74%, which was twice as great as LP163 and 

Nui (combined mean preference 37%). Differences in intake rate were significant (P < O.OS) 

only in Experiment 2, which showed a significantly lower intake rate for Bronsyn (P < O.OS). 

Mean intake rate was higher in Experiments 3 and 4 which was associated with higher bite 

rate (mean bite rate S4 bites/min), however, a different set of ewes was used in these two 

experiments compared with Experiments 1 and 2 (mean bite rate 41 bites/min). 

Sward mass and height interacted with experiment (P < 0.001) consequently these terms were 

included in the regression model (i.e. REML analysis, see Appendix Table AS.1). The 

adjusted mean preferences are shown in Figure S.S. The range in preference was 32 to 6S% 

giving a difference of 33% (proportion of total DM consumed). Meridian, Nevis and Quartet 

had the highest overall preference, the combined mean preference of these varieties was 60%. 

While it was evident that sheep had a high preference for tetraploid varieties, there were three 

diploids, (Meridian, Aries and Tolosa) which each had a mean preference above SO%. The 

difference between remaining varieties was not significant, although Nui and LP163 stood out 

as particularly low preference varieties « 40%). When preference is expressed as either high 

(>SO%) or low « SO%) the difference between the two populations is 17% . 

Table S.13. summanses the adjusted means for grazing behaviour variables across 

experiments (Appendix Tables AS.1 to AS.4). In spite of the lowest intake rate being more 

than 3 g/min lower than the highest value (9.4 g DM/min), the difference was not significant. 

Again, tetraploid varieties ranked highly compared with other varieties, having a mean intake 

rate 10% higher than the overall mean. Higher intake rate was associated with greater bite 

weight. 
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Figure 5.5. Adjusted means, for grazing preference of 13 perennial ryegrass varieties 

(combined analysis for Experiments 1 to 4). 
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Table 5.13. Mean intake rate, bite mass and bite rate of 13 ryegrass varieties (results from 

regression analysis of four grazing preference experiments) 

Variety Intake rate Bite mass Bite rate 

(g DM/min) (g DM/bite) (bites/min) 

Tolosa 9.42 0.195a 51.5ab 

Quartet 8.53 0.184a 47.7 abe 

Nevis 8.44 0.185a 45.6 be 

Impact 8.41 0.176a 48.0 abe 

Yatsyn 1 8.19 0.171a 47.9 abe 

Samson 7.92 0.149abe 51.2 ab 

Vedette 7.43 0.161 abe 48.9 abe 

Meridian 7.40 0.161 abe 46.7 abe 

Embassy 7.40 0.144ab 49.1 abe 

Aries 7.39 0.158abe 48.5 abe 

Bronsyn 6.74 0.161 abe 40.5 e 

LP163 6.35 0.08ge 52.2 a 

Nui 6.16 0.093be 53.8 a 

Mean 7.68 0.156 48.6 

SEM 1.28 0.0258 2.96 

P. N.S. <0.05 <0.05 

NS=Not significant 

Correlations between variables 

The relationships between intake parameters, NVCs, sward characteristics and mean 

preference, plot means from all experiments were established in a correlation matrix 

(Appendix Table A5.5). The relationships are summarised in Table 5.14. There was little 

indication that short-term preference was strongly related to a single factor. Of the grazing 

behaviour parameters, bite weight and bite rate had correlations of less than 0.01 with 

preference, and intake rate was only marginally correlated with preference (r = 0.15). 
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The factors used to determine intake rate were bite rate and bite weight, so it is understandable 

that at least one of these characteristics was strongly correlated with intake rate. Bite weight 

was more related to intake rate than bite rate (r = 0.96 and 0.52 respectively). Leaf FTB, 

sward height and mass were the only plant characteristics that were correlated with intake rate. 

There was no apparent relationship between in vitro digestibility (6 or 48 h) or chemical 

composition (N or WSC) and preference or ingestive behaviour. 

Discussion 

The results from this study have confirmed that sheep are sensitive to differences in vegetative 

swards of perennial ryegrasses and display preference for one variety over another (P < 0.01). 

The reason for studying preference was to determine differences in grazing preference within 

species for perennial ryegrass and to establish whether or not selected NVCs were related to 

preference. There was clear separation of varieties into highest preference (Meridian, Nevis, 

and Quartet) and lowest preference (LP163 and Nui). The difference between the highest and 

lowest preference values was 33%, and between high and low groups: 17%. However, no 

strong relationship between preference and any single NVC was detected. 

Variation in preference by sheep and cattle has been described in a number of papers (Concha 

and Nicol, 2000; Illius et al. 1999; Hazard et al. 1998; Ivins, 1952) although less have 

quantified within-species grazing preference (Bums et al. 1988; Mayland et al. 2000). 

Quantitative studies which have used pre-harvested feed, have shown within-species 

differences in preference of 16% between six clover varieties (Colebrook et al. 1990) and 44% 

between four perennial ryegrass varieties (Hazard et al. 1998). Using subjective scoring of 

post-grazing residual Bums et al. (1988) found a range of 3.4 to 8.1 units in grazing 

preference of eight Panicum accessions. 
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Table 5.14. Pearsons linear correlation matrices between preference (% total DM eaten), grazing behaviour, sward characteristics (height, cm; 

mass, kg DMlha; density, g DMlm3
) and nutritive value components. (See Abbreviations for key. n=20; 10 varieties in 3 experiments x 2 plots. 

(Bold = Pr. < 0.05). 

Preference IR BR BW FTB DML6 DN: CP WSC IVDMD Height Mass 

DNNOM 

IR 0.14 

BR 0.10 0.52 

BW 0.10 0.96 0.30 

FIB -0.23 -0.67 -0.51 -0.62 

DML6 0.43 0.05 -0.01 0.05 -0.24 

DN:DNNOM -0.24 -0.01 -0.07 0.02 0.09 -0.16 

CP -0.29 0.01 -0.01 0.03 0.07 -0.06 0.95 

WSC 0.30 0.37 0.14 0.42 -0.55 0.37 -0.45 -0.34 

IVDMD 0.08 0.05 -0.28 0.14 -0.17 0.39 0.13 0.16 0.49 

Height 0.08 0.63 0.28 0.65 -0.47 -0.08 0.00 -0.11 0.10 -0.03 

Mass -0.02 0.75 0.52 0.70 -0.65 -0.06 0.04 -0.03 0.10 -0.09 0.88 

Density 0.03 0.71 0.55 0.68 -0.49 -0.01 0.00 0.01 0.18 -0.22 0.35 0.61 



Problems with interpreting results of preference tests have been outlined by Duncan and 

Poole, (1990). Relevant points can be summarised as a.) preference between two 

varieties gives relative, rather than absolute, values; b.) negative choices are difficult to 

interpret as the conditions might make a positive choice unsuitable if an animal is 

considering its welfare; c.) an animal's short-term preference may not be in the best 

interests of its long-term welfare or even its long term preference. Further Martin and 

Bateson (1986) discussed the change in behaviour of animals after successive testing as 

they become more habituated to the conditions. Although repeated measures are useful 

to obtain more information and improve the reliability of results, it is possible for the 

sheep to stop responding if it is tested too many times (Martin and Bateson, 1986). 

The most widely documented associations with preference are WSC concentration 

(Bland and Dent 1964; Jones and Roberts, 1991; Ciavarella et al. 2000b) and intake rate 

(Illius et al. 1999; Colebrook et at. 1990; Kenney and Black 1984). In the present study 

neither of these NVCs showed a consistent relationship with preference. The NVC with 

the highest correlation with preference was DML6 (F0.43) and to a lesser extent, WSC 

and N (r = 0.30 and -0.29 respectively). In the correlation analysis presented in Table 

5.13. the direct relationship between intake rate and preference was so low as to suggest 

intake rate had no influence on preference at all (r = 0.14). 

Intake rate potential is a measure of the ease of acquisition of the diet. Under- or over

estimating intake rate using the current method of evaluation was possible. Overlapping 

bites on high-preference swards could not always be avoided and the effect of patch 

depletion on intake rate of high-preference swards may have under-estimated intake 

rate. Over-estimation of bite rate (and possibly intake rate) could have occurred on low

preference swards, as sheep tended only to sample these swards resulting in few 

successive bites. Because timing started and stopped from first bite on one turf to first 

bite on the other, the time interval for single or double bites on low-preference swards 

does not take into account masticatory time. Furthermore there were large differences 

in mean intake rate between experiments (Table 5.12.) and this may have confounded 

correlations between intake rate and preference to some extent. 
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There was a clear preference for tetraploid varieties compared to diploids (Figure 5.7). 

High preference for tetraploids has also been observed in small plot field trials where 

relative defoliation is visually assessed after a short period (1 h) of sheep grazing on 

replicated varieties of perennial ryegrass (Wilson, Pers. Com.). Tetraploids of perennial . 

ryegrass are characterised by fewer, larger tillers (Smith et al. 2002), lower lignin and 

hemicellulose concentrations (Morrison, 1980) and, in most cases higher WSC (Smith 

et al. 2002) than their diploid counterparts. Although Nevis tended to fall into the high

range category for WSC, the difference between Nevis and other varieties was not 

significant in most cases. Nonetheless a low correlation between preference and WSC 

may be due to experimental protocol (as suggested by Duncan and Poole, 1990) and/or 

the seasonal effect on WSC expression in the varieties. 

High correlations between preference and WSC have been recorded during the spring 

and early summer (Jones and Roberts, 1991; Bland and Dent 1964). The variation 

between varieties in WSC measured in the present study was small (Table 5.7.), 

indicating there may have been a greater animal response to WSC if the same trial had 

been carried out in spring. Ivins (1952) noted that preference between two rye grass 

varieties was dependent on which variety was actively growing at the time. 

From the present results, no conclusion could be drawn regarding the effect of heading 

date for preference in autumn. The diploid varieties which were most preferred 

(Meridian, Aries and Tolosa) covered the full range in heading dates used in this study 

from -17 days for Meridian, 0 days for Aries and +21 days for Tolosa. Thus high 

preference for varieties with high WSC during spring may be incidental to the flowering 

date of that variety and the rate of growth. Some of the debate for the effect of WSC and 

preference might be resolved by determining preference over a range of seasons and 

years. 

Ciavarella et al. (2000b) significantly reduced WSC content by shading pastures of 

phalaris and showed that preference of sheep was greater for the unshaded vs shaded 

pastures (126 vs 62 mg WSC/g DM respectively). Because shading had no effect on the 

composition of N, NDF or IVDMD the ability of sheep to distinguish between shaded 

and unshaded pastures was attributed to the large difference in WSc. Another possible 

explanation for preference of unshaded pasture may not be WSC per se. but rather the 
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ratio of nitrogen to carbohydrate. For maximal utilisation of nitrogen in microbial 

synthesis a ratio of 32 g/kg of degradation N to degradable carbohydrate has been 

proposed (Czerkawski, 1986). Using data from the present study and comparing these 

results with experiments by Ciavarella et al. (2000b) the calculations show that the ratio 

of intracellular Nand WSC in shaded phalaris far exceeds the recommended values of 

32 g/kg (Table 5.15.). In the present study, the relationship between preference and N (r 

= -0.29) was the inverse of that with WSC (r = 0.30). In many instances where 

increases in WSC are observed there is a concomitant decrease in N (Humphreys, 

1989b; Valentine and Charles, 1979). Thus preference for WSC may also be interpreted 

as an aversion for high N or in the case of Ciavarella et al. (2000b) preference for 

optimal N:WSC ratio. 

Table 5.15. Comparison of nitrogen (N; g/kg DM) and water soluble carbohydrate 

(WSC; g/kf DM) composition from the present study using ryegrass and from the study 

of Ciavarella et al. (2000b) in which phalaris was shaded or unshaded 

WSC 

Total N 

Intracellular N (INh 

Ratio IN to WSC 

Ratio of degradable IN:WSCt 

Present study Ciavarella et al. (2000b) 

174 

28 

22 

155 

81 

Shaded Unshaded 

62 

28 

22 

355 

228 

126 

34 

27 

214 

138 

t Assuming intracellular N is 80% of total N (Boudon and Peyraud, 2001) 

t Assuming proportion of intracellular constituents released during mastication for Nand WSC is 34% 

and 53% respectively (Boudon and Peyraud, 2001) 

However, given that daily samples in the present study were collected - not from turves 

offered to sheep - but the plots from which the turves were obtained, then subsequently 

pooled for analysis makes it difficult to determine WSC (or other NVCs i.e DML6 and 

DN:DNNOM) as the single-most important influence on preference. The approach 

taken here fails to acknowledge fluctuations in WSC (Ciavarella, et al. 2000a) which 

may have influenced preference on a day-to-day basis. In spite of this, Humphreys 

(1989a) has shown that selection for WSC can result in ryegrass genotypes with 

consistent differences. Because the aim of this study was to evaluate relative 
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differences in a range of NVCs between varieties, the results suggest that differences in 

WSC were not large enough or consistent enough to translate into a consistent cause for 

preference. 

The NVC which had the highest correlation with preference was DML6 (r=0.43). To 

my knowledge, there have been no reports on the relationship between preference and 

rate of dry matter loss. Supposedly, in short-term grazing studies such as this, 

nutritional decisions based on digestive feedback are unlikely to contribute to the 

selection process. It is possible that sheep are responding to morphological 

characteristics which are also related to high DML6, such as tiller mass and leaf width, 

as indicated in Chapter 4. 

One of the concerns in the development of the preference trials was the effect endophyte 

status might have on preference. Preference for low-endophyte, over high- endophyte, 

grasses has been reported (van Santen, 1992; Edwards et at. 1993) and Edwards et al. 

(1993) showed that presence of endophyte made animals reluctant to graze pseudo stem 

and true stem. Swards were managed in the present experiments to minimise the effect 

of endophyte on preference by maintaining them in a vegetative stage. Further, sheep 

were given only sufficient grazing time to consume 50% of the preferred sward, that 

generally constituted leafy material which should have lower alkaloid levels (Lane et al. 

1997). Results in Table 5.8. show that alkaloid levels in the varieties studied here were 

well below levels at which animals are reported to suffer from rye grass staggers. Thus 

it is unlikely (though not impossible) that the results in the present study were 

influenced by endophyte status. 
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5.4 Summary 

The aim of this chapter was to determine the variability in selected NVCs and 

preference of a population of 10 perennial rye grass varieties during vegetative growth. 

The results showed significant differences between varieties for leaf FTB, DML6 and 

DN :DNNOM and variation of at least 10% between high and low groups of varieties for 

these NVCs. Similarly, the difference between varieties with high and low preference 

was 17%. Although the correlations between preference and anyone NVC did not 

exceed 0.50, there was a clear preference for tetraploid varieties compared with 

diploids. Further, it is hoped that with the amount of variation observed here for each 

NVC that response to selection will occur ifNV index construction is successful. 
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CHAPTER 6 

Developing a nutritive value index to predict lamb liveweight 

gain 

6.1 Introduction 

A selection index is recognised as a linear function of observable (and therefore 

measurable) phenotypic values of different traits (Baker, 1986). The merits of using a 

selection index for ryegrass breeding were identified in Section 2.4.6, namely that it 

provides a quantitative tool for assessing the genetic progress of a breeder's selection 

program and can rank plants for NY. Selection pressure for high index ranking varieties 

should increase the population mean for NY while enabling ryegrass breeders to meet 

other breeding objectives. 

Construction of a selection index reqUIres data for the primary trait that is to be 

improved (in this case L WG) and the secondary traits which are to be used for selection 

of the primary trait. It is expected that each set of data be obtained from the same 

population represent parent material from which selection will be made. Sampling of 

that population must also be sufficiently large to ensure that estimates are in agreement 

with population values. Because selection indices are based on estimates of population 

variances and covariances they are subject to large sampling errors (Baker 1986). 

As L WG is an animal characteristic rather than a plant characteristic, measuring varietal 

differences in L WG requires large areas of the sample populations. The financial cost 

of carrying out wide scale animal trials inevitably limits the rye grass population to only 

three or four test varieties. Therefore, at the outset of this research project it was 

decided that emphasis be placed on development of selection tools (Chapter 3) which 

could then be used to compare a potential parent population for variability in NYCs 

(Chapter 5). However, the opportunity was taken in this chapter to regress the values of 

possible NYC index measurements against liveweight gain data for the same varieties, 

but where results had been obtained from different experiments. While this approach 

has the benefit of allowing a larger ryegrass population to be included, it was foreseen 
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that the limited number of observations for L WG in relation to the number of 

explanatory variables would make index derivation a high risk exercise. The aim of this 

study was to collate NYC data from Chapter 5 and L WG data from grazing trials in 

publications and from a commercial seed company to explore the possibility of 

constructing a NY index for rye grass breeding. 

6.2 Methods 

6.2.1 Data source for liveweight gain 

Liveweight gain (L WG) data were sourced from both published and unpublished trials 

in which L WG of weaned lambs was measured on a range of perennial ryegrass 

varieties. Published data for liveweight gain were obtained from Westwood and Norriss 

(1999); Bluett et al. (1999b); and Bluett et at. (2001). Apart from one trial (Westwood 

and Norriss, 1999) all pastures were sown as pure swards. In all experiments, livestock 

numbers were adjusted to ensure similar pasture availability across varieties. Any 

variety comparisons in which L WG may have been significantly reduced by low feed 

availability were excluded from analysis (for example the 'Follower' group of Bluett et 

al. 2001 was not included in the analysis). Animals used in all trials were weaned 

lambs. Data sources and details of trial management where available are presented in 

Table 6.1. 

LWG data were restricted to trials in which endophyte was not likely to have influenced 

animal performance. From the Bluett et al. (2001) liveweight gain trial, data for the 

'Leader' treatment prior to the incidence of staggers were used. Second year data from 

Westwood and Norriss (1999), were excluded due to high incidence of staggers in the 

autumn and high clover content (greater than 10%) in spring, summer and autumn. A 

minimum of 30 grazing days were used in all trials. 
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Table 6.1. Experimental details of trials from which L WG data were sourced. 

Experiment and abbreviation District 

Westwood and Norriss (1999) Lincoln 

-W&N 

Bluett et al. (1999) - B1 Palmerston Nth 

Bluett et al. (2001) - B2 Palmerston Nth 

Agriseeds (I) - AI Lincoln 

Agriseeds (II) - All Lincoln 

Agriseeds (111)- AlII Lincoln 

Year 

Winter 1997 to 

autumn 1998 

Summer 1996/97 

Summer 1997/98 

Summer 1999 

Autumn 1999 

Autumn 2000 

Summer 2000/01 

Autumn 2001 

SSH = Sward surface height; PM = Pasture mass (kg DM/ha) 

Stocking rate 

(lambs/ha) 

Adjusted to 

maintain a 

constant PM 

(values not given) 

24 

12.5 

33.3 

33.3 

23 

23 

23 

Mean SSH 

(em) 

Data not 

gIven 

6.3 

13.5 

9 

10 

10.5-13.0 

12.8 

8.5-9.5 

Gender Breed 

Male/female 

100% ewe Coopworth 

Equal ewe/wether Romney 

Equal ewe/male Suffolk x Romney 

70/30 ewe/male Unknown 

Mixed sex Unknown 

100% ewe Coopworth 



NVs for leaf FTB, DML6, DN:DNNOM, WSC, N, IVDMD, preference and ingestive 

characteristics for all varieties except Yatsyn 1 were those described in Chapter 5. Yatsyn 1 

data were derived from measurements made in Chapter 4 at growth stages I and II (vegetative 

material similar to that used for preference and intake rate measures). Data from Chapter 5 

(containing 10 varieties and the same NVC data for Meridian and Meridian AR1) and Chapter 

4 (containing Nevis and Yatsyn 1), was reanalysed using the REML model described in 

Chapter 5 to obtain adjusted means for 12 observations ofNVCs. 

Adjusted means for L WG data from the various trials were determined using the REML 

procedure of Genstat 5 v 4.1. Each experiment contained a 'crossover variety' (Table 6.2) so 

that the effect of experiment could be accounted for. 

Table 6.2 Mean liveweight gain (LWG, g/day) of lambs in each experiment and the adjusted 

mean LWG for the 12 ryegrass varieties following REML analysis. 

W&Nt B1 B2 

Quartet 110 

Aries 105 116 112 

Embassy 93 

Vedette 88 

Bronsyn 69 

Nui 66 

Yatsyn1 111 126 

Tolosa 

LP163 

Nevis 

Meridian 

Meridian AR1 

t Abbreviations for experiments listed in Table 6.1 

Experiment 

AI 

240 

199 

204 

185 

All 

85 

102 

AlII 

144 

176 

Adj. mean 

155 

138 

138 

133 

114 

124 

126 

134 

121 

108 144 

150 119 

163 132 
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6.2.2 Analysis 

An illustrative sample of three NV indices were explored using the multiple linear regression 

(MLR) procedure of Genstat 5 v. 4.1. Prior to MLR, simple correlation analysis was carried 

out for LWG against each potential NVCs (12 varieties). This process also involved plotting 

each L WG against potential NVCs to visually identify linear or non-linear relationships. The 

relationship between LWG and the NVCs: Xl, X2, .. , Xn was described by a regression model 

in the form of: 

[Equation 1] 

Where Y is LWG and b is the coefficient for the lh NVC. All explanatory variables were 

included in the first scenario. A backward step-wise procedure was used whereby variables 

which explained the lowest proportion of the variance were removed sequentially from the 

model until elimination of a variable significantly reduced the explained variation in L WG. In 

the remaining indices a restricted number of parameters were included in the fixed model 

based on results of paired correlations. 

6.2.3 Determination of index coefficients 

Linear correlations between each NVC and LWG are presented in Table 6.3. When data were 

visually evaluated for linearity, plots revealed a quadratic relationship for L WG with Nand 

DN:DNNOM content (Appendices: Figure A6.1). Both variables were regressed against 

LWG but N had a higher coefficient of determination than DN:DNNOM (LWG = 173x -

3.20x2 - 2201; R2 = 0.55 and LWG = 61.1x - 1.01x2 - 786; R2 = 0.350 for Nand 

DN:DNNOM respectively). Consequently, N content and the square of N content were 

included in the initial regression model to account for the negative response of L WG to 

increasing N above an optimum (Figure 6.1). The point of inflection was 27 g N/g DM. 

140 



>: 160 
co 
-0 

~ 150 
E 
~ 140 
-9 
c 130 
'ro 
Cl 

1: 120 
Cl 

. ~ 110 
Q) 

> 

• 

• • 
• 

• 

• 
LWG = -3.20N2 + 173N - 2201 

R2 = 0.565 

-----------. • • 
• • 

~ 100+--------,--------,--------,--------,-------~ 

22.0 24.0 26.0 28.0 30.0 32.0 

Nitrogen content (g N/kg DM) 

Figure 6.1. Relationship between liveweight gain (L WG) and nitrogen content (N) of 12 

perennial ryegrass varieties 

Table 6.3 Linear correlations between nutritive value components and liveweight gain (L WG 

g/day). Values in bold are significant at P < 0.l0 (n=12). 

DML6 (gikg DM) 

N (g/kg DM) 

DN:DNNOM ratio (g /g) 

NDMD (g/kg DM) 

WSC (g/kg DM) 

LeafFTB (N/mg DM) 

Intake rate (g DM/min) 

Bite weight (g DMlhite) 

Bite rate (bites/min) 

Preference (% of total DM consumed) 

See Abbreviations for key 

LWG 

0.529 

0.028 

0.196 

0.231 

0.439 

-0.009 

0.612 

0.482 

0.103 

0.391 

Because the data for LWG were limited to 12 observations, the sample size is not much larger 

than the number of possible NV parameters (n=10). Therefore the selection of terms for 

inclusion in the MLR was made on three bases: 
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In the first scenario all the potential NVCs listed in Table 6.3 were considered because the 

literature had shown some relationship with animal performance was likely (Chapter 2). 

However, to keep the number of explanatory variables to a minimum, nutritive components 

which were highly inter-correlated (Table 6.4) were excluded as these were likely to result in 

multicollinearity (Petrie and Watson, 1999). The NVCs remaining for the maximal model are 

listed in Table 6.5. 

Table 6.4 Pearsons correlations between nutritive value components (bold (P < 0.01) and italic 

(P < 0.05) values represent significant interrelation) 

N N2 NINNOM DML6 IVDMD WSC Pref IR BW BR 
N 1.00 
NINNOM 0.89 0.89 
DML6 0.62 0.61 0.74 
IVDMD 0.16 0.15 -0.14 0.26 
WSC -0.07 -0.08 -0.14 0.33 0.67 
Pref -0.66 -0.67 -0.55 -0.15 0.15 0.36 
IR -0.16 -0.18 -0.05 0.38 0.39 0.23 0.55 
BW -0.48 -0.49 -0.39 0.05 0.23 0.07 0.72 0.87 
BR 0.56 0.55 0.65 0.40 -0.09 0.14 -0.44 -0.08 -0.51 
FTB -0.64 -0.64 -0.38 -0.39 -0.61 -0.57 0.24 0.17 0.45 -0.46 

Scenarios 2 and 3 considered NVCs that were shown to have some relationship with L WG 

based on results of simple correlations carried out in the present study. In Scenario 2 the 

NVCs included those which were moderately correlated with LWG (r > 0.35. Table 6.3), 

whereas Scenario 3 included variables which were significantly correlated with L WG (r had a 

Pr. < 0.10, Table 6.3). Scenario 2 also included the quadratic term for N content to reflect the 

polynomial relationship with LWG. The NVCs used in each scenario are listed in Table 6.5. 
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Table 6.5 List of nutritive value components (NVCs) to be included used in the maximal 

model for multiple regression for three Scenarios of index construction 

Scenario 1 Scenario 2 Scenario 3 

Use maximum NVCs Correlated with LWG Correlated with L WG 

(r> 0.35) (Pr < 0.10) 

DML6 DML6 DML6 

N N Intake rate 

NDMD N2 

WSC Intake Rate 

LeafFTB Preference 

Intake rate 

Bite rate 

Preference 

6.3 Results 

6.3.1 Scenario 1. 

The final model fitted contained preference, WSC, N content and leaf FTB (Table 6.6). The 

analysis accounted for four degrees of freedom (one for each NVC) leaving a t-distribution on 

7 d.f. Three of the four NVC coefficients had significant t values (P < 0.05; Table 6.6). 

However, removal of preference from the model reduced the overall significance so it was 

retained in the final model. ANOV A revealed that the NVCs accounted for 72% of the 

variation in LWG. The model had an F ratio of 4.51 which was significant (P < 0.05). 
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Table 6.6. Coefficients, standard errors (s.e.), t-values and significance (t Pr.) of estimates of 

coefficients for each NVC in Scenario 1. 

Coefficient s.e. t value tPr. 

Intercept -415 146 -2.84 0.025 

Preference 0.57 0.31 1.86 0.106 

N 7.75 2.36 3.29 0.013 

WSC 0.87 0.28 3.12 0.017 

FTB 36.1 11.9 3.03 0.019 

6.3.2 Scenario 2. 

This multiple regression included parameters which were moderately correlated (r > 0.35) 

with LWG from Table 6.5. Again, preference did not have a significant t probability (Table 

6.7), but subsequent removal from the model reduced the significance of the ANOVA 

containing only Nand N2
. The model containing preference, Nand N2 was significant (P < 

0.05). 

Table 6.7. Coefficients, standard errors (s.e.), t-values and significance (t Pr.) of estimates of 

coefficients for each NVC in Scenario 2. 

Coefficient s.e. t value t Pr. 

Intercept -1745 658 -2.65 0.029 

Preference 0.54 0.31 1.75 0.119 

N 135.4 49.5 2.74 0.026 

N2 -2.47 0.92 -2.68 0.028 

6.3.3 Scenario 3 

The third scenario contained only DML6 and intake rate, variables which had significant 

correlations with the L WG data (Table 6.3). The coefficients and t probabilities are presented 

in Table 6.8. Intake rate is significant at the 10% confidence level. However, the overall 

model containing both components was not significant. 
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Table 6.8 Coefficients, standard errors (s.e.), t-values and signi.ficance (t Pr.) of estimates of 

coefficients for each NYC in Scenario 3 

Intercept 

Intake rate 

DML6 

Coefficient 

0.4 

5.90 

0.156 

s.e. 

60.1 

3.21 

0.117 

t value 

0.01 

1.84 

1.33 

t Pr. 

0.995 

0.099 

0.216 

To continue this illustration of index development and use, the following section provides a 

hypothetical situation where the variance and covariance of those NY components identified 

in Scenario 1 are used to determine the benefits from index selection. 

6.3.4 Genetic advance in response to index selection 

Assuming selection for NY is based on the same varieties used to derive the index, the likely 

response to index selection for L WG was estimated from the parent population using the 

following equation: 

[Equation 2: Falconer, 1989] 

Where: R is the predicted response, z is the height of the ordinate at the point of truncation, p 

is the proportion of the population selected, b is the coefficient of the J(h NYC, (Jp is the 

phenotypic variance of the J(h NYC and covpp' is the phenotypic covariance of the kth NYC 

with each other NYC. Response to selection is the selection differential (zip or i) multiplied by 

the index variance (crr). The index coefficients (b) of the four components of the model for 

Scenario 1 were then used to determine the index variance from the variance and covariance 

of each trait as shown in Table 6.9. 
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Table 6.9. The variance-covariance matrix table for index parameters: Preference (Pref, % 

DM consumed), force to break leaf (FTB, N/mg DM), water soluble carbohydrates (WSC, 

g/kg DM), and nitrogen content (N, g/kg DM). 

Pref FTB WSC N Coefficient 

Coefficient bpREF bFTB bwsc bN 0'1 
2 

Preference O'PREF O'PREF+FTB O'PREF+WSC O'PREF+N bpREF 

FTB O'FTB O'FTB+WSC O'FTB+N bFTB 

WSC O'wsc O'WSC+N bwsc 

N O'N bN 

The variance estimates for preference, FTB, WSC, and N of 10 varieties from Experiments 2, 

3 and 4 (described in Chapter 5) were calculated. The variance components for mean plot data 

of the 3 experiments were determined using the REML procedure of Genstat 5 v. 4.1. The 

random model containing: variety effect (ykcrg
2

); experiment (ycre
2

) and experiment by plot 

interactions (crw 2) were used to determine the error variance (Table 6.10). 

Table 6.10. Model of analysis of variance and expectations of mean squares 

Source of variation 

Variety 

Residual 

Error variance 

Expected mean squares 

2 2 k 2 cre + ycre + Y crg 

2 2 crw + ycre 

2 crw 

The genotypic covariance for any combination of index characteristics was determined by: 

( 
2 2 2, 

crg cov(AB) = QAB~....l 
2 

Phenotypic variance was determined from the sum of the error variance and the genotypic 

variance for the ith characteristic: 
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The phenotypic covariances were obtained in a similar manner as genotypic covariance. The 

index variance was then calculated by multiplying the b vector with the phenotypic variance-

covariance matrix (See below). 

Preference FTB 

Preference 315 -2.04 

FTB -2.0 0.78 

WSC 235 -16.09 

N 8.1 -0.17 

(371.51 11.73 

The resulting index variance was: 

cr? = 750 

-J750 = 27.4 

WSC N b 

235 8.07 0.569 

-16 -0.17 36.1 

628 -14.0 0.867 

-14 3.87 7.75 

-11.42 16.17) 

The selection differential for 10% selection pressure is 1.75 (Falconer, 1989) and can be 

entered into Equation 2 with the index variance to give a genetic response is: 

1.75 x 27.4 = 48 g/d 

Assuming a mean LWG for this population is 132 g/d (Table 6.2), an increase of 48 g/d gives 

an estimated improvement of 36% from NV index selection per cycle of selection. 

6.4 Discussion 

Implications 

Collated data for NVCs and lamb LWG were used in a MLR to construct a multi-trait index. 

A weighted index provides ryegrass breeders with the opportunity to identify genotypes with 

superior NV earlier in the breeding program. Although there were limitations with the 

original database there are also positive aspects with the outcome which will be discussed, 

both here and Chapter 7. More than one index has been presented in this chapter, as there 
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were several options for selecting parameters in any model which arose from taking both a 

mathematical and biological standpoint (Table 6.4). Although the ANOVA for the resulting 

regressions were significant (P < 0.05) for two of the three scenarios, the final models were 

not the same, i.e. they contained different parameters. 

As mentioned, the index containing preference, WSC, Nand FTB was significant (P < 0.05) 

and, at first glance, these four NVCs seem a logical combination of explanatory variables for 

predicting L WG. However, some of the relationships between L WG and the explanatory 

variables defy the literature. For example, the contribution of leaf FTB to predicted LWG. 

Separately there was no relationship between LWG and FTB (Table 6.3), so it is surprising 

that FTB was included in the final index at all, let alone with such a large positive coefficient. 

It is not logical to suggest that ryegrass breeders should select for increased leaf 'toughness' 

based on the evidence that if any effect of FTB on animal performance exists it is it is likely to 

be negative (see Section 2.2). A problem with using a small sample in MLR is that any 

excessively high negative or positive value of the correlation coefficient may simply be the 

result of an extreme pair of (X,Y) values (Edwards, 1984). Edwards (1984) also pointed out 

that correlation coefficients obtained by combining the explanatory variables into a single 

sample - as with multiple regression - may have different correlation coefficients when 

examined separately. 

Effective selection decisions are based on an understanding of interrelationships between 

desirable plant components. If measurement of one index component can account for another 

then the workload associated with the index would lessen appreciably, making it more 

appealing to the user. Much of this section addresses mathematical relationships in the 

computation of the index with little thought to whether these relationships are realistic in a 

biological sense. An examination of the correlations between adjusted means of NVCs reveal 

WSC is not strongly related to either N (r = -0.07) or preference (r = 0.36). However, 

according to a number of other sources, relationships between these components do exist. For 

instance, WSC and preference are believed to be positively related (Ciavarella et al. 2000b; 

Mayland et al. 2000). Similarly, Nand WSC are believed to be negatively related 

(Humphreys, 1989b; Valentine and Charles, 1979). Given that there were only a small 
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number of observations in the current study and that these had been adjusted over a number of 

environments would imply that interrelations derived may not be very robust. 

However, one could also argue that an index created from data obtained from a single source 

instils just as little confidence as one constructed from data of disparate sources as in this case. 

In a two year investigation Thomson and Rogers (1971) observed interrelationships of quality 

components (digestible fibre, crude protein, soluble carbohydrate etc ... ), so that one may be 

predicted from measures of others. From the large number of inconsistent correlations 

between several of the components, they concluded that there was not enough information on 

which to confidently plan a breeding program. These conclusions supported Wright (1921) 

who showed that while two variables may be completely determined by the same factors, 

those factors can be uncorrelated with each other. For example, Humphreys (1989b) found 

that WSC was consistently and positively related with digestibility and negatively related with 

N even though the relationship between Nand DMD was inconsistent. In this case the 

correlation between Nand DMD might have been greater indirectly through WSC as a result 

of additive build-up between these components (Thomson and Rogers 1971). If such a 

relationship exists between N, WSC and DMD it seems reasonable to suggest that a similar 

situation might occur between other NVCs and LWG. In the present study it appears that 

L WG had a quadratic relationship with N but linear with WSC. This infers that there would 

be a symbiotic effect on the index of increasing both Nand WSC at low levels of each, but a 

competitive effect at high levels of WSC and N. It may be more appropriate to use path 

analysis to determine how these interrelationships work, although such an analysis was 

beyond the scope of this research. 

Index feasibility 

Although the index was significant and showed an estimated improvement of 36% in animal 

performance, if the breeder is to have confidence in using this index there are several 

assumptions to which index construction should adhere: 

1. There should be no genotype x environment interactions 

2. The data should provide accurate estimates of variance and covariance components 

3. Selection for the next generation would be based on the same population 
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The following section will discuss the construction of the index and evaluate whether the NV 

index is reliable enough to merit its use in a pasture breeding program. This discussion is 

mainly concerned with whether the listed assumptions are reasonable from a mathematical 

perspective. Subsequent discussion (Chapter 7) will evaluate the biological implications of 

the NV index for improvement of animal performance. 

Genotype x environment interactions 

Ideally the NV index would have been derived from animal grazing trials where both NV and 

animal performance data had been collected from the same trial and from a large number of 

varieties. In the present study the desire to carry out extensive animal performance trials as 

well as develop suitable screening techniques for NV was not feasible. Consequently, animal 

data was obtained from published experiments carried out over a wide range of environments 

and their means for L WG were adjusted. The concern with this approach was that interactions 

between environment and genotype would confound variety ranking. The implications being 

an index developed from one population sample would only be useful when selection of 

subsequent populations was to take place under the same environmental conditions. In which 

case, the NV index would be limited as progress is always measured in a new environment 

from that which the parent material was developed. On the other hand, Breese (1969) found 

that cocksfoot yield over several seasons was linear and that performance in one environment 

could be predicted from performance in another. Similarly, Casler and Vogel (1999) stated 

that genotypic response of grass quality components to the environment is consistent and that 

interactions with environment are relatively unimportant. Using this ruling, it is unlikely that 

environment x genotype effects influenced variety ranking during the construction of this 

index. 

A greater cause for concern when assessing the performance potential of ryegrass from 

different experiments is the impact of endophyte. The objective here was to develop an index 

which could be used to improve L WG independent of endophyte status. Apart from Nui, 

varieties in the present study either contained wild endophyte or novel endophyte (Tolosa and 

LPI63). Novel endophytes are becoming increasingly popular in ryegrass development as 
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they maintain the plant's resistance to insect attack without the ill effects on animals due to 

heat stress and ryegrass staggers to which losses in animal production are often accredited. 

Endophyte effects on animal health usually occur when animals are forced to graze into the 

base of plants or stern material where endophyte is prevalent. Consequently, all measures of 

grazing preference and NVCs in these studies were carried out on vegetative, leafy material. 

Further, any differences in L WG that may have been caused by endophyte were excluded 

from the analysis. 

Estimates of variance and covariance 

The calculated response to selection was an improvement in L WG of 36% from one cycle of 

selection, which seems very optimistic. Simulation models for index selection have predicted 

generation improvements in IVDMD of 7% for switchgrass (Godshalk et al. 1986). In low 

quality sub-tropical forage such as those, a 7% rise in IVDMD might give an animal 

performance response of 22% i.e. 3.2% animal gains from 1% IVDMD gains (Casler and 

Vogel, 1999). However, a much more conservative response to selection, based on the 

proposed index should be expected. The reason being that one of the limitations to index 

selection is obtaining precise estimates of the variances and covariances. According to Jensen 

(1988), sampling size variation from measures on different populations causes overestimates 

of expected gain. In this instance it is highly likely that imprecise estimates of variance and 

covariance has led to an overestimation of genetic gain as plot means were used in the 

estimate of covariance for a balanced data set. 

Selection of parent material 

Determination of genetic gain from index selection also assumes that the population used to 

derive the index will be the same as that from which subsequent selection will be made. 

Different populations have different estimates for variance and covariance suggesting that the 

index is only relevant to the population in this study. Although an estimate of response to 

selection was made from 10 varieties, simultaneous recombination of all lines is not feasible 

because of incompatibility between diploids and tetraploids. From a practical point of view 

there is also the issue of common ancestry where genetic truncation may occur between 

genetically similar lines. Given the limitations of the index which have already been 
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discussed it may be more appropriate to use this index simulation as a tool for selecting the 

best combination of parent material to generate the next cycle. For example recombination of 

diploid varieties Embassy, Tolosa and Meridian might provide a suitable base on which to 

begin selection. Although the ryegrass breeder has to use practical sense in situations where 

heading dates are mismatched. 

Summary 

Lamb liveweight gain from disparate (6 trials) but linked, (at least one common variety in any 

pair of trials) data sets (12 varieties) were used for the dependent variable in a series of MLR 

incorporating NVCs measured in this work to construct a NV index. Although the resulting 

index was significant, and contained individual terms which were significant and which had 

been identified by sequential elimination of non-significant terms, it is unlikely that this model 

represents a very realistic index ofNV. The main reasons for this are: 

1. the sample size was extremely limited (restricted to 12 observations) 

2. the explanatory and independent data were obtained from different sources 

3. the index was sensitive to small changes in either data values 

4. coefficients for explanatory variables do not reflect relationships with animal performance 

described in the literature 
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CHAPTER 7 

General discussion 

The lack of objective improvement in pasture nutritive value (NV) has been a concern to 

farmers and rye grass breeders for a number of years. Although the major limitations of 

pasture as a nutrient supply for livestock have been outlined in a number of key papers (Stone, 

1994; Poppi et al. 1997; Smith et al. 1997) the response from the ryegrass breeding sector has 

not been obvious. One problem for ryegrass breeders is that many of the NVCs proposed in 

ruminant nutrition reviews require extensive laboratory or animal assessments to quantify 

them. At the stage of the breeding program where sufficient plant material is available to 

make these assessments, much of the genetic variability in NV may have been lost in the 

rigorous culling process of early generation selection on only agronomic characteristics. 

The aim of this research was to develop methods for assisting ryegrass breeders to select 

genotypes with superior NV. Several measurement techniques were developed followed by 

testing a range of commercial varieties for components of NV using current and proposed 

techniques and significant differences in varieties were detected. To identify appropriate 

combinations ofNVCs, MLR was used to construct possible indices for ranking genotypes for 

NV (Chapter 6). Two of the three resulting NV indices were significant (P < 0.05), however, 

based on the data from which they were derived it was concluded that the indices constructed 

were not very robust. However, although this work has been unable to incorporate the 

acquired data into a reliable index there is still potential for integrating the information from 

this study into a successful ryegrass breeding program for improvement ofNV. The following 

discussion will consider the principles and practices with which NVCs could be used in a 

selection program under the following headings: 

~ Principles: Selection ofNVCs 

• Resistance to ingestion 

• Resistance to rumen degradation 

• Inadequate supply of key nutrients 

~ Practices: Implementation ofNVCs in a ryegrass breeding program 

• Primary selectiort 
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• Secondary selection 

• Evaluation 

7.1 Principles of selection criteria for nutritive value 

In the literature review, physical breakdown of pastures was regarded as a major limiting 

factor from both a grazing (leaf FTB) and a degradation (DML6) perspective. These two 

factors are not considered to be mutually exclusive nor are they completely dependent, 

therefore measurements were developed which accounted for each. 

Resistance to ingestion 

In short-term grazing studies that included leaf shear or tensile strength measures, higher 

intake rate was observed on forages with lower leaf strength (MacKinnon et al. 1988; Wilman 

et al. 1996). Mackinnon et at. (1988) found that selection for low leaf strength increased the 

rate of intake of sheep by 17%. Often, when differences in intake rate could not be explained, 

high leaf strength was inferred as a possible cause for a reduction in intake rate (Kenney and 

Black 1984; Gong et al. 1996a; Woodward, 1998). In the present study, leaf FTB showed a 

negative correlation with intake rate (r = -0.67; Table 5.14.) and regression analysis showed 

45% of the variation in intake rate could be explained by leafFTB (Pr < 0.001; Figure 7.1). 

The implications of using varieties with lower FTB are in reducing the cost of grazing per unit 

of DM consumed. However, because the relationship depicted in Figure 7.1 show that at 

lower FTB, intake rates are high, and the cost of grazing per unit oftime is higher than on high 

FTB swards. For example we know that at a FTB of 3.5 N/mg DM the intake rate is 11.4 g 

DM/min which has a cost of 40 N/min. On the other hand, the force per minute to graze a leaf 

FTB of 4.5 N/mg DM is 30 N/min - an increase in the cost of grazing low FTB swards of 

33%. The same principle applies to handling time. Although this was not measured directly 

the relationship between FTB and bite rate was -0.51 (Table 5.14.). Therefore, it can be 

assumed that the handling costs per unit of DM are lower on low FTB but as the rate of biting 

increases the cost per minute handling are increased. The pay-off is that the energy contained 

in the additional dry matter consumed more than compensates for the cost associated with 

eating more of the low FTB grass. 
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Figure 7.1. The relationship between intake rate and leaf FTB (N/mg DM) of 12 perennial 

ryegrass varieties. (Data from 3 experiments, see Appendix Table A5 .5) 

Huge forces were required to break leaf tissue. In the present study, leaf FTB ranged from 3 

to 6 N/mg DM which is equivalent to 300-600 kg/g DM. From the results of Hughes et 

al. (1991), it seems that animals are easily capable of such forces and greater. The data of 

Hughes et al. (1991) was used to calculate bite force per unit of DM. A force of 7.3 N/mg 

DM was estimated which is nearly twice the average breaking force of vegetative leaves 

measured in this study. Wright and Vincent (1996) explained the differences between the 

breaking force of leaves as measured by a 'stiff-test' machine such as the ASM, and the force 

applied by the animal. Generally the muscles and tendons of animals can store strain energy 

and thus the force applied to pasture has more energy associated with it compared to a 'stiff 

test machine'. It may be this feature which explains why pseudostem is often avoided even 

though it appears that the FTB of pseudostem is less than that of leaf (Table 4.4). The inertia 

of ripping or tearing a mouthful of leaves in rapid succession may require less strain energy 

than the simultaneous ripping/tearing required by pseudostem. This concept may need further 

testing before drawing conclusions about the negative influence of pseudostem on bite depth 

due to increased 'toughness' compared to leaf. 
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Wright and Vincent (1996) attribute the propagation of cracks in ryegrass tissue by grazing 

animals to shearing, tension and torsion forces. The ASM appears to encompass these forces 

by using both shearing and tearing action. Easton (1989) used a Wamer-Bratzler shear 

strength machine that also applies tear and shear, but at a single point. However, the ASM has 

the advantage of providing the sum of up to 10 measures of force along the leaf. As well as 

this, the ASM has all the ryegrass screening benefits of the Wamer-Bratzler in that it requires 

only a small sample size « 4 g FM), and is able to detect (significant) differences in leaf 

strength of 12%. Further it can be used on stem as well as leaf. 

Selecting against leaf or pseudostem FTB based on "stiff-test" measurements appears to be a 

worthwhile focus, particularly given that higher intake rate has been associated with lower 

FTB. The biological advantages of reduced leaf FTB have been discussed. As a measuring 

technique, the benefits of the ASM have been outlined in Chapter 3, from a breeding 

perspective the variation in leaf FTB in a small, unselected, population is approximately 36% 

(Chapter 5). Moreover, recurrent selection for a measurement similar to FTB (leaf shear 

strength) has reported leaf strength to be a heritable characteristic (Easton 1989). 

Resistance to degradation 

The basis for using a measure of degradation rate as a NV indicator arose from studies 

showing differences in ruminant performance when offered forages of similar levels of 

digestibility (Ulyatt, 1971; Walters 1971). Differences in degradation rate of forages have 

been shown to be greater than differences in digestibility (Ulyatt 1971; Burke et at. 2000). 

Although it is recognised that digestibility and voluntary intake are correlated (Hodgson, 

1968), evidence suggests that this relationship is not unfailing (Walters, 1971). In the present 

study significant differences (P < 0.01) were found between 6 perennial ryegrass varieties in 

the rate of degradation (h- I
) using the sequential in vitro method on freeze-dried material 

(Chapter 3, Table 3.7). To use varieties 2V and 5V from Table 3.7 as an example, the 

practical aspect of an increase in degradation rate can be demonstrated. The estimated 

degradation rate (h- I
) of 2V and 5V are 0.10 and 0.15 respectively. Assuming the soluble 
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component and potential degradability are similar (0.3 and 0.8 respectively) then the 

difference in time to 50% degradability is 1 h (2.9 h for 0.1 Olh vs 1.9 h for 0.1481h. which was 

calculated by refitting the degradation equation to: logn((0.5 - soluble - potential)/

potential)/-rate). If this is an accurate assumption then the potential to increase total daily 

intake through an increase in either the duration or frequency of grazing would make DML6 

(as an indicator of degradation rate) a worthy selection criteria. 

The DML6 method was designed to reflect resistance of plant tissue to breakdown in the 

rumen while saving the user the cost of carrying out measurements requiring inoculum. 

Development of an in vitro method for degradation rate which met ryegrass-breeding criteria 

was a fairly arduous process. The end result was the DML6 method that used freeze-dried and 

ground samples and is technically similar to the two stage enzymatic digestibility technique of 

McLeod and Minson (1978). The added advantage is that results could be attained within 36 h 

rather than one week. Besides the obvious time and cost saving benefits, the DML6 method 

could be applied in any standard feed laboratory because it uses the same equipment as the 

digestibility technique. 

During the method development process for leaf FTB and DML6, the intent had been to 

establish a leaf FTB method that in a single step not only measured force but provided the user 

with fresh uniformly chopped samples for DML6 measurements. The ASM does not provide 

sufficient amounts of chopped material for DML6 measurements. Preliminary attempts to 

measure ryegrass breaking force using domestic appliances to 'mince' plant material and 

measuring energy output were not sensitive enough to detect differences between ryegrass 

varieties. When fresh samples were used in the sequential in vitro method, the correlations 

with in sacco results were not as high as for the freeze-dried material (Chapter 3, Table 3.3). 

There are still opportunities to develop a DML6 type of approach using fresh material if 

samples can be prepared uniformly with sufficient surface area exposed for enzyme 

hydrolysis. However, as fresh material is used in the ASM to measure leaf FTB that may, to 

some extent, compensate for in vitro DML6 measures on dry samples provided the two 

methods are used in conjunction with each other. Waghom et al. (1989) noted the importance 

of chewing during eating on particle size reduction and the subsequent influence on rumen 
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clearance. The poor correlation between FTB and DML6 (Table 5.14.) indicate the different 

actions of these two measurements. Primarily, DML6 is a measure of the solubility of cell 

wall material once tissue has been disrupted (Jones and Hayward, 1975) - as with chewing 

and rumination or in this case grinding - but fails to provide an indication of how easily the 

tissue is disrupted. Thus, the use of DML6 alone as a selection criteria may not be sufficient 

to improve the rate of degradation based on the principle that rate of physical degradation is 

also a limitation to rumen clearance. 

In a practical sense, both the responses of DML6 to selection and subsequent' effect on animal 

performance is uncertain. Multiple linear regression carried out in Chapter 6 included DML6 

as a starting parameter in all three backwards step-wise regressions and in none of the final 

indices did DML6 appear as a significant term. However, on its own DML6 was significantly 

(P < 0.05) and linearly correlated with L WG data. Replacing in sacco degradation rate with in 

vitro DML6 measurements in a ryegrass-breeding program has a number of monetary benefits, 

although it is suggested that further modification of the technique is carried out to improve 

correlations with biological techniques. It is likely that freeze-drying and grinding disguised 

varietal differences in tissue break-down, so while the DML6 technique should be retained as 

part of a selection criteria it should probably be modified to use fresh material. Results from 

Chapter 3 (Table 3.6) showed that correlations with the in sacco method existed, but the 

logistics of preparing and storing fresh samples limited further development of this method. 

However, DML6 is expected to respond to selection just as NDMD has responded to 

selection (Casler and Vogel, 1999; Wilkins, 1991). In this study there was evidence ofa 12% 

variation for the DML6 characteristic (P < 0.05) from a population of 10 varieties (Chapter 5) 

which was greater than the variation in IVDMD for the same population. This suggests that 

greater improvements in ryegrass NV could arise from selection of DML6 rather than 

IVDMD. 

Supply of nutrients 

Another question in this study was whether it was possible to select for improved balance and 

supply of energy and N. In an attempt to create a measurement that took into consideration 

the ratio ofN to energy, DN:DNNOM was devised. In the MLR analyses, it was the N fraction 
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that exhibited the strongest relationship with animal performance. Both N content and 

DN:DNNOM depicted a quadratic relationship with lamb LWG. The results from the present 

study revealed an optimal N content of 27 glkg DM or 32 g DNlkg DNNOM. A number of 

authors have theorised that there is an optimal ratio of N relative to digestible OM (Paquay et 

al. 1973; Beever et al. 1986a; Czerkawski, 1986; Poppi and McLennan, 1995). Poppi and 

McLennan, (1995) found that losses of N were most likely to occur when N content of 

temperate pastures exceeded 33.6 g N/kg DOM. Their recommendation is similar to the 

optimal DN:DNNOM ratio reported in this study. Assuming a degradability of 0.90 for N, 

recalculating Poppi and McLennans ratio would convert it to 30.2 g DNlkg DOM. 

There are implications for allowing pastures to reach excessively high ratios of DN:DNNOM 

as found in Nui (35 g/kg). For example on a diet ofNui ryegrass a growing lamb consuming 

700 g DOM/day would need to excrete 3.5 g N each day. The energy cost to remove 1 g ofN 

via urea is thought to be 0.23 MJ ME (McDonald et al. 1981). Thus, the energy cost in this 

example would be 0.8 MJ ME which is the equivalent of around 33 g L WG/d (Sykes and 

Nicol, 1983). This is a crude example, as it does not account for N recycling or the evidence 

that there is an optimal range rather than an optimal value. However, it is not uncommon for 

pastures to contain N contents well above the recommended range (Poppi and McLennan, 

1995) and this is particularly so after an N fertiliser application in the spring. 

However, the optimal balance ofN to energy in absorbed nutrients is not constant for all levels 

of production and livestock enterprises. Lactation and lean tissue growth have a high N 

requirement for protein synthesis compared with maintenance requirements. This is 

demonstrated by the results ofPaquay et al. (1973) who noted that cows had higher DN:DOM 

requirements in early lactation (31 g DN/kg DOM) when milk production was highest, 

compared with late lactation (24 g DN/DOM). In Chapter 5, it was argued that varieties 

would have a similar relative ranking for N utilisation under a range of environments. Given 

that total N content varies depending on N fertiliser supplementation (Valentine and Charles, 

1979) it may be prudent for ryegrass breeders to select for lower N content under the 

assumption that this gives farmers the opportunity to manage N concentration themselves 

through application or omission of fertilisers. Further, grasses grown in association with 
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clover are likely to reqUIre even lower DN:DNNOM as clover has a high ratio of 

DN:DNNOM (Beever, et al. 1986a). However, recommendations such as this are made with a 

cautionary note that it is not always possible to predict how a plant will behave in terms of its 

growth strategy when both controlled (farm management) and uncontrolled (climate) 

conditions are in play. 

A number of studies have shown a negative relationship between N content in grasses and 

water soluble carbohydrate content (Radojevic et ai. 1994; Bahrani et ai. 1983; Valentine and 

Charles, 1979). However, these authors, and others have argued that a only a small part of the 

variation in WSC content can be explained by changes in N and that the two components are 

not as dependant as previously thought (Smith et al. 1997; Radojevic et ai. 1994; Valentine 

and Charles, 1979). Smith et ai. 1997 found that high WSC varieties of perennial ryegrass 

usually contained higher crude protein content suggesting that selection for increased WSC 

and N may be possible in a ryegrass breeding program. The advantages of increasing WSC 

were discussed in Chapter 2 and in Chapter 6, WSC appeared to have a significant effect on 

lamb LWG (Table 6.6). Briefly, the benefits of increased WSC content included improvement 

of efficiency of protein utilisation for MPS, higher preference and increased propionate in the 

VF A profile. In a study on digesta flow of grazing ewes in spring and autumn, Dove and 

Milne, (1994) found that rumen fractional degradation rate and propionate concentration were 

significantly correlated. Therefore, selection for high WSC may also have a synergistic effect 

on degradation rate through its influence on the VF A profile. 

In terms of response to selection Humphreys (1989a) has stated that the WSC characteristic is 

under genetic control, however, the variation in WSC in the present study was generally not 

great (Table 5.7.). The implications of using WSC in a ryegrass breeding program will be 

discussed in the following section. 

7.2 Implementation of selection techniques for improving NV 

Selection pressure is applied during three phases of the breeding program: primary selection, 

secondary selection and selection from animal performance trials. A major difference 

between these phases is the range of the germplasm and the quantity of plant material on 
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which to base selection pressure. The concept of the NV index was to allow for ranking 

varieties for expected perfonnance during secondary selection (hundreds of genotypes) as 

opposed to primary selection (thousands of genotypes) or animal perfonnance testing (tens of 

genotypes). However, results in Chapter 4 also give confidence in a ryegrass breeding 

approach which adopts a selection strategy which places some nutritive criteria on visual 

screening during primary selection. 

Primary selection 

The original precept of this research was to develop an index that used methods that would 

quantitatively differentiate between plants. During the culling process of primary selection 

measures ofleafFTB, DML6, WSC and N content would find limited application amongst the 

thousands of plants simply because of the number of decisions that have to be made. 

Consequently, the influence of plant morphology on NV was investigated to ascertain whether 

visual cues could be used to predict NV (Chapter 4). Mason (1938, cited in Manning, 1956) 

pointed out that yield increases of 25% in cotton were made by primary selections. 

Correlation analysis suggested NV of vegetative plants might be improved by visual selection 

for large tillers with wide leaves that are short to intennediate in length. In addition, tiller 

numbers should be relatively abundant (without reaching densities so great as to restrict 

intake) and have an erect growth habit (greater height) to support high intake rates. This 

implies that high NV tillers need not necessarily be selected for high leaf to stem ratio, a 

characteristic that is generally considered desirable (Hacker, 1982). Rather leaf to stem ratio 

only gains importance during selection of plants that have commenced reproductive 

development. 

In the present study (Table 4.6) there were negative relationships between tiller N content and 

tiller mass (r = -0.79), tiller number (r = -0.63) and stem length (r = -0.55). A negative 

relationship between yield components of perennial rye grass varieties and N concentration has 

been reported for swards with a low soil N status (Valentine and Charles, 1979). When the 

same varieties were grown with increasing N supplementation the negative relationship 

between N and yield disappeared. This negative effect of yield on N content reintroduces the 
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issue referred to earlier regarding use of N fertilisers to control NV. From a morphological 

perspective selection for increased height and density of plants in a low soil N environment 

might improve the on-farm flexibility of such varieties in terms of yield and N balance. 

Further, a negative correlation (r = -0.79) between tiller mass (desirable characteristic) and N 

content (undesirable characteristic?) suggests that the two morphological characteristics are 

not antagonistic. 

Selection for NV based on morphological assessments makes it possible for the ryegrass 

breeder to make informed decisions during primary selection. This ensures that the genetic 

material available for later index measurements optimises the improvement in NVC. 

However, the desirable morphology for NV during vegetative growth did not apply during 

reproductive growth. Stage of maturity was found to have an even greater impact on NV than 

variety effects at any stage of maturity (Chapter 4). Varietal differences in the ratio of 

vegetative and reproductive tillers in the sward were observed in Figure 4.5 and from this it 

was suggested that large gains in NV could be made by selecting for low flowering intensity 

grasses. So there are two scenarios for improving NV through time, the first is to improve NV 

of individual tillers at any age by selecting for appropriate visual cues (as revealed in Table 

4.5), and second to reduce the numbers of low NV tillers at times when they are most 

prevalent. 

Secondary selection 

Quantitative measurement of the NVCs suggested as a result of this research is more likely to 

occur once each new line has been cloned or sown from seed in the F2 generation. At this 

stage in the selection process any of the measurements suggested in previous chapters could be 

used, although preference testing is not likely until sufficient seed is available for trial plots. 

Because a number of measurements have been suggested for predicting NV of ryegrass it 

would not be economical to perform wet-chemistry or mechanical (ASM) type measures on a 

large number of samples. However, NIRS calibrations are available for the more common 

measures of NV such as WSC, Nand IVDMD and it would be worthwhile to incorporate this 

technology into a breeding program. Some of the advantages of NIRS have been outlined in 
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Chapter 2 (Section 2.4.2). Calibration data sets do not exist for some NVCs such as FTB and 

DML6 so NIRS is currently not an option. Keeping the number of labour intensive measures 

to a minimum would be a certain objective of rye grass breeders particularly when the response 

to selection - of some NVCs - and subsequent impact on animal perfonnance is largely 

unknown. 

Evaluation 

The NV index developed in this study (Scenario 1) is estimated to result in a 36% (48 g/d 

L WG) improvement in lamb growth. As mentioned earlier, the index was from independent 

and dependent variables derived from a number of sources. The tenuous nature of the data 

and the fact that observations on only 12 varieties were used in the multiple linear regression 

made derivation of an index a high risk. ill spite of variety links between experiments, the 

results would have been expected to be more reliable if all measures had come from the same 

source and if the number of samples far exceeded the number of NVCs. It is pointed also out 

here that although some of the components in the index, individually had a significant effect 

on LWG, it is unlikely that the value of the coefficients would be very stable given a different 

data set. 

It is important to acknowledge that animal perfonnance in any given situation, is controlled by 

a number of different factors. Had the data come from the same source it is likely that the 

index would have been based upon only 3-4 varieties in a single season, which is not 

necessarily reliable either. Index selection has shown success for protein yield of beans 

(Sullivan and Bliss, 1983) and grain yield of com (Kauffmann and Dudley, 1979) that showed 

increases in production of 12% after 2 generations and 38% in cotton yield after 6 generations 

of selection (Manning, 1956) through this method of selection. A high response (25%) to 

selection from cross pollinating grass species compared to self pollinated species such as 

beans and com is not unexpected. In self-pollinated species, selection amongst inbred families 

is inevitable, and genetic progress is slower as a result of selection from a smaller gene pool. 

The limitations to index selection outlined by St Martin et al. (1982) apply to the index 

development and application for the current study. These include: 1) the problem of obtaining 
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precise estimates of variances and covariances, 2) the possibility of changes in the parameters 

with selection and 3) the difficulty of specifying the relative importance of the traits. The 

cause for shifts in genetic variation of specific traits between years were listed by (Kauffinann 

and Dudley, 1979) as resulting either from chance, from genotype by environment interactions 

or from the effects of selection. Estimates of index variance in the present study is likely to be 

biased due to hidden error associated with data that has been pooled across plots and 

experiments. 

The results of this research were not to suggest that index selection be used to replace animal 

performance trials at the end of a crossing program. On the contrary, validation of selection 

criteria through direct measures of the characteristic, which is being improved, is essential. 

Rather indices could be used as retrospective methods of evaluating what combinations of 

characters influenced previous performance and use this information as a guide for future 

selection work. Although index selection is reported to be more efficient than other methods 

of multi-trait selection such as tandem selection, its relative efficiency relative to tandem 

selection declines after repeated cycles of selection (Villanueva and Kennedy, 1993). 

However, these authors compared selection methods for only two traits. The greater the 

numbers of NVCs to select for the greater the difficulty to improve them simultaneously. 

Genetic improvement could be slowed appreciably as a result of reducing the selection 

pressure to encompass a large number of desirable characteristics. Improvement of perennial 

ryegrass populations usually occurs by pair crossing followed by recurrent selection using the 

polycross method to recombine favourable genes (Wilkins 1991). Consequently it may be 

better to use an index to select the best material to breed from rather than the best material to 

market. Because the performance of the animal will always be dictated by whether the 

requirements for the first limiting NVCs have been met the weighting's of coefficients, or the 

NVCs themselves, might alter. Thus, if an index selection system is in place, then once a 

number of lines from those parents have reached trial stage to then use the animal performance 

results to validate the index. 

During recurrent selection it may be more appropriate to use tandem selection to make 

directional selection on one or two traits at a time followed by recombination in polycrossing. 
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This approach may avoid truncating genetic variation, a problem associated with correlated 

characters (Villanueva and Kennedy, 1990; Lande and Arnold, 1993). This approach may also 

be beneficial when considering the genetic control under which each NVC is governed must 

also be considered. Humphreys (1989a) noted that WSC was not governed by additive gene 

effects and recommended that improvement of WSC was more likely to occur through 

crossing contrasting cultivars rather than within-cultivar selection. 

Conclusion 

• Gains in pasture NV are expected to arise by enhancing three major pasture limitations: 

• Resistance to ingestion 

• Slow rate of rumen degradation 

• Imbalanced supply ofN and energy 

• Techniques were developed which are expected to provide quantitative indicators of each 

these components and are useful plant-screening methods in that they can be used on a 

large number of small samples. These techniques include: 

• Leaf FTB to indicate resistance to ingestion, handling time and digestion 

• DML6 indicates rate of rumen degradation, rumen emptying, grazing frequency and 

intake 

• DN:DNNOM indicates the total ratio of N and energy available to rumen microbes, 

efficiency of microbial protein synthesis, protein to energy ratio in absorbed nutrients 

• Using these techniques, and other existing techniques relevant to NV, the NV composition 

of 13 ryegrass varieties has been quantified and significant (P < 0.05) variation for NVCs 

in this population was identified 

• Significant correlations between some grass morphological attributes and NV components 

were found, providing the opportunity to make NV decisions on plants from very early in 

the selection program 

• The process of regressing quantitative NV data against previous lamb L WG trials was 

carried out to ascertain whether a multi-trait NV index of observable characteristics could 

be used to rank potential lines for NV. The findings of this showed that the data set was 
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too small to provide a reliable index but the possibility of using a similar NV to identify 

suitable parent material has been suggested 

• Progeny testing at the end of selection should be carried out to maintain confidence in 

NVC's from which lines are continually being selected 
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Figure A3 .1. Nitrogen disappearance (%) curves of perennial ryegrass harvested at three 

stages of growth using different preparation techniques (FD = freeze drying and grinding; 

FC = fresh chopping) and incubated in sacco or in vitro using pepsin and cellulase or 

cellulase alone. (Curves contain data for six ryegrass varieties). 
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Figure A3.2 Detennination of correction factor for sample digestibility (g/kg DM) between 

runs 1 and 2 during repeatability testing of the sequential in vitro DM loss method. Data 

points represent digestibility (g/kg DM) of herbage control samples after incubation for 6, 

24 and 96 h. 
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Table A4.1. SAS commands for canonical variate procedures 

options Is=78; 
options ps=66; 
title 'first try'; 
data ch4; 
infile 'a:\ch4.dat'; 
input N NDF WSC IVDMD DML6 Ifno Iflen Ifwid Ifarea Ifden stmlen tlrwt tlrden mass height density Ifstr 
stmstr stage variety rep; 
run; 
proc candisc data=ch4 out=ch4out anova distance; 
class variety /*stage*/; 
var N NDF WSC IVDMD DML6 Ifno Iflen Ifwid Ifarea Ifden stmlen tlrwt tlrden mass height density Ifstr 
stmstr; 
run; 

proc plot data=ch4out; 
plot can2*can1 =variety /*stage*// href=O vref=O; 
run; 
goptions dev=win display colors=(black) norotate 
hsize=10 in vsize=7.5 in; 
axis1 label=(h=1 f=complex a=O "Can. Variate 1") minor=(n=3); 
axis2 label=(h=1 f=complex a=90 "Can. Variate 2") minor=(n=3); 
footnote1 "; 
symbol1 i=none v=square h=2 pct; 
symbol2 i=none v=circle h=2 pct; 
symbol3 i=none v=triangle h=2 pct; 
title h=1 j=c 'X Variables'; 
proc gplot data=ch4out; 
title2 h=1 j=c 'Canonical Scores'; 
plot can2*can1 =variety /*stage*/ / haxis=axis1 vaxis=axis2 href=O vref=O; 
run; 
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Table A4.2. Influence perennial ryegrass variety on chemical composition: in vitro DM digestibility (IVDMD; glkg DM); nitrogen (N; g kg 

DM); neutral detergent fibre (NDF; gikg DM); water soluble carbohydrates (WSC glkg DM), and tiller morphology: leaf number (leaves/tiller); 

leaf to stem ratio (g/g DM); tiller weight (g DM); leaf length (mm); leaf width (mm) and stem length (mm), at five (I to V) stages of growth. 

IVDMD N NDF WSC I leaf no 1eaf:stem Tiller weight Leaf length Leaf width Stem length 
Stage I tillers 

Aries 850 3.39a 474b 12.1c 3.27 0.07 96ab 2.80b 

Bronsyn 858 3.05b 469bc 12.0c 3.40 * 86bc 2.35c 

Impact 837 2.88b 493a 15.6a 4.56 0.04 84bc 2.25a 

Meridian 852 2.45c 466c 15.7a 3.00 0.05 83bc 2.48bc 

Nevis 840 2.86b 426e 12.3c 2.00 0.17 103a 3.40a 

Yats n 1 851 2.85b 448d 14.7b 3.67 0.08 73c 2.60bc 

Mean 848 2.91 462 13.7 3.32 0.08 88 2.65 
SEM 17.04 0.0636** 1.814** 0.1061** N/A N/A 6.15** 0.158** 

Stage II tillers 
Aries 851a 2.23a 445b 20.1b 3.5 1.78 0.20 85c 2.86d 61b 

Bronsyn 827b 2.12b 456a 17.9bc 3.2 1.93 0.21 88bc 3.15c 57b 

Impact 833b 1.73d 454a 25.6ab 3.5 1.20 0.40 120a 2.75d 96a 

Meridian 859a 2.16b 403d 23.5abc 3.6 1.11 0.43 91 bc 3.47bc 89a 

Nevis 857a 1.94c 410c 28.9a 3.3 1.48 0.50 92bc 3.95a 61b 

Yats n 1 866a 2.22a 453a 22.4abc 3.5 1.82 0.31 107ab 3.61 ab 63b 

Mean 849 2.07 437 23.0 3.4 1.55 0.34 97 3.30 71 
SEM 6.28* 0.0158** 2.16** 0.2072** 0.2 N/A N/A 7.3** 0.154** 6.7** 



Table A4.2. Continued. 
IVDMD N NDF WSC I Leaf no. Leaf: stem Tiller weight Leaf length Leaf width Stem length 

Stage III tillers 
Aries 793bc 1.47c 468bc 28.7b 3.9 0.58 1.11 126 3.73b 165 
Bronsyn 783c 1.52b 482a 25.2c 3.6 0.57 1.18 127 3.97b 200 
Impact 806b 1.28e 489a 29.3b 3.7 0.59 1.24 131 3.91b 178 
Meridian 796bc 1.69a 463c 28.7b 3.5 0.66 0.94 127 4.72a 144 
Nevis 805b 1.37d 439d 31.9a 3.6 0.62 1.86 156 5.27a 166 
Yats n 1 841a 1.49bc 457c 28.9b 4.1 0.60 1.33 119 4.03b 183 
Mean 804 1.47 466 28.8 3.7 0.60 1.28 131 4.27 172 
SEM 6.28** 0.014** 4.56** 0.321 ** 0.2 N/A N/A 10.0 0.2075** 12.9 

Stage IV tillers 
Aries 698c 1.01 b 525b 27.3d 3.0a 0.24 1.55 132 3.75b 316c 

Bronsyn 641d 0.97b 552a 26.2e 2.5b 0.23 1.89 158 4.02b 394ab 

Impact 714b 0.99b 545a 34.6a 2.9a 0.22 2.19 155 3.67b 420a 

Meridian 744a 1.17a 505c 25.ge 2.4b 0.25 2.14 150 4.61a 378ab 

Nevis 732a 1.18a 496c 31.1c 3.1 a 0.31 2.30 155 4.59a 329c 

Yats n 1 713b 0.85c 515b 32.8b 2.9a 0.21 2.29 131 4. 14ab 365a 

Mean 707 1.03 523 29.6 2.8 0.24 2.06 147 4.13 367 
SEM 4.11 ** 0.016** 3.47** 0.314** 0.13** N/A N/A 8.1 0.191 ** 20.6** 

Aries 574bc 1.01 628b 
Stage V tillers 

24.7a 1.0 0.06 2.38 145ab 3.15c 607 
Bronsyn 548c 0.79 657a 21.2d 1.3 0.06 2.66 134bc 3.14c 704 
Impact 608a 0.58 608c 25.3a 1.0 0.04 3.33 133bc 3.91b 633 
Meridian 602ab 0.83 49ge 22.9c 0.8 0.05 2.54 137bc 3.18c 633 
Nevis 555c 0.90 597d 21.6d 1.3 0.07 4.70 165a 5.40a 708 
Yats n 1 568c 0.78 607cd 24.1b 1.3 0.05 3.55 121c 3.83b 654 
Mean 576 0.82 599 23.3 1.2 0.06 2.52 140 3.15 655 
SEM 7.85* 0.0707 2.97** 0.227** 0.19 N/A N/A 7.7** 0.1967** 31.7 

(Standard errors of the means (SEM) are not significant unless otherwise indicated by an asterisk (**=P < 0.01; *=P < 0.05). Letters in superscript indicate significant mean 
,.... difference) 
\0 
~ 



Table A4.3 Influence of stage of growth on sward surface height (SSH; cm); mass (kg 

DMlha); density (kg DM/m\ tiller density (tillers/m) and dry matter content (g DM/kgWM). 

(**=p < 0.001) 

Harvest SSH Mass Density Tiller density 

I 11.Sa 104Sa 0.89a 4108bc 

II 22.Sb 2666b l.l8bc S911 a 

III 32.7c 3846c 1.18bc 4882b 

IV 41.0d 4646d 1.13b 3938bc 

V S4.6e 6891 e 1.31 c 3279c 

SEM 1.043** 210.7** 0.066** 317.2** 
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Table A4.4. Influence of perennial ryegrass variety on sward characteristics: sward surface 

height (SSH; cm); mass (kg DMlha); density (kg DM/m3
) and tiller density (tillers/m2

) at five 

(I to V) stages of growth. 

SSH Mass Density Tiller density 
Harvest I swards 

Aries II.4b 787b 0.69b 4004 
Bronsyn 11.2bc 890b 0.79b 4835 
Impact 11.7b 1068b 0.92b 4416 
Meridian 13.6a 1916a 1.41 a 5442 
Nevis 10.8b 610b 0.56b 2014 
Yatsyn 1 10.2c 999b 0.98a 3939 
Mean 11.5 1045 0.89 4108 
SEM 0.33** 176.4** 0.156* 710.7 

Harvest II swards 
Aries 22.9ab 2430 1.06 5969 
Bronsyn 21.7bc 2285 1.04 5153 
Impact 25.7a 3499 1.34 7423 
Meridian 23.6ab 2764 1.17 6639 
Nevis 18.6c 2077 1.12 3879 
Yatsyn 1 22.2ab 2943 1.33 6401 
Mean 22.5 2666 1.18 5911 
SEM 1.17* 299.6 0.09 830.3 

Harvest III swards 
Aries 32.2 4253 1.32a 5434ab 

Bronsyn 34.0 3465 1.02c 4203b 

Impact 31.6 4125 1.30a 5573ab 

Meridian 33.1 3711 1.12bc 6562a 

Nevis 31.7 3476 1.10bc 2941 c 

Yatsyn 1 33.7 4049 1.20ab 4577b 

Mean 32.7 3846 1.18 4882 
SEM 1.8 299.6 0.0586* 828.3* 
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Table A4.4. Continued. 
SSH Mass Density Tiller density 

Harvest IV swards 
Aries 40.8 4867 1.19 4626ab 

Bronsyn 45.0 4735 1.06 3550b 

Impact 41.3 5243 1.26 4971 a 

Meridian 39.2 4011 1.02 4318ab 

Nevis 40.8 4414 1.09 2250c 

Yatsyn 1 38.6 4610 1.18 3913ab 

Mean 41.0 4646 1.13 3938 
SEM 2.4 461.8 0.08 401.3** 

Harvest V swards 
Aries 51.8 8130 1.62 3574ab 

Bronsyn 59.5 7283 1.26 3594ab 

Impact 54.9 6150 1.12 4260a 

Meridian 43.3 7018 1.66 2783b 

Nevis 60.2 6797 1.17 2497b 

Yatsyn 1 57.8 5965 1.03 2966b 

Mean 54.6 6891 1.31 3279 
SEM 3.69 940.4 0.248 367.9* 

(Standard errors of the means (SEM) are not significant unless otherwise indicated by an 
asterisk (**=P < 0.01; *=P < 0.05). Letters in superscript indicate significant mean difference) 
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Table A5.1. ANOVA output from REML analysis using all possible terms to determine 

grazing preference from four experiments. 

Terms d.f Mean squares Variance ratio F. pr 
Experiment 3 5.9 0.01 0.998 
Sheep 5 4.3 0.01 0.100 
Plot 1 6.1 0.01 0.914 
Day 5 6.5 0.01 1.00 
Plot x day 5 7.3 0.01 1.00 
Height 1 705 1.36 0.244 
Height x Expt 3 4647 8.95 <0.001 
Mass 1 16303 31.4 <0.001 
Mass x Expt 3 2442 4.7 <0.003 
Variety 12 5795 11.2 <0.001 
Associate 12 2573 4.96 <0.001 
Var x Assoc 20 427 0.82 0.686 
Residual 498 519 
Total 569 713.3 

Table A5.2 ANOV A output from REML analysis using all possible terms to determine intake 

rate from four experiments. 

Terms d.f Mean sguares Variance ratio F.pr 
Experiment 3 1960 66.1 <0.001 
Sheep 5 310 10.4 <0.001 
Plot 1 11 1.5 0.223 
Day 5 90 3.0 0.010 
Plot x day 5 39 1.3 0.258 
Height 1 60 2.0 0.156 
Height x Expt 3 19 0.6 0.588 
Mass 1 429 14.5 <0.001 
Mass x Expt 3 71 2.4 0.066 
Variety 12 24 0.8 0.631 
Associate 12 16 0.5 0.891 
Var x Assoc 20 36 1.2 0.230 
Residual 479 29.6 
Total 550 44.2 
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Table A5.3 ANOVA output from REML analysis using all possible terms to determine bite 

rate from four experiments .. 

Terms d.f Mean squares Variance ratio F.pr 
Experiment 3 8688 51.3 <0.001 
Sheep 5 1930 11.4 <0.001 
Plot 1 207 1.2 0.270 
Day 5 186 1.1 0.366 
Plot x day 5 46 0.3 0.929 
Height 1 145 0.9 0.355 
Height x Expt 3 27 0.2 0.923 
Mass 1 181 1.1 0.302 
Mass x Expt 3 262 1.5 0.203 
Variety 12 336 2.0 0.024 
Associate 12 112 0.7 0.790 
Var x Assoc 20 125 0.7 0.789 
Residual 479 169.5 
Total 550 231.3 

Table A5.4 ANOV A output from REML analysis using all possible terms to determine bite 

weight from four experiments. 

Terms d.f Mean sguares Variance ratio F. 2r 
Experiment 3 0.635 53.5 <0.001 
Sheep 5 0.056 4.7 <0.001 
Plot 1 0.003 0.2 0.635 
Day 5 0.020 1.7 0.132 
Plot x day 5 0.017 1.5 0.204 
Height 1 0.047 3.9 0.048 
Height x Expt 3 0.016 1.4 0.256 
Mass 1 0.169 14.2 <0.001 
Mass x Expt 3 0.017 1.5 0.224 
Variety 12 0.027 2.3 0.008 
Associate 12 0.007 0.6 0.854 
Var x Assoc 20 0.016 1.3 0.157 
Residual 479 0.012 
Total 550 0.017 
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Table AS.5. Mean plot values for nutritive value components and sward characteristics of 10 varieties in three experiments (See Abbreviations) 

Variety Plot Preference IR BR BW FTB DML6 N:NE CP% WSC IVDMD Height Mass Density 
Aries 1 48.7 3.4 46.1 0.074 4.73 508 32.6 167 177 783 10.3 1474 1.47 
Aries 2 47.1 3.4 43.8 0.072 4.84 533 34.4 184 154 819 9.0 1327 1.51 
Bronsyn 1 34.5 2.9 38.4 0.084 5.58 531 33.1 176 149 790 10.8 1407 1.33 
Bronsyn 2 35.4 2.6 36.2 0.069 5.15 525 32.6 169 137 792 9.8 1409 1.45 
Meridian 1 58.8 3.5 43.9 0.081 4.52 549 31.8 166 188 792 9.6 1497 1.56 
Meridian 2 67.5 3.5 44.6 0.078 4.38 540 34.6 183 167 816 9.6 1454 1.51 
Nevis 1 56.8 3.3 46.8 0.074 4.45 561 36.1 195 203 819 10.4 1278 1.24 
Nevis 2 50.0 4.8 40.2 0.118 4.49 528 35.3 188 156 780 9.4 1039 1.11 
Nevis 1 76.6 11.1 53.4 0.199 3.62 524 31.0 164 168 776 13.5 2395 1.77 
Nevis 2 48.4 7.6 57.9 0.124 3.65 545 30.3 164 204 812 11.7 1841 1.56 
Quartet 1 42.8 11.0 58.0 0.193 3.76 542 35.8 192 184 798 10.4 2006 1.93 
Quartet 2 57.8 7.4 58.4 0.122 4.14 536 32.5 172 174 790 9.6 1730 1.71 
Tolosa 1 41.3 13.8 62.2 0.236 4.41 528 33.3 181 175 800 12.7 2140 1.69 
Tolosa 2 63.7 7.1 60.8 0.115 3.71 531 33.8 175 171 789 12.6 2050 1.61 
Vedette 1 39.3 10.0 56.9 0.173 4.15 531 35.7 194 156 754 11.6 2274 1.97 
Vedette 2 30.2 6.1 60.8 0.097 3.74 516 36.3 191 147 769 9.6 1813 1.84 
Embassy 1 54.9 8.4 49.2 0.172 3.93 492 32.6 166 161 779 14.9 2340 1.61 
Embassy 2 48.9 17.0 51.0 0.338 3.02 556 29.2 161 249 835 12.2 2194 1.86 
LP163 1 51.4 15.0 58.4 0.229 3.56 513 36.1 184 159 804 14.5 2822 1.53 
LP163 2 38.0 8.8 47.2 0.203 2.85 525 31.6 169 208 798 13.7 2554 1.62 
Nevis 1 55.1 13.4 47.9 0.309 4.28 620 35.2 181 197 803 14.1 2231 2.04 
Nevis 2 44.1 14.4 44.4 0.309 3.56 576 40.5 208 151 822 13.5 2439 1.87 
Nui 1 38.6 8.6 56.1 0.156 4.73 485 32.4 170 131 741 13.1 2303 1.78 
Nui 2 69.1 16.2 57.3 0.283 3.52 519 30.8 166 196 760 10.8 1791 2.00 
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Figure A6.1. Matrix dot plots to determine linearity of relationships of selected NVCs 

(horizontal) with LWG (vertical) (See Abbreviations) 
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Appendix A6 

Results of the elimination process carried out during backward step-wise regression of MLR 

for each of the three scenarios presented in Chapter 6. (For key see Abbreviations) 

Scenario 1 

*** Estimates of parameters *** 

estimate s.e. t (3) t pro 
Constant -512. 909. -0.56 0.613 
DML6 -0.226 0.396 -0.57 0.608 
IR 2.1 13.7 0.15 0.890 
N 11. 38 7.98 1. 43 0.249 
IVDMD -0.013 0.813 -0.02 0.988 
Preference 0.608 0.976 0.62 0.578 
Leaf FTB 47.3 38.9 1. 22 0.311 
BR 0.28 2.50 0.11 0.918 
WSC 1.183 0.840 1. 41 0.254 

*** Estimates of parameters *** 
estimate s.e. t(4) t pro 

Constant -526. 274. -1. 92 0.127 
DML6 -0.223 0.299 -0.75 0.497 
IR 1. 84 4.63 0.40 0.711 
N 11. 39 6.90 1. 65 0.174 
Preference 0.621 0.509 1. 22 0.290 
Leaf FTB 47.7 25.5 1. 87 0.135 
BR 0.32 1. 05 0.30 0.779 
WSC 1.176 0.626 1. 88 0.133 

*** Estimates of parameters *** 
estimate s.e. t(5) t pro 

Constant -517. 246. -2.10 0.089 
DML6 -0.222 0.270 -0.82 0.448 
IR 1. 99 4.17 0.48 0.653 
N 11.55 6.22 1. 86 0.123 
Preference 0.582 0.446 1. 31 0.248 
Leaf FTB 47.6 23.1 2.06 0.094 
WSC 1.194 0.563 2.12 0.088 
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*** Estimates of parameters *** 
estimate s.e. t (6) t pro 

Constant -545. 223. -2.44 0.050 
DML6 -0.193 0.246 -0.79 0.462 
N 11.87 5.77 2.06 0.086 
Preference 0.695 0.353 1. 97 0.097 
Leaf FTB 49.6 21.2 2.35 0.057 
WSC 1. 213 0.525 2.31 0.060 

*** Accumulated analysis of varlance *** 
Change d.f. s. s. m.s. v.r. F pro 
+ DML6 1 415.34 415.34 6.64 0.042 
+ N 1 224.36 224.36 3.59 0.107 
+ Preference 1 115.50 115.50 1. 85 0.223 
+ Leaf FTB 1 17.50 17.50 0.28 0.616 
+ WSC 1 334.08 334.08 5.34 0.060 
Residual 6 375.11 62.52 

Total 11 1481.89 134.72 

*** Estimates of parameters *** 
estimate s.e. t(7) t pro 

Constant -415. 146. -2.84 0.025 
N 7.75 2.36 3.29 0.013 
Preference 0.569 0.306 1. 86 0.106 
Leaf FTB 36.1 11. 9 3.03 0.019 
WSC 0.867 0.278 3.12 0.017 

*** Accumulated analysis of variance *** 
Change d. f. s.s. m.s. v.r. F pro 
+ N 1 0.90 0.90 0.02 0.906 
+ Preference 1 441. 68 441. 68 7.47 0.029 
+ Leaf FTB 1 51.79 51. 79 0.88 0.380 
+ WSC 1 573.81 573.81 9.71 0.017 
Residual 7 413.71 59.10 

Total 11 1481.89 134.72 

203 



*** Estimates of parameters *** 
estimate s.e. t (8) t pro 

Constant -366. 164. -2.23 0.056 
N 5.84 2.43 2.41 0.043 
Leaf FTB 37.1 13.6 2.73 0.026 
WSC 1.018 0.304 3.34 0.010 

*** Accumulated analysis of variance *** 

Change d. f. s.s. m.s. v.r. F pro 
+ N 1 0.90 0.90 0.01 0.917 
+ Leaf FTB 1 0.13 0.13 0.00 0.968 
+ WSC 1 863.30 863.30 11.18 0.010 
Residual 8 617.56 77.19 

Total 11 1481.89 134.72 
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Scenario 2 

*** Estimates of parameters *** 

estimate s.e. t(6) t pro 
Constant -1385. 991. -1.40 0.212 
N 106.0 77.4 1. 37 0.220 
Preference 0.418 0.433 0.96 0.372 
DML6 0.084 0.210 0.40 0.702 
IR 1.18 4.53 0.26 0.804 
N2 -1. 94 1. 41 -1. 37 0.218 

*** Estimates of parameters *** 

estimate s.e. t(7) t pro 
Constant -1463. 879. -1. 66 0.140 
N 111.7 69.1 1. 62 0.150 
Preference 0.472 0.354 1. 33 0.224 
DML6 0.098 0.189 0.52 0.619 
N2 -2.05 1. 26 -1.63 0.148 

*** Estimates of parameters *** 

estimate s.e. t(8) t pro 
Constant -1745. 658. -2.65 0.029 
N 135.4 49.5 2.74 0.026 
Preference 0.543 0.311 1. 75 0.119 
N2 -2.467 0.921 -2.68 0.028 

*** Accumulated analysis of variance *** 

Change d. f. s.s. m.s. v.r. F pro 
+ N 1 0.90 0.90 0.01 0.912 
+ Preference 1 441.68 441.68 6.45 0.035 
+ N2 1 491. 49 491. 49 7.18 0.028 
Residual 8 547.82 68.48 

Total 11 1481.89 134.72 
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Scenario 3 

*** Estimates of parameters *** 

estimate s.e. t(9) t pro 
Constant 0.4 60.1 0.01 0.995 
DML6 0.156 0.117 1. 33 0.216 
IR 5.90 3.21 1. 84 0.099 

*** Accumulated analysis of varlance *** 

Change d. f. s.s. m.s. v.r. F pro 
+ DML6 1 415.34 415.34 4.82 0.056 
+ IR 1 291.68 291.68 3.39 0.099 
Residual 9 774.88 86.10 

Total 11 1481.89 134.72 
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