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ABSTRACT 

A review of the literature indicated that the ingestive behaviour  and herbage 

intake of grazing animals are strongly influenced by characteristics of sward canopy 

structure. However, there is lim ited comparative information on the behavioural 

contrasts of animals g razing grasses and legumes, and little comparative information 

on the ingestive behaviour of sheep and goats. The projects which form the basis of 

this thesis concentrated on these two aspects of ingestive behaviour  using an indoor 

crate g razing technique, in which animals were individually confined in metabolism 

crates, and offered prepared turves. 

Three experiments were designed and were run over a period from 1989 to 

1991 at the Ballantrae Research Station of the New Zealand Pastoral Agriculture 

Research Institute (AgResearch). 

I n  the first experiment, five grasses and four  legumes were each sampled at two 

stages of growth to produce a range of canopy structures. Two sub-sets of data were 

generated. One sub-set (restricted data set) embraced four  forages (two grasses and 

two legumes) at two maturity stages across two experimental years (4 forages x 2 

stages x 2 animal species x 2 years) .  This sub-set was intended to assess the effects 

of the variation in animal body size with increasing maturity (Chapter 4). Another sub­

set (enlarged data set) involved n ine forages at two maturity stages over the second 

experimental year. It involved an attempt to exam ine the effect of sward canopy 

structure induced by a range of forage conditions on ingestive behaviour of sheep and 

goats (Chapter 5). 

The second experiment was designed to dissociate the effects of sward height 

from the confounding effects of plant growth habit and maturity stage by creating 

contrast ing heights within a forage species, and by sampling vegetat ive swards only. 

Th is experiment involved four forages (two grasses and two clovers) grazed by four 

sheep and fou r  goats (Chapter 6). 

The third experiment tested the comparability and conform abil ity of ingest ive 

behaviour between indoor crate gazing and field grazing using sheep, and between 

oesophageal fistulated and intact sheep using a field cage grazing technique 

(Chapter 7). 

Major conclusions may be drawn as follows: 
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Bite weight was strongly influenced by bite depth . There was a substantially 

g reater response in bite depth than in bite area to variation in sward conditions. B ite 

depth was a major spatial component of bite volume, and hence bite weight. B ite rate 

declined as b ite weight increased, and intake rate was determ ined as the combination 

of bite weight and b ite rate. 

Ingestive behaviour  of the grazing animals was strongly influenced by the 

characteristics of the sward canopy structure. Sward height usually had a much more 

dom inant impact than did other sward variables, and bite depth had a much greater 

response than did other behaviour variables. Very close positive relationships existed 

between sward height and bite depth, bite volume, and hence bite weight, but the 

relationship between sward height and bite rate was negative. There was no 

statistically significant relationship between bite area and either sward height or other 

attributes. However, there was a significant interaction between animal species 

(sheep vs goats) and sward categories (grasses vs legumes) in this process, as 

outl ined below. 

Chapter 5 (enlarged data set of Experiment 1 )  revealed that when the 

leguminous swards were grazed by sheep, sward bulk density had a substantially 

greater effect on ingestive behaviour than did sward height .  In contrast, the ingestive 

behaviour of goats grazing legumes was influenced largely by sward height, though the 

effect of bulk density was substantially increased compared with that in g rasses. Both 

an imal species haq a greater response in bite weight than in bite depth when grazing 

legumes. 

Chapter 6 (Experiment 2) showed that sward height always had the most 

important effect in both grasses and legumes irrespective of an imal species. 

Appreciation of the effect of bulk density on ingestive behaviou r  after the dom inant 

effect of sward height was accounted for, depended very strongly upon the 

establishment of independent variation in sward height and bulk density over the range 

of test swards. Sward height had a dom inant effect and bulk density had no significant 

effect where independent variation in height was achieved. Where the variation in 

sward height was confounded with bulk density, although sward height still had a 

dom inant effect, the interactive effect of sward height and bulk dens ity was significant 

in some cases, depending on the sward categories (grasses or legumes) and animal 

species. 
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Animals usually had smaller bite dimensions on legumes than on grasses. 

However, the reduced bite depth, hence bite volume of legumes compared to grasses 

could be compensated for by a greater bulk density within the grazed strata, a smaller 

effort requ ired to harvest herbage and less plant components slipping out of the teeth, 

leading to a greater b ite weight. 

Other d ifferences between sheep and goats were identified as follows: 

Sheep were generally capable of penetrat ing into swards deeply, whereas goats 

grazed swards from the top downwards. Sheep usually had larger b ite d imensions, 

and hence greater b ite weights than goats when grazing legumes ( i rrespective of 

maturity stages) , and vegetative grasses, leading to greater bite weights on average. 

However, goats were able to achieve greater bite weight in relation to live weight. On 

reproductive grasses goats showed a greater wil l ingness to eat, whereas sheep were 

selective through push ing into the swards to graze leafy components and rejected the 

rigid components. 

When swards matured, intake rate of sheep decreased because an increase in 

b ite weight was counterbalanced by a large fal l  in biting rate. Intake rate of goats 

increased as a result of a substantial increase in bite weight and a relatively small fall 

in b ite rate, compared with sheep. 

The variation in bite weight and bite depth between sheep and goats for a given 

sward may be attributed, at least partially, to the discrepancy in incisor arcade breadth 

between the two species. I ncreases in bite weight and bite dimensions with increasing 

maturity of an imals were ascribable to increases in incisor breadth of animals with 

increasing maturity over t ime. 

Experiment 3 (Chapter 7) demonstrated that the results of indoor crate grazing 

can be rel iably extrapolated to field grazing on a short-term basis, and grazing 

behaviour of animals is not sign ificantly altered by oesophageal fistulation . 

Recommendations and suggestions for application to grazing management and 

plant selection programmes were made in practical terms. 

Key words: canopy structure, height, bulk density, grasses, legumes, stage of 

maturity, ingest ive behaviour, bite dimensions, bite weight, bite rate, sheep, goats, 

indoor crate grazing, outdoor cage grazing, fistu lated sheep, intact sheep. 
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Abbreviations or symbols 

ns 

(*) 
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** 

*** 

s.e 

LSD 

R2 

Partial R2 

F 

ANOVA 

MAN OVA 

MDF 

MDF 1  

MDF2 

CORR 

STAN 

Technical terms 

DM 

F M  

LW 

BW1 

Not statistically sig nificant 

Significant at the P<O . 1  level of probabi l ity 

Sig nificant at the P<O .05 level of probabil ity 

Sig nificant at the P<O .01 level of probabi l ity 

Sign ificant at the P<O .001 level of probabi l ity 

Standard errors of least squares means 

Least sig nificant difference (P<O .05) 

Coefficient of determination: proportion of variation accounted 

for by reg ression 

Proportion of variation accounted for by corresponding term 

included in the reg ression equation 

Variance ratio 

Univariate analysis of variance 

Multivariate analysis of variance 

Multivariate discriminant function analysis 

The fi rst discriminant function 

The second discriminant function 

Correlation coefficients between score and orig inal variables 

in the discriminant function analysis 

Standardized coefficients of variables in the discriminant 

function analysis 

Dry matter 

F resh matter 

Live weig ht 

Bite weig ht 1 (mg FM/bite) 
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BW2 Bite weight 2 (mg OM/bite) 

BW3 Bite weight 3 (mg OM/kgLWo.75) 

BR  Bite rate (bites/min) 

I R2 Intake rate 2 (mg OM/min) 

I R3 Intake rate 3 (mg OMlkgLWO·75/min) 
BO Bite depth (cm) 
BA Bite area (cm2) 

BV Bite volume (cm3) 

Forage identifiers 

The forage and sward identifiers which appear in the thesis frequently are listed 

below. Those which only appear on few occasions will be noted where appropriate. 
ry 

br 

ck 

pg 

ph 

th 

kp 

rc 

Veg 

Rep 

Animal identifiers 

sh 

go 

NOF 

OF 

Ryegrass 

Browntop 

Cocksfoot 

Prairegrass 

Phalaris 

Tahora white clover 

Kopu white clover 

Red clover 

Vegetative stage 

Reproductive stage 

Sheep 

Goats 

non-fistulated animals 

fistulated animals 
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CHAPTER 1 

GENERAL INTRODUCTION 

Grazed ecosystems are a soil-plant-an imal complex, and the impact of each 

component is vital to understanding the complete system (Coleman et al. ,  1 989) . 

G razing animals and g razed swards are h ig h ly interactive during consumption of 

herbag e  (Smetham , 1 990) and this interaction is described as the "plant-an imal 

interface" (Forbes et al. ,  1 985). 

Research at the plant-animal interface involves reciprocal interests: ( 1 )  study 

of the effects of defo liat ion by g razing animals upon reg rowth,  persistence and 

composition of swards, and (2) study of the effects of herbag e  characteristics and 

canopy structure on ing estive behaviour  and herbag e  intake of g razing animals, and 

therefore, on animal performance (Moore & Sollenberg er, 1 986). Consumption 

influences the quant ity and character of the residual herbag e, and the quantity and 

character of the herbag e  on offer determines the amount and composit ion of pasture 

consumed by the g razing animal (Moore, 1 983; Forbes et al. ,  1 985). To improve 

manag ement of a g razing system, it is essential to understand not on ly the effects of 

g razing on sward condit ions, but also the effect of sward structu re on herbag e intake 

(Penn ing et al. , 1 991 a). 

It has been widely recog n ized that the production of meat, m i lk, f ibre or offspring 

by domestic l ivestock is larg ely influenced by the feed intake of animals (Forbes et al. ,  

1 985). Restricted nutrient intake is probably the major factor l im iting production 

(Hodg son, 1 981 a) and increasing total herbag e  intake is one way of correct ing nutrient 

deficiencies (Vallentine, 1 990). U nderstanding of the impact of sward condit ions on 

g razing behaviour  of an imals is vital to increasing herbage  intake. However, current 

knowledg e  on this aspect is l im ited (Lazenby, 1 981 ; Hodg son, 1 986) , many of the 

complex interactions between g razing animals and sward canopies are not wel l  

understood (Cosg rove, 1 992) ,  and many of the resu lts already obtained appear to 

confl ict (Burl ison, 1 987). Precise quantitative intake projections under g razing 

conditions are sti l l  d ifficult due to the numerous complex and strong interactions 

involved (Val lentine, 1 990) . 
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M uch research has focused on the influence of g ross sward variables l ike total 

herbag e mass or surface heig ht on ing estive behaviour  and herbag e  intake variables 

(Hodg son , 1 977) l ike bite weig ht ,  bite rate, g razing time and dai ly herbag e  intake. 

However, bite dimensions, wh ich are the behavioral characteristics causally l inking 

sward structure and intake (Ung ar et al. ,  1 991 ) ,  have been investig ated less frequent ly. 

As a consequence, there is l imited information on the effect of sward canopy 

characteristics on bite dimensions, on the relationships between bite weig ht and bite 

d imensions, and on the effects of animal attributes on bite weig ht and bite dimensions. 

It has been shown that studies of short-term ing estive behaviour can avoid the 

influences of some an imal behavioral characteristics such as the need to spend time 

on resting , rum inating and social izing on estimates of intake variables (Cosg rove, 

1 992) ,  and consequently can allow the study to focus on factors such as bite weig ht, 

bite rate and bite dimensions wh ich influence the an imal's abi l ity to eat.  

Ing estive behaviour  and herbag e  intake have not been studied as m uch for 

g oats or deer as they have for sheep and cattle. However, there are some special 

features of g oats and deer that influence g razing manag ement (Thompson & Poppi, 

1 990) . 

The project which forms the basis of this thesis was undertaken with the 

following objectives in m ind: 

( 1 ) to assess the effects of a wide rang e of structural characterist ics of the 

sward canopy on components of ing estive behaviour  and bite 

dimensions. 

(2) to examine the effects of animal attributes on ing estive behaviour and 

bite dimensions. 

(3) to compare the response patterns of ing estive behaviour and bite 

dimensions of sheep and g oats over the same rang e of sward conditions. 

The study was conducted within the constraints of short-term ing estive 

behaviour. 
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LITERATURE REVIEW 
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The ingestive behaviour and herbage intake of grazing an imals in the soil-plant­

animal complex (Coleman et al. ,  1 989) are heavily influenced by a large number of 

factors and the control of herbage intake is apparently mu ltifactorial .  The major factors 

are indicated in Fig. 2 . 1 .  It is conven ient to d ivide the factors l ikely to affect the 

herbag e  intake of g razing an imals into four  main g roups: those associated with the 

animal ,  the sward, manag ement strateg y and the environment (Hodg son, 1 977) . In  

Fig. 2. 1 ,  those typed in bold denote the factors and components which were of 

particu lar interest in the present experiments. 

2.2 SIGNIFICANCE OF THE RESEARCH ON INGESTIVE BEHAVIOUR 

AND HERBAGE INTAKE 

The importance of level of herbag e  intake in determ ining product ivity of g razing 

an imals has been widely recognized. Within the bounds of g enetic potential, 

production by the grazing animal is primarily a funct ion of quantity and qual ity of the 

herbage consumed, both contributing directly to nutrient intake. Therefore, l ivestock 

product ion from pasture depends on the quantity of herbage harvested (intake), and 

the effic iency with which animals digest and use nutrients (Thompson & Poppi, 1 990). 

Althoug h diet quality is undoubtedly important, variation in the amount of herbage 

consumed has been deemed the most important factor determ ining level and efficiency 

of l ivestock productivity (Demment & Van 80est, 1 985). Data on diet qual ity without 

information on herbage intake or abil ity to predict it is l ikely to resu lt in a poor 

descript ion of the nutritional status of range animals (Hakkila et al. ,  1 987) . 

I nvestigating ing estive behaviour of g razing l ivestock provides valid data in its 

own rig ht and is an integ ral part of the development of g razing system (Forbes, 1 988). 

The ingestive behaviour of grazing an imals may be a more sensit ive indicator of sward 

quantity and qual ity than direct measurements of the sward (Ruyle & Dwyer, 1 985), 

thus mon itoring an imal behaviour during grazing periods may al low the g razier to 
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F ig .  2. 1 Factors Infl u encing Ingestive behaviou r  of grazing 
a nimals (after B u rliso n, 1 98 7) 

Diet selection 

Ingestive behaviou r  

Environment 

Management 
strategies 

bite depth 
bite area 
bite volume 
bite weight 
bite rate 
inta ke rate 
grazing time 
total daily b ites 
dally Inta ke 

Animal attrib utes 

species 
breed 
body weight 
Incisor breadth 
age 
p hysiological status 
hunger 
appet ite 
mouth dimensions 

{ herbage d igestibil ity 
shearing force 

Swa rd can opy 
structure 

surface height 
stem height 
leaf layer depth 
bulk density 
herbage components 
vertical distribution 
growth habit of plants 

{ herbage mass 
s pecies 
maturity 

The bold typed factors d e note those w h i c h  a re of p a rtic u l a r  
interest i n  the cu rrent rese a rc h .  
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identify l im itations of the sward and adjust management strategies accordingly. 

Therefore, herbage intake prediction or measurement is a key component in assessing 

free-choice nutrient intake and the need for dietary enhancements, and in determ ining 

appropriate stocking rate and management practices (Vallentine, 1 990). 

A proper understanding of the interface between grazing animals and grazed 

land is crucial in ach ieving most efficient herbage ut i l ization with in grazing systems in 

order to maxim ize output. This is a prerequ isite to identifying the scope wh ich exists 

for manipu lating intake (Hodgson, 1 982; 1 985). Identification of the factors which 

restrict herbage intake should suggest strategies in wh ich l im itations may be overcome 

and the productivity of the animal moves closer to its potential . 

2.3 CONTROL OF HERBAGE INTAKE IN GRAZING ANIMALS 

Many of the individual effects involved in the process of herbage intake control 

have been described in extensive reviews. However, we sti l l  lack the knowledge to 

predict with any certainty herbage intake from individual response factors (Hodgson, 

1 990). This subject has been extensively reviewed (McClymont, 1 967; Arnold, 1 970; 

Hodgson, 1 977, 1 985, 1 986, 1 990; Freer, 1 981 ; Burl ison , 1 987; Poppi et al. ,  1 987). The 

factors involved in control of herbage intake have been subdivided in two ways in order 

to explain and understand the mechanism of herbage intake control :  ( 1 ) balance 

between faci l itatory and inhibitory stimul i  (McClymont, 1 967) , and (2) nutritional and 

non-nutritional determinants (Poppi et al., 1 987). Both theories suggest that the 

control of herbage intake in the grazing animal is influenced by a wide range of 

variables, but that behavioural control of intake, being responsive to sward quantitative 

or structural characteristics, is a dom inant effect (Burl ison, 1 987; Hodgson , 1 985). The 

animal attempts, by adjusting components of ingestive behaviour, to achieve an 

adequate level of intake in the face of constraints of sward structure and composition 

(Burl ison , 1 987). Th is review mostly concentrates on the influence of sward quant ity 

and arrangement (canopy structure) on herbage intake as this was the research topic, 

but the effects of sward quality wi l l  also be touched on briefly. In addition to pasture 

characteristics, some animal attributes wi l l  also be assessed. 
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Grazing is a complex activity and was defined in a specific sense as the 

defol iation by g razing animals of rooted plants in the field (Hodg son, 1 979), consist ing 

of 'searching ' (scanning ,  recog nition , decision) and 'handl ing '  (bit ing ,  chewing , 

swal lowing ) behaviour (Ung ar & Noy-Meir, 1 988) . 

The typical activity of a g razing an imal can be described as interrupted forward 

movement with the head swing ing from side to side in front of the foreleg s  (Hodg son , 

1 986). The horizontal movement of the head resu lts in a mower effect, with the tops 

of the herbag e  being "trimmed" off (Val lentine, 1 990) . The g razing activity involves two 

components: feeding periods and intervals of movements between feeding s. The 

location where an animal defoliates is referred to as the feeding location and is the 

area available in a half-circle in front of and to each side of the g razing animal wh ile 

its front feet are stationary, and this pause is referred as feeding station inteNal (Ruyle 

& Dwyer, 1 985) . At intervals, the animal walks a few steps to search for desired 

herbag e  and then pauses to take bites (Ruyle & Dwyer, 1 985). A bite is harvested by 

prehending (g rasping herbag e) and taking it into the mouth. The herbag e  is then 

chewed and m ixed with sal iva, manipu lated and formed into a bolus, and then 

swallowed and ejected with some force into the anterior rumen (Hodg son , 1 979, 1 986). 

2.4.2 Variables of ingestive behaviour 

Components of ing estive behaviour and bite dimensions wil l be considered 

under th is heading .  

2.4.2. 1 Components of ingestive behaviour 

Hancock ( 1 952) first d iscussed the three components of daily herbag e intake. 

In these terms, the daily herbag e  intake of animals (I) can be viewed as the product 

of three variables of ing estive behaviour: the time spent g razing (GT) , the bit ing rate 

during g razing (RB) and the amount of herbag e  ing ested per bite ( IB) ,  thus,  

1 =  GT x RB x IB 

Two additional variables can be calcu lated from the terms of equation above. 

They are ( 1 ) the total number of g razing bites per day (B), the product of GT and RB, 

and (2) the rate of herbag e  intake (RI) ,  the product of RB and lB. 



7 

These five variables col lectively describe the process of ing estive behaviour. 

This view of ingestive behaviour is somewhat mechan ist ic, and relies on the expression 

of cont inuous variables as simple means or totals (Hodg son , 1 982). However, it 

s impl ifies the complex behaviour patterns of the g razing process to a simple series of 

quantifiable functions, and thus provides a useful basis for conSidering the way in 

which behavioura l  responses to variations in sward characteristics may influence 

herbag e  intake (Hodg son, 1 982, 1 985). 

Methods and equipment used to measure ing estive behaviour have been 

reviewed by a number of scientists (Hodg son , 1 982; Le Du & Penning , 1 982; Penn ing ,  

1 983; Penn ing et al., 1 984; Anderson et al. ,  1 985). Other aspects of ing estive 

behaviour have been reviewed by Stobbs ( 1 975a), Hodgson ( 1 977, 1 981  b, 1 982, 1 983, 

1 985, 1 986, 1 990), Arnold ( 1 981 ) ,  All ison ( 1 985),  Moor & Sollenberg er ( 1 986) and 

Forbes ( 1 988) . 

I n  the present review, attention wi l l  be concentrated on how ing estive behaviour 

variables are influenced by sward and an imal attributes. 

2.4.2. 1 . 1  Bite weight 

B ite weig ht (alternatively known as intake per bite, bite mass or bite size) has 

been measured both directly and indirectly. Direct measurement involves using 

oesophag eal fistu lates and dividing the weig ht of dried extrusa by the number of bites 

taken. Techniques for oesophag eal fistu lation have been detai led by Torel l  ( 1 954) , 

Hami lton et al. ( 1 960), Bramley and Wait ( 1 972), Corbett ( 1 978) and Le Du and 

Penning ( 1 982). Indirect measurement involves d ividing the intake over a period of 

t ime by the corresponding number of bites taken. General ly, the former method tends 

to g ive a sl ig htly h ig her estimate of bite weig ht than the latter (Jam ieson & Hodg son, 

1 979a & b; Forbes, 1 982) and their relative merits have been d iscussed by Hodg son 

( 1 982).  

The importance of bite weig ht has long been recog n ized, but attempts to 

m easure i t  in g razing animals have been made only relatively recently (Forbes 1 982). 

Th is variable usually exerts a dom inant influence upon daily herbag e  intake, and in 

most circumstances compensatory chang es in biting rate and g razing time are 

inadequate to offset decline of bite weig ht resu lting from sward restrictions (Hodg son, 

1 982). Thus, an ideal g razing sward may be defined as one where no restriction to 
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bite weig ht is imposed and on which bite weig ht exceeds the critical level for that 

species of animal (Minson, 1 983). 

Expression of b ite weig ht can also be converted to a l ive weig ht or metabolic 

l ive weig ht basis with advantag es of comparison between various l ivestock classes with 

d ifferent body sizes, e.g .  mg OM (or OM)/kg LW/bite. 

B ite weig ht varies widely with the type and stag e of g rowth of the forag e being 

g razed (Forbes, 1 988) . On temperate sown swards, the rang e of variation in bite 

weig ht is approximately 1 1 -400 mg OM (0.4-2.6 mg OM/kg LW) for sheep, compared 

with 70- 1 6 1 0  mg OM (0.3-4. 1 mg OM/kg LW) (Hodg son, 1 986) or 50 mg -8000 mg OM 

(Vallentine, 1 990) for cattle. Values of bite weig ht in cattle g razing a rang e of tropical 

swards (Stobbs, 1 973a & b) have been found to rang e from 70 mg OM to over 590 mg 

OM,  substantially lower than those found in temperate swards. 

I nd ividual values of bite weig ht may be substantially g reater than mean values 

summarized above. In some studies (Stobbs, 1 973a & b, 1 974a, 1 975b; Stobbs & 
Hutton, 1 974; Chacon & Stobbs, 1 976, 1 977; Chacon et al. ,  1 976; Chacon et al. ,  1 978; 

Hendricksen & M inson, 1 980) ,  bite weig ht was calcu lated by dividing extrusa weig ht 

e ither by the total number of harvesting and manipu latory bites or by the number of 

harvesting bites plus manipu latory bites taken with head down, instead of just the 

harvesting bites. True bite weig ht was therefore underestimated (Burl ison , 1 987) . 

B ite weig ht is the primary animal response and is sensit ive to variation in the 

physical characteristics of the sward canopy. It increases l inearly with increasing 

sward heig ht or herbag e  mass (or g reen herbag e  mass) in both cattle and sheep 

g razing temperate swards (Al lden & Whittaker, 1 970; Hodg son & Mi lne, 1 978; Hodg son 

& Jamieson, 1 981 ; Forbes, 1 982; Black & Kenny ( 1 984); Penning et al. ,  1 991 a; 

Mursan et al., 1 989; Burl ison et al. ,  1 99 1 ;  Laca et al. ,  1 992a). Bite weig ht of sheep 

increased by 1 mg OM per mi l l imetre increase in sward surface heig ht or 0.01 mg 

OM/kg LW in spring ; and bite weig ht reached a maximum at a sward heig ht of 60 mm 

and then decreased as heig ht further increased in autumn (Penn ing et al. ,  1 991 a). 

In contrast, under tropical or subtropical conditions (Stobbs, 1 973a & b; Chacon 

& Stobbs, 1 976; Hendrickson & Minson, 1 980) the relat ionsh ip between bite weig ht and 

sward heig ht was neg ative rather than positive and variation in b ite weig ht was 

attributable more to variation in sward bulk density and leaf content than to sward 

heig ht. This will be considered in more detai l  in Section 2.5.2.2.2. However, positive 
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relationships between bite weig ht or herbage  mass have been found with the tropical 

and subtropical swards studied by Chacon et al. ( 1 978), Forbes and Coleman ( 1 985) 

and Moore et al. ( 1 985). 

Burl ison et al. ( 1 99 1 )  working with a series of swards in which independent 

variation in surface height and bulk density was ach ieved,  found that bite weig ht was 

positively related to both surface heig ht (6-55 cm) and to the bulk density of the g razed 

stratum ( rang e 0. 1 -2.0 mg DM/cm3) Sim ilar evidence was shown by Laca et al. 

( 1 992a) using cattle g razing paspalum (Paspalum dilatatum) and lucerne (Medicago 

sativa) . Surface heig ht acted primarily upon bite depth and hence b ite volume, and 

bu lk density of the g razed stratum influenced bite weig ht d i rectly. B lack and Kenny 

( 1 984) also showed that both variables influence bite weig ht and an asymptotic 

relationship exists, reaching a plateau at mean sward bulk density of 4.23 mg DM/cm3• 

Mursan et al. ( 1 989) reported that bite weig ht increased with sward surface heig ht 

despite a two-fold reduct ion in bulk density of the g razed horizon , and increase in bite 

depth was adequate to offset the reduction in bulk density and ensure that bite weig ht 

increases with increasing sward heig ht .  

2.4.2. 1 .2 Biting rate 

B it ing rate is usually expressed as bites per m inute. 

B it ing rate was first measured as an indicator of sward cond itions more than 40 

years ago (Johnstone-Wal lace & Kennedy, 1 944), but only recently has it been used 

as a component of ing estive behaviour, combining with bite weig ht and g razing time 

to both determine and explain herbag e  intake (Forbes, 1 982) .  Measurement of bit ing 

rate may be carried out by manual and automatic procedures, both techn iques require 

an adequate defin ition of a "bite" (Forbes, 1 982) and criteria under which 

measurements will be made (Hodg son, 1 982). 

Jam ieson and Hodgson ( 1 979a) developed a method of record ing by stopwatch 

the t ime taken for an animal to make 20 consecutive bites, d iscarding any records 

where the animal l ifted its head before completing 20 bites. Each b ite was 

characterized by a short, sharp jerk of the head and the sound of the herbag e  being 

severed. Th is techn ique therefore provided a measure of the maximum biting rate for 

the particular sward conditions (Burl ison, 1 987) . Jam ieson ( 1 975) (cited by Burl ison , 

1 987) found that th is technique g ave values 1 6% h ig her than those derived from 
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recording the number of bites taken over a 2-min period, because the latter record 

takes into account more of the normal and characteristic movements animals make 

during grazing, such as l ift ing the head wh ile chewing large mouthfuls, walking 

between bites and so on. Differences between the two techn iques were greatest in 

the morning. 

Forbes ( 1 982) and Forbes and Hodgson ( 1 985) modified the 20-bites techn ique 

to include the time taken for herbage selection and mast ication of large mouthfu l .  

Recording continued both when an animal walked with the head down whi le obviously 

selecting herbage, and when the head was l ifted whi le chewing large mouthfuls of 

herbage in between bouts of biting. A close est imate of the long-term mean bit ing rate 

wou ld have been obtained with th is modified techn ique. 

Automatic records of bit ing have been described by Stobbs and Cowper ( 1 972) ,  

Chambers et al. ( 1 981 ) and Penn ing ( 1 983) . In  most cases bite meters were 

developed to record jaw movements, whereas Chambers et al. ( 1 98 1 ) relied on both 

head and jaw movements. These procedures wi l l  not be discussed in more detai l  here 

because they are outside of the scope of the thesis. 

B it ing rates of 30-50 bites/min appear common in both sheep and cattle 

(Vallentine, 1 990) , however, bite rates measured in individual studies vary quite 

markedly. Stobbs ( 1 974b) found that catt le bite rates were 45 to 80 per m inute when 

grazing various tropical swards, while Hodgson and Jamieson ( 1 981 ) reported rates 

for lactating cows of 20 to 62 bites per minute wh ile grazing temperate ryegrass 

swards. Sheep have been reported to take as few as 1 8  bites per minute (Allden & 
Whittaker, 1 970) and as many as 1 20 bites per m inute (Forbes et al. ,  1 985). Penning 

et al. ( 1 99 1  a) showed that biting rates of lactating ewes in spring were 38 to 73 bites 

per minute and those of dry ewes 66 to 75 bites per m inute in autumn, both varying 

with sward height. Burl ison ( 1 987) recorded 27 to 73 bites per m inutes for sheep with 

almost three-fold variation between crops (herbages) and between experimental 

periods with in crops. 

General ly, there is a negative relationship between biting rate and sward height 

or herbage mass, on both temperate and tropical swards (Chacon & Stobbs, 1 976; 

Hodgson & Jamieson , 1 981 ; Forbes, 1 982; Mi lne et al. ,  1 982; Moore et al., 1 985; 

Phi l l ips & Leaver, 1 986; Burl ison , 1 987; Penning et al. ,  1 99 1 a; M itchel l ,  1 993) . Al lden 

and Whittaker ( 1 970) found that bite rate in sheep increased steadi ly as t i l ler length 
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decreased from 37 cm unt i l  an apparent maximum of 73 bites per minute was reached 

at a sward heig ht of 5 cm, althoug h it then fel l  sharply as t i l ler leng th fell to 4 cm. 

Wadsworth (quoted by Forbes et al. ,  1 985) found that decl ining in biting rate of sheep 

and lambs was not l inear. Biting rate may also be negatively related to leaf content 

(Chacon & Stobbs, 1 976; Forbes, 1 982). 

As herbag e  mass becomes very low, animals increase rate of locomot ion at an 

exponential rate to search for bites (Laca & Demment, 1 990). 

An increase in biting rate, reflecting a decline in sward heig ht or herbag e  mass, 

has been found to be accompanied by a decrease in the ratio of manipulatory to 

harvesting b ites in sheep (Chambers et al. ,  1 981 ; Penning et al. ,  1 984; Penning ,  1 986; 

Penn ing et al. ,  1 991 a; Laca et al. ,  1 992a). Penning et al. ( 1 99 1 a) found that in sheep 

g razing swards varying in heig ht from 3.0- 1 2.0 cm biting rate fell by 0.4 bites/m in/mm 

of sward heig ht whi le masticating rate increased by a sim ilar amount as sward heig ht 

increased, thus the rate of total jaw movements remained constant. As b ite weig ht 

increased, a g reater proportion of jaw movements were al located to masticate and 

man ipu late the herbage  ing ested and therefore, biting rate fel l ,  but intake rate 

remained constant. Forbes ( 1 988) arg ued that reg ardless of the reason for maintaining 

constant intake rate, th is fact impl ies that estimates of biting rate and b ite weight based 

on measurements of jaw movements are unreliable. It is sugg ested that b ite meters 

should incorporate systems to record both head movements and jaw movements 

(Chambers et al. ,  1 981 ) .  

Research has sugg ested that biting rate may be a d i rect response to sward 

conditions rather than a compensatory mechan ism for a reduced bite weig ht (Hodg son, 

1 986) . 

2.4.2.1 .3 Rate of intake 

The rate of intake ( intake of herbag e  weig ht per un it t ime) is part of the 

mechan isms that determ ine daily intake (Laca & Demment, 1 990) and may be 

calcu lated by d ividing daily herbage  intake by daily g razing t ime, or may be obtained 

by mu lt iplying bite weig ht by biting rate, and thus it is a h ig her order variable (Laca & 
Demment, 1 990). Ung ar & Noy-Meir ( 1 988) used the term ' instantaneous intake rate' 

to refer to intake rate during periods of active g razing on a t ime scale of seconds and 

m inutes. 
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There are two kinds of assumptions involved i n  defin ing intake rate (Laca & 
Oemment, 1 990). One assumption is that the animal moves search ing for bites at a 

constant rate, and can be chewing whi le searching . Each acceptable b ite requires a 

certain t ime to be harvested and chewed. Prehending t ime is constant per bite and 

chewing t ime is constant per g ram of dry matter. The other assumption is that 

searching and processing of previous bites take place s imultaneously, contrary to the 

assumption that searching and eating are exclusive act ivities (Laca & Oemment, 1 990). 

Rate of intake can be estimated as a daily averag e  value or a lternatively, 

measured d irectly over short periods of t ime (Hodg son, 1 982). The latter est imation 

can be made using oesophageal fistu lates or by calculating the difference in animal l ive 

weig ht before and after a certain t ime spent g razing after cal ibrating losses of faeces, 

u rine and insensible weig ht (Penning & Hooper, 1 985). 

Rate of intake has been found to rang e from 22 to 80 mg OM/kg LW/min for 

sheep and 1 3  to 240 mg OM/kg LW/m in for cattle on temperate sown swards 

(Hodg son , 1 986). Allden and Whittaker ( 1 970) reported that the maximum intake rate 

of hung ry sheep cou ld be as h ig h  as 1 90 mg OM/kg LW/min. Penning et al. ( 1 99 1 a) 

found that intake rate of sheep continuously g razing swards with a rang e of heig hts 

(30- 1 20 mm) was 2.5-5.0 g OM/ewe/m in and 1 .0-3.0 g OM/ewe/m in (heig hts 20-90 

mm) in spring and autumn, respect ively. Penning & Hooper ( 1 985) found that 

est imations of rate of intake over short time periods were not s ig nificantly d ifferent from 

corresponding daily mean values. 

Rate of intake is a function of bite weig ht and the t ime cost involved in 

searching , prehending and chewing the bite before it can be swal lowed (Laca & 
Demment, 1 990; Cosg rove, 1 992 ) .  In  a model of the response of intake rate to 

search time per bite and bite weight ,  Laca and Oemment ( 1 990) found that intake rate 

increases with bite weig ht in a l inear relat ionsh ip at low bite weig hts, but becomes 

asymptotic with further increase of the bite weig ht, and concluded that response of 

intake rate is h ig h ly sensit ive to bite weig ht and insensit ive to b it ing rate, un less the 

animal has an extremely low search efficiency and a h ig h  proportion of the herbag e  

i s  not prehended. Using various sward canopy heig hts g razed by cattle, Cosg rove 

( 1 992) found that the variation in intake rate resu lted from different bite weig ht and bite 

rate combinations. At the start of g razing ,  as sward heig ht increased from 1 0.0 to 

30.0 cm , intake rate increased as a result of an increase in bite weig ht and a decrease 
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i n  bite rate.  But at the end of grazing when post-grazing canopy height was 5.0 cm, 

intake rate decreased with increasing pre-grazing canopy height as a consequence of 

s im i lar bite weight, but s lower bite rate. Hodgson ( 1 98 1  b) pointed out that bite weight 

and rate of intake are both sensitive to surface height, but rate of biting was less 

sensit ive, and its magnitude in compensating for the decline of b ite weight varied with 

the management strategy. 

The rate of intake has been found to increase in itially with increasing herbage 

mass or sward height, becoming insensit ive to it beyond a certain level ( Chacon & 
Stobbs, 1 976; Hodgson, 1 981 b; Forbes, 1 982; Penning, 1 986) , or the relationship may 

be quadratic (Penning et al. ,  1 991 a; Cosgrove, 1 992) .  The quadrat ic relationship 

between intake rate and sward surface height seemed to be attributable to the decl ine 

in the ratio of prehension bites to masticating movements with the increase of sward 

height (Penning et al. ,  1 991 a). Burns ( 1 984) (quoted by Val lentine, 1 990) reported that 

intake rates of cattle on improved pasture appeared to be maxim ized at an extended 

plant height of around 41 cm. Burl ison ( 1 987) showed that rate of intake declines as 

the sward is grazed down. The trial by Penning et al. ( 1 99 1 a) showed that intake rate 

for dry ewes reached a maximum of 56 mg/kg LW/min of grazing t ime when grazing 

at a sward height of 61 mm and thereafter decreased as sward height increased. With 

artificial swards, Laca and Demment ( 1 990) reported that the instantaneous intake rate 

increased rapidly as surface height increased to 50 cm . Th is response, due to deeper 

b ite depths in taller swards, was found to be greater at low rather than at h igh bulk 

densit ies. The rate of intake may also be positively correlated to leaf proportion and 

leaf bu lk density (Chacon & Stobbs, 1 976) . Cosgrove ( 1 992) showed that intake rate 

increased quadratical ly with canopy height, with a predicted maximum intake rate at 

28.0 cm , and the quadratic effect was caused by lower bite rate on tal l canopies. 

2.4.2. 1 .4 Grazing time 

The grazing animal usually divides its day into three a lternative activities: 

grazing, rum inating and id l ing (Hodgson , 1 990) . By themselves, these act ivities may 

be of greater academ ic interest than of pract ical value but, when considered with other 

criteria, their balance and also deviation from the normal patterns may signal stress 

factors and suggest management changes (Val lentine, 1 990) . 

Like biting rate, grazing t ime may be recorded manually or automatical ly. Unl ike 
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biting rate, however, recording of g razing time must continue for hours, and becomes 

extremely laborious (Forbes, 1 988). Manual records are usual ly made at 5- 1 0  m inutes 

intervals (Hodg son, 1 982). Automatic recording is normally carried out continuously. 

The Kienzle vibracorder (Allden, 1 962; Hodgson, 1 982) would appear to be the most 

commonly used automatic recorder thoug h  some electronic apparatus has been used 

(Chambers et al. ,  1 98 1 ; Penning et al., 1 984). 

In g eneral , sheep and cattle spend approximately one third of the day actual ly 

g razing , but a g reat variation has been found. On temperate sown swards, g razing 

t ime has been found to rang e from approximately 6.5 to 1 3.5 hours a day for sheep 

and 5 .8 to 1 0.8 hours a day for cattle (Hodg son, 1 986), depending on the animal 

species and sward conditions. A g razing t ime in excess of 8-9 hours/day is l ikely to 

be indicative of l im iting sward condit ions (Hodg son, 1 990) . Burl ison ( 1 987) reported 

that the rang e of mean g razing t ime of sheep was less than two-fold, from 434 to 8 1 3  

m inutes per day, and the overal l  tendency was for g razing t ime to decl ine as a sward 

was g razed down. The resu lts reported by Penning et al. ( 1 991 a) were 534-789 m in 

for lactat ing ewes in spring and 584-660 m in for dry ewes in autumn ,  both g razing 

swards of various heig hts. Walton ( 1 983) calcu lated that a cow m ust g raze 8 hours 

a day to ach ieve 90 kg g reen herbag e  at rate of 80 bites/min. Beef steers g razed 7.3 

hours on improved pasture in West Virg in ia (quoted by Vallentine, 1 990) whereas cows 

with calves on native g rass rang e in Oklahoma occupied 9.7 hours (quoted by 

Val lentine, 1 990) , heifers on Ozark rang es 1 0.6 hours and cattle on Austral ia 

rang elands 1 0  hours (quoted by Vallentine, 1 990). 

G razing animals exhibit a daily g razing cycle that is remarkably consistent and 

recurs each day with min imum chang e  (Val lentine, 1 990). There are usual ly between 

three and five periods of g razing during the day and the major g razing periods beg in 

near dawn and ag ain in the evening , ending near to sunset (Arnold, 1 98 1 ) . Most 

g razing activity occurs during daylig ht hours in temperate cl imates, thoug h  short 

periods of n ig ht g razing are not uncommon (Arnold, 1 98 1 ) . There is usually a period 

of rum inating activity after each g razing period, but much rum inating occurs at n ig ht 

(Hodg son, 1 990) . Freer ( 1 981 ) commented that social factors and dayleng th may a lso 

contribute to reduction in g razing time. The trial of Penning et al. ( 1 991 a) sugg ested 

that g razing and rum inating t ime were interchang eable: as g razing t ime increased 

there was a concomitant decrease in t ime spent ruminating and t ime spent idl ing 
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remained relatively constant. 

G razing t ime may vary as type of sward chang es. Stobbs ( 1 974a) and Stobbs 

and H utton ( 1 974) reported that g razing times for cows were, on averag e, shortest on 

temperate swards including oats (mean value 7.7 h/day) , and increasing ly long er on 

immature tropical swards, mature tropical g rasses and mature tropical leg umes (mean 

values 9.4, 1 1 .3 and 1 2.0 h/day respectively) . Unfortunately, no detai ls of canopy 

structure were g iven .  Campbell et al. ( 1 969) (quoted by Val lentine, 1 990) concluded 

that sheep in temperate environments commonly g raze for 8-9 hours daily on g ood 

pasture, but up to 1 2  hours when a pasture is overstocked or herbag e  is otherwise 

short. 

As g razing t ime increases, more energ y  is used for activity and less for 

production, thus the m inimum g razing t ime wh ich results in adequate herbag e  intake 

is considered opt imum (Val lentine, 1 990) .  Grazing t ime depends on ease of 

prehension and g eneral ly varies inversely with herbag e  mass or sward heig ht (Arnold, 

1 960, 1 975; Al lden & Whittaker, 1 970; Forbes, 1 982; Forbes & Coleman, 1 985; 

Penning & Hooper, 1 985; Phi l l ips & Leaver, 1 986; Burl ison, 1 987; Penning et al. ,  

1 991  a ) .  Allden and Whittacker ( 1 970) reported that g razing t ime increased rapidly with 

a decl ine in herbag e  mass below 1 000 kg DM/ha. Wadsworth (quoted by Forbes 

et al. ,  1 985) found a sig n ificant quadratic relationship between g razing t ime and 

herbag e  mass in sheep, with short g razing t imes at both low and h ig h  herbag e  

masses. A sim ilar quadratic function was found by Hendricksen and Minson ( 1 980) 

for the reg ression of g razing t ime by cattle on the yield of leaf of a tropical leg ume. 

Penn ing et al. ( 1 99 1 a) showed a fall of g razing t ime with an increase of sward heig ht 

and predicted a m in imum g razing time of 507 m in at sward heig hts of more than 1 20 

mm ,  and at this value animals wou ld have a maximum rum inat ing t ime of 420 min .  On 

particularly short or sparse swards, however, g razing t ime may start to decline because 

an imals appear to have partly "g iven up" (Arnold, 1 964; Chacon & Stobbs, 1 976; 

Hendricksen & M inson, 1 980; Penning et al. ,  1 991  a). Th is hypothesis seems to be 

log ical ,  because if energy  expended to harvest herbag e  is g reater than the net energ y  

harvested, then the best strateg y  to conserve energ y  would be to stop g razing 

(Stephens & Krebs, 1 986; Penning et al., 1 991 a). Forbes ( 1 982) found that g razing 

t ime for sheep was neg atively related to the leaf content of the sward.  

Extens ion of g razing t ime has been considered to be the most l ikely 
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compensatory response of the g razing animal to  a decrease in b ite weig ht (Freer, 

1 98 1 ) , unless the sward is too short (Arnold, 1 964). However, th is compensation is 

seldom adequate to prevent a fall in daily intake (Hodg son, 1 986). 

2.4.2. 1 .5 Total daily bites 

The total number of harvesting b ites taken in a day may be measured di rectly 

(by automatic recorder) or estimated either from the product of bite rate and g razing 

t ime, or from daily intake d ivided by an independently-derived est imate of bite weig ht. 

There is some uncertainty as to the upper l imit to total daily bites. On a 

temperate sown sward, g razing sheep may take between 1 0,000 and 78,000 bites per 

day, and g razing cows may take between 8,000 and 36,000 (Hodg son, 1 986) or up to 

43,000 (Zoby & Homes, 1 983). Burl ison ( 1 987) reported that daily b ites of sheep 

rang ed from 1 6,700 to 54,000 with hig h ly sig n ificant d ifferences between herbag es and 

between experimental periods with in herbag es, and tended to increase as a sward was 

g razed down. Derived values from the trial of Penn ing et al. ( 1 99 1 a) were 

25632-5 1 285, varying with sward heig ht. On temperate indig enous swards, Forbes 

( 1 982) recorded total daily bites rang ing from 20,000 to 49,000 for sheep and from 

27,000 to 46,000 for cattle on the same plots. However, Stobbs ( 1 973a, 1 974a, 

1 975a) and Stobbs and Hutton ( 1 974) stated that cows on tropical swards rarely 

exceed 36,000 bites per day. 

The response in total daily bites to chang es in sward canopy structure wi l l  

obviously reflect the combined responses of bite rate and g razing t ime. Thus there 

may be a neg ative relat ionsh ip between total daily bites and sward heig ht or herbage  

mass, as  i n  the work of Jam ieson and Hodg son ( 1 979b) , o r  alternatively the total daily 

bites may increase up to a certain sward height or herbag e mass and subsequently 

decline, as in the work of Chacon and Stobbs ( 1 976) . 

2.4.2. 1 .6 Daily herbage intake 

Daily herbag e  intake is the net result of the ing estive behaviour variables 

outl ined in Sections 2.4.2. 1 . 1 -2.4.2. 1 .5 and influences animal performance. The level 

of daily herbag e  intake is principally determ ined by the bite weig ht (2.4.2. 1 . 1 ) . 

The daily herbag e  intake may be derived from the relationship: 

daily intake = bite weig ht x biting rate x daily g razing time (Hancock, 1 952), 
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o r  est imated independently using other approaches. These approaches involve 

three techn iques: 

( 1 ) animal-based techniques such as those relying on the faeces output/diet 

dig estibi l ity relationship (Le Du & Penning ,  1 982); 

(2) assessments of animal performance (Baker, 1 982) and 

(3) sward-based techn iques (Meijs et al. ,  1 982) . 

The relative advantag es and disadvantag es of these d ifferent est imations and 

techn iques have been discussed by the authors and other reviewers (Minson, 1 983; 

Hodg son, 1 982) ,  and wil l not be further discussed here. 

Burl ison ( 1 987) reported that the mean dai ly herbag e intake of sheep varied by 

a factor of four, from 54.6 g OM/kg LW to 1 3. 1  g OM/kg LW across herbag es and 

g razing periods; the overal l  trend was to decline as the sward was g razed down, even 

thoug h  there were m inor i rreg ularities in response. The work of Penning et al. ( 1 991  a) 

showed values between 1 .67-2.71  kg OM/ewe/day over the range of sward heig hts 

described. 

A number of researchers have tried to establish a relationship between daily 

herbag e  intake and l ive weig ht of animals. Van Dyne et al. ( 1 980) reported 1 .8% and 

2 .4% of l ive weig ht for cattle and sheep respectively, but 2.2% of l ive weig ht for both 

species was reported by Ski les and Van Dyne ( 1 983). Most estimates of intake for 

cattle and sheep g razing rang elands of western United States fa" within the rang e of 

40 to 90g OM/kg LWo.75 or from 1 to 2.8% of body weig ht (Cordova et al. ,  1 978). 

Animals in th in body condition g eneral ly consume more herbag e  per un it l iveweig ht 

when other factors are not l im iting (A" ison , 1 985) .  In studies on Montana winter rang e, 

Adams et al. ( 1 987) (quoted by Vallentine, 1 990) demonstrated that larg e  cows had 

a h ig her absolute herbag e  intake, but a lower intake per unit of l iveweig ht than sma" 

cows. Leaver ( 1 985) considered that even h ig h-yielding cows normally consume less 

than 3% of l ive weig ht. Forbes and Hodg son (1 985) estimated mean dai ly intakes of 

over 4% of l ive weig ht for mature, non-lactating sheep and cattle, but they considered 

that such values were either overestimated or a temporary phenomenon, reflecting the 

manag ement used. 

Positive relationships between daily herbag e  intake and herbag e  mass or sward 
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heig ht have been found in numerous experiments (Arnold & Dudzinski, 1 966, 1 967a 

& b, 1 969, 1 978; Chacon & Stobbs, 1 976; Hodg son et al. ,  1 977; Hodg son & Milne, 

1 978; Hendricksen & Minson, 1 980; Baker et al. ,  1 981 a & b; Forbes & Coleman, 1 985; 

Forbes & Hodg son, 1 985; Penning & Hooper, 1 985; Burl ison , 1 987; Penning et al. ,  

1 99 1  a). This is apparently because of the positive relationship between sward heig ht 

or herbag e  mass and bite weig ht wh ich is a major determinant of dai ly herbag e  intake. 

Penn ing et al. ( 1 991  a) predicted an asymptotic relat ionsh ip between sward heig ht and 

daily herbag e  intake, in wh ich maximum intake wou ld be 35 g/kg LW, and animals on 

60 mm heig ht of sward wou ld achieve 0.98 of the asymptotic value. 

In addition, Arnold and Dudzinski ( 1 969, 1 978) found that daily herbag e  intake 

is associated with an increase in leaf density, and sheep g razing pastures with the 

same leaf leng th had h igher daily herbag e  intake when the swards were denser. As 

in the case of bite weig ht, for cattle g razing swards of tropical leg ume (Hendricksen & 
Minson, 1 980) or tropical g rass (Chacon & Stobbs, 1 976), the mass and proportion of 

g reen leaf had a strong influence on daily herbag e intake. 

2.4.2.2 Components of bite dimensions 

B ite d imensions consist of bite depth, bite area and b ite volume (Burl ison, 

1 987) . 

B ite d imensions had not been systematically and critical ly investig ated in g razing 

experiments and l ittle was known about these measurements unt i l  B lack and Kenny 

( 1 984) exam ined them with artificial swards. Fol lowing Black and Kenny's work, bite 

d imensions have been exam ined in more detail by a number of scientists (Burl ison , 

1 987; Mursan et al. ,  1 989; Burl ison et al. ,  1 991 ; Betteridg e 1 99 1 ; M itche" et al. ,  1 991 ; 

M itche", 1 993; Ung ar et al. ,  1 991 ; Laca et al. ,  1 992a) . The requ i rement, however, is 

to establish a quantitative relationship between bite weig ht and bulk density throug h  

the variables of bite dimensions, s ince by defin ition , bite weig ht may be viewed as the 

product of bite volume (depth x area) and bulk density of herbag e  with in the sward 

horizons encompassed in a bite (Hodg son, 1 985). This provides a basis for 

understanding the effects of plant morpholog y  and sward structure on bite weig ht in 

terms of variation in the physical dimensions of individual bites of herbag e, and in the 

bulk density of herbag e  within the volume occupied at a bite (Hodg son, 1 985). Hence, 

bite d imensions are the behavioural characteristics causally l inking sward structure and 
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intake (Ungar et al., 1 991 ). The interrelat ionships between bite dimensions and other 

components of ingestive behaviour  and herbage intake are shown in Fig. 2.2 (Burl ison, 

1 987; Hodgson , 1 990) . 

This view would be helpful in explain ing the positive relationsh ip, as reviewed 

before, between bite weight and herbage density observed in tropical swards (Stobbs, 

1 973a & b; Chacon & Stobbs, 1 976) . However, the l im itation and the extent to which 

it can be applied m ust be born in m ind. The relationship between bite weight, bulk 

density and bite dimensions is most easily applied in the case of un iform swards in a 

vegetat ive or early reproductive stage of growth, in wh ich animals graze largely 

indiscrim inately from the surface strata and where individual bites can be described in 

terms of relatively simple dimensions (Hodgson, 1 985) . It requires care in more 

mature, tal ler or more complex swards in  wh ich animals discriminate actively between 

different plant species or morphological units and it may be necessary to consider bite 

d imensions in terms of individual leaves (Hodgson, 1 985) . In these circumstances 

measurements of bite area would be unreal istic because of the selective prehension . 

2.4.2.2.1 Bite depth 

Normal ly, bite depth may be defined as the depth to which the open mouth of 

the animal is inserted into the sward (Hughes, 1 988). It may be calcu lated from the 

d ifference between the pre-grazing sward surface height and the height of the grazed 

herbage after one bite has been prehended (Burlison, 1 987; Ungar et al. ,  1 991 ) .  In  

terms of  th is  defin ition, the upper l imit to  bite depth is the mean pre-grazing sward 

surface height, and the lower l imit (Le. grazed height or stubble height after grazing) 

is the mean height of the severed ends of the rooted herbage after a bite is 

prehended, regardless of whether the herbage was clamped in the an imal's mouth at 

th is height or h igher up. However, this only covers the situation where the animal 

grazes from the sward surface down (Burl ison, 1 987) . There are some exceptions in 

grazing pract ice. If the animal prehends extremely tall plants from the base or the 

side, or severs herbage from leaves wh ich do not reach up the sward surface, the 
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upper l im it to bite depth wi l l  be below the sward surface. I n  th is case, it wi l l  be more 

difficu lt to e3t imate it accurately. Thus, in extreme selective g razing , bite depth as 

defined above may not be a meaning fu l  statistic (Burl ison, 1 987) . 

B ite depth is not necessarily l im ited by the dimensions of the buccal cavity, 

since both sheep and cattle frequently g rip long leaves or t i l lers from the side and tear 

them off before drawing them into their mouths (Hodg son, 1 981 a) .  

G rant and Hodgson ( 1 980) and Hodg son and Forbes ( 1 980) , working with a 

series of contrasting temperate pastures, estimated bite depth in terms of the depth 

of head insertion into the sward, and found that on a perennial ryeg rass (Lolium 

perenne) sward (surface heig ht approximately 1 1  cm), both sheep and cattle 

concentrated their g razing in the top 5 cm of the sward, whereas for a Nardus­

dom inant commun ity (surface heig ht 25-35 cm) sheep tended to g raze at a depth of 

1 0-25 cm and cattle at a depth of up to 1 5  cm. Burl ison ( 1 987) visual ly assessed bite 

depth, recording the insertion of depth of head as fal l ing within one of five imag inary 

head depth bands, or approximately along one of the four  arbitrary horizontal reference 

l ines making the l imits of the bands. She reported that sheep g razed a depth of 

1 .4-8 .4 cm and 1 .2-1 3. 1 cm on two g razing occasions respect ively, whereas cattle had 

a smal ler maximum bite depth than sheep, even though the median value appeared 

to be g reater overal l  than sheep. The bite depth measured using an improved cag ed­

g razing techn ique (Burl ison , 1 987; Burl ison et al. ,  1 991 ) was between 1 .5-20.6 cm over 

a rang e of herbag es. Forbes ( 1 982), Mi lne et al. ( 1 982) anq Barthram and Grant 

( 1 984) measured g razed depth from several successive bites down the sward profile, 

instead of the depth of a sing le bite. However, Forbes (1 982) considered that true bite 

depth was probably measured in h is experiment because of the short g razing time 

a l lowed ( 1 5-20 m in) ,  and because of evidence from visual observation. G razed depth 

in h is research rang ed from 0.3 to 1 4.4 cm at mean leaf leng ths of 8 .5 and 25.0 cm 

respectively for cattle, and from 0.3 to 1 1 .9 cm at mean leaf leng ths of 1 0.4 and 

3 1 .7  cm respectively for sheep. Betteridg e et al. ( 1 99 1 )  reported bite depth of cattle 

varied from 1 .7 cm to 1 8.7 cm with various sward heig ht. Laca et al. ( 1 992) est imated 

that averag e  bite depth of cattle g razing paspalum (Paspalum dilatatum) and lucerne 

(Medicago sativa) were 9.7 and 7.2 cm respectively. Wade ( 1 991 ) found that under 

paddock g razing , the depth of g razing remained about one th ird of extended t i l ler 

heig ht, irrespective of preg razing height. 
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Barthram and Grant ( 1 984) showed that g razing sheep seldom penetrated into 

the horizons containing pseudostem or dead material ,  even when herbag e  intake was 

severely restricted in consequence. They commented that the pseudostem acts as a 

barrier to bite depth and the reduct ion in bite depth is l ikely to l im it bite weig ht and 

consequently also the daily herbag e  intake, because pseudostem is more d ifficult to 

gather and g rip than leaves, and the force required to harvest pseudostem is l ikely to 

be m uch greater than for leaf (Hughes et al. ,  1 991 ) .  However, Burlison et al. ( 1 991 ) 

and Laca et al. ( 1 992a) found that bite depth did not appear to be constrained primarily 

by the presence of pseudostem, even though  the presence of dead leaf at the lower 

levels of the sward m ig ht have had some influence. Burl ison et al. ( 1 99 1 )  reported that 

bite depth of cag ed sheep rang ed from 1 .5-20.6 cm , and these sheep only g razed 

approximately half of the mean leaf depth. L'Hu i l l ier et al. ( 1 986) found that the 

distribution of g rass g reen leaf determined which strata were grazed. Sheep g razed 

apparently indiscrim inantly at the surface of all swards with a h ig h  g reen leaf content 

in the upper strata, but the defoliation was larg ely concentrated in the basal 3 cm of 

an 1 8  cm tall sward which had a very high content of dead flowering stem ,  with g reen 

herbage only in the basal stratum. 

A number of researchers have reported a positive l inear relationship between 

surface heig ht and bite depth (Mi lne et al. ,  1 982; Burlison, 1 987; Mursan et al. ,  1 989; 

Laca & Demment, 1 990; Burl ison et al. , 1 991 ; Betteridge et al. ,  1 991 ; Laca et al. ,  

1 992a) and g razed heig ht (Mi lne et al. ,  1 982; Wade, 1 991 ) ,  with bite depth being the 

major determ inant of intake, and sward surface heig ht being the best predictor of bite 

depth (Mursan et al. ,  1 989). Little chang e  or reduction in bite depth appears to occur 

as bulk density increases (Laca & Demment, 1 990) .  However, it has not been possible 

to determine whether the sheep responded to surface heig ht per se or to some related 

sward attributes or their combinat ion (Burl ison et al. ,  1 99 1 ) . 

2.4.2.2.2 Bite area 

B ite area is the area in a horizontal plane effectively encompassed by a typical 

bite (B lack & Kenney, 1 984; Burlison, 1 987) and is particularly difficult to measu re in 

g razing situations (Burl ison & Hodg son, 1 985) .  It may be directly measured (Burl ison , 

1 987; Burl ison et al. ,  1 991 ), indirectly estimated by d ividing bite weig ht by the herbag e  

mass per un it area when the sward heig ht is fixed (Black & Kenney, 1 984) , o r  indirectly 
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est imated from the relat ionship between bite weig ht and bite area throug h  the bulk 

density of the g razed stratum (Burl ison, 1 987) , Le. : 

Bite area (cm 2 ) = 
bite weight (mg OM ) 

grazed stratum bulk density (mg OM cm -3) 
x 1 

bite depth ( cm) 

However, whether the indirect estimation of bite area can real ly represent the "true" 

bite area depends heavily on the density and spat ial arrang ement of plant parts , and 

the value on a sparse sward can be far g reater than the extent covered by the mouth 

dimensions (Black & Kenney, 1 984). 

Laca et al. ( 1 993) defined "real ised b ite area" of cattle as the product of the 

area encompassed by the mouth gape and sweeps of the tong ue. The probabi l ity that 

t i l lers within that area are captured and severed by the b ite, can be actively adjusted 

by the animal by increasing the area and frequency of tong ue sweeps. In hand­

constructed swards, Ung ar et al. ( 1 991 ) defined bite area as the ratio of the surface 

area represented by the number of holes (throug h wh ich leaf b lades were threaded) 

g razed and the number of non-reg raze bites. Ung ar et al. ( 1 991 ) arg ued that in order 

to avoid confusion, it is appropriate to disting uish "bit ing area" and "b ite area" . The 

outer perimeter of g razed plant units defines the "biting area". The area represented 

by on ly those plant units that are g razed with in the biting area yields the "bite area" . 

B it ing area is only synonymous with bite area on swards of homog enous heig ht where 

there is no s lippag e. 

Litt le information on bite area and sward factors affecting it was avai lable unti l 

1 984. Morris ( 1 969) deduced (quoted by Burl ison , 1 987) that cont inuously stocked 

lambs tended to g raze patches of herbag e  up to an area 1 6  x 1 6  cm2 before moving 

to a different place in the sward, but this was an est imate of g razed area from a 

succession of b ites rather than bite area. A conceptual model was sugg ested by Laca 

et al. ( 1 992a) to describe factors control l ing bite dimensions; effective b ite area of a 

g razing animal is a result of the interaction of the heig ht of the sward and stiffness of 

plant un its with harvesting behaviour of the animal. 

B lack and Kenney ( 1 984) fi rst estimated bite area effectively covered by one 

b ite using sheep grazing artificial swards. The values were between 8.6 and 33.0 cm2• 

Burl ison ( 1 987, experiment 1 )  reported that the bite area of sheep derived from the 



24 

relat ionsh ips among bite weight, bulk density of the grazed stratum and bite area, 

varied from 3 to 358 cm2 , and commented that th is est imation was very crude and 

shou ld be treated with a certain degree of caution. A further measurement in which 

"true" bite area was first measured direct ly (Burl ison , 1 987, experiment 2; Burl ison et 

a/. ,  1 991 ) with a caged-grazing technique showed values ranging from 9.5 to 35.5 cm2 

across a series of swards. The work of Betteridge et a/. ( 1 99 1 )  showed values of 

20. 1 -56.4 cm2 for cattle, and indirect estimates by Mursan et a/. ( 1 989) were 

42.40-52.50 cm2• Laca et a/. ( 1 992a) reported that average bite area of cattle grazing 

paspalum and lucerne were 1 1 8 and 84 cm2, respectively. 

B ite area is directly related to mouth dimensions (Burl ison, 1 987) within animal 

species, and can be viewed as the product of incisor breadth and the extent of opening 

of the mouth (Hughes, 1 988; Burlison et a/. ,  1 991 ) ,  even though this relationship can 

be to some extent mediated by variation in grazing behaviour  and depends upon the 

use of l ips and tongue to gather herbage (Hodgson, 1 983). For example, cows usual ly 

sweep an area of herbage into the mouth with the tongue, whereas sheep are capable 

of removing individual leaves from a plant (Hodgson , 1 982). Cattle are also capable 

of fine resolution in removing individual components from the sward in some 

circumstances (Stobbs, 1 973a; Hodgson & Grant, 1 981 ) .  Thus, the extension of the 

tongue or l ips together with the gape area of mouth defines the "total swept area" 

(Ungar et a/. ,  1 99 1 ) . 

On very sparse swards the number of leaves and stems prehended at a bite is 

probably l im ited by the maximum bite area (Hodgson , 1 985). On dense swards, 

Hodgson ( 1 985) and Hughes et a/. ( 1 99 1 )  suggested that the number of plant un its 

severed at a bite may be l im ited by the effort required to sever the herbage. It is 

suggested that there is a set l im it to force expenditure per b ite, which may be termed 

as summit force per bite (Hughes et a/. ,  1 991 ) ,  and this force may be a deciding factor 

(Hodgson, 1 985). This force is affected by the structural strength of the herbage, 

(Hodgson 1 985; Burl ison , 1 987; Hughes et a/. ,  1 991 ) and may reflect variation in 

tensile strength and shear force. Th is issue will not be discussed further. Th is view 

predicts that, other attributes being equal, bite area wi l l  decrease with increase in the 

number of plant un its per un it area due to the greater force required to sever the 

herbage. Therefore, on a dense sward, a deeper bite might result in a reduct ion in bite 

area (Hughes et al. ,  1 99 1 ) .  
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Laca and Demment ( 1 990) showed that bite area is reduced by increasing bulk 

density but increases as height increases. Burl ison et a/. ( 1 987) ascertained positive 

relat ionships between bite area and surface height within individual grass species 

despite the fact that this relationship was very weak across grass species. This 

positive relationship suggests that sheep graze long herbage by a scooping action, 

with a partly horizontal movement of the head, rather than a vert ical plucking action. 

This phenomenon confl icts with the theory of summit force per bite proposed by 

Hughes et a/. ( 1 991 ) .  Laca et a/. ( 1 992a) found that bite area of cattle was 

sign ificantly and predictably affected by sward height and bulk density. 

The ampl itude and number of tongue sweeps per bite increases in a 

compensatory fash ion as bulk density declines (Laca et a/. ,  1 993) . The cattle 

appeared to respond to decl in ing sward density by adjust ing the number and 

ampl itude of tongue movements to gather the largest feasible bite cross-sect ion . The 

larger the density the fewer tongue movements requ ired, and the smal ler the reach 

and bite area (Laca et a/. ,  1 992a). 

In addit ion , bite area is far less sensitive to changing sward structure than bite 

depth (Bur l ison , 1 987). Mursan et a/. ( 1 989) found that bite area of cattle was not 

influenced by either sward height or density, and remained constant as sward height 

increased from 5 to 1 5  cm and as the bulk density of the grazed horizon decreased 

from 20.94 to 9. 1 8  mg/cm3• M itche" et a/. ( 1 991 ) showed that sward height had l ittle 

or no effect on bite area, wh i le bulk density had a moderate, negative effect. However, 

by contrast , Laca and Demment ( 1 990) found that bite area increased quickly with 

increasing pasture height when bulk density was low, but only very l ittle when bulk 

density was h igh. Laca et a/. ( 1 992a) noticed a slow increment in bite area with 

increasing sward height for cattle grazing paspalum and lucerne. 

2.4.2.2.3 Bite volume 

Bite volume is the volume occupied in the sward by the herbage prehended at 

a bite. Each bite occupies a pasture volume which is assumed to be cyl indrical in 

shape (Ungar & Noy-Meir, 1 988) . However, no attempt has been made to determ ine 

the true shape and dimensions of bite volume. Rather, the defin ition is reduced to two 

parameters, depth and area, the product of wh ich is equal to the effective volume of 

the sward contained in a bite (Ungar et a/. ,  1 991 ) .  Therefore bite volume may be 
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derived from the product of bite area and bite depth (Burl ison , 1 987) , being viewed as 

the vertical projection of bite area from the sward surface to the mean depth at which 

plant material was severed (Mursan et a/. ,  1 989) . Bite volume may also be obtained 

by dividing the bite weight by bulk density of the grazed stratum , as Hodgson ( 1 981 a 

and b) pointed out that where variation in bulk density is small ,  changes in bite weight 

m ust reflect changes in bite volume. 

B lack and Kenney ( 1 984) reported that values of bite volume ranged 1 1 -471 cm3 

for sheep, compared to 1 1 - 1 083 cm3 for sheep derived by Burl ison ( 1 987) wh ich were 

very variable across herbages and grazing periods, 22-6 1 2  cm3 for cattle observed by 

Betteridge et a/. ( 1 991 ) , 1 03-388 cm3 for cattle estimated by Mursan et e l .  ( 1 989), and 

656-1 209 cm3 for cattle measured by Laca et a/. ( 1 992a). The general trend in 

Burl ison's experiment ( 1 987) was that bite volume decl ined as the sward was grazed 

down. In the second experiment of Burl ison's work (Burl ison et a/. ,  1 99 1 )  where the 

cage-grazing techn ique was used, bite volume ranged from 20 to 428 cm3. The 

studies of Black & Kenney ( 1 984), Mursan et a/. ( 1 989), Burl ison et a/. ( 1 991 ) and 

Betteridge et a/. ( 1 991 ) all indicated a positive relat ionship between bite volume and 

sward surface height, but a decline of bite volume as mean sward bulk density 

increases was only observed by Black and Kenney ( 1 984). Mursan et a/. ( 1 989) found 

a three-fold increase in bite volume due entirely to an increase in bite depth,  whereas 

bite area remained constant. 

2.4.2.3 Overall response patterns and compensatory changes in ingestive 

behaviour variables 

The variables of ingestive behaviour have been individual ly reviewed so far. 

However, it is helpfu l to consider their combined effects which eventual ly determine 

daily herbage intake. 

B ite weight is the primary an imal response as sward conditions d imin ish. For 

example, if sward height or herbage mass decl ines, bite weight is the variable most 

d i rectly infl uenced, and normally fal ls sharply, and consequently short-term rate of 

intake is negatively affected. However, animals usually tend to have a h igher biting 

rate with decl in ing bite weight to maintain intake rate, but the rate of increase is 

seldom fast enough to compensate. Therefore, an associated decl ine of short-term 

rate of intake occurs (Allden & Whittaker, 1 970; Hodgson, 1 98 1  b; Penn ing et a/. ,  



27 

1 99 1 a) .  I ncrease in biting rate has been seen as a compensatory response by the 

an imal to prevent the decl ine of intake rate, but it appears to be due primarily to a 

reduction in the number of manipulative jaw movements and to an increase in 

prehending movements with decl in ing sward height, and consequently total jaw 

movements per un it t ime remain constant (Penning et al. ,  1 99 1  a). The variation in 

biting rate shou ld therefore be considered as a direct effect of variation in sward 

conditions (Hodgson , 1 985). 

When biting rate alone cannot ful ly compensate and intake rate is sti l l  low, 

grazing t ime is extended. The most readily apparent adaptive response to the decline 

of bite weight is the increase in grazing time wh ich usually occurs when the rate of 

intake declines (Freer, 1 98 1 )  and is generally considered to be a compensatory 

mechan ism . However, the degree of compensation is again inadequate to offset the 

decl ine of intake rate and grazing time decl ines on particularly short swards, thus 

reinforcing the negative effect exerted by the depression of bite weight. Therefore, 

variations in daily herbage intake frequently reflect closely the observed variations in 

bite weight (Hodgson, 1 985) . 

B ite weight varies to a far greater extent than either biting rate or grazing time 

with sward changes. Jam ieson and Hodgson ( 1 979a) found that the daily herbage 

intake of calves fell by 24% over a six week period as a response to reduct ion in 

herbage mass and sward height; this decl ine was accompanied by a 50% fall in bite 

weight, a 22% rise in bite rate and a 1 4% increase in grazing t ime. In the same 

research , a 39% fal l  in daily herbage intake of lambs was a net resu lt of a 65% fall in 

bite weight and increases of 21 % and 23% for bite rate and grazing time respectively. 

2.4.3 Summary 

Bite weight is the most important determinant of daily herbage intake. 

Compensatory increases in biting rate and grazing t ime to offset the decline of bite 

weight induced by sward restrictions are l imited, and consequently, intake rate and 

daily herbage intake are depressed. Bite weight also is the most important behavioural 

variable of grazing animals responding to changing sward conditions. 

B ite weight has been l inearly and positively related to sward surface height, 

herbage mass and bu lk density and leaf proportion. The relat ionsh ips between bite 

weight and surface height and herbage mass have been mainly found on temperate 
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swards, whereas those between bite weight and bulk density and leaf content have 

been only observed on tropical swards. 

Of the components of bite dimensions, bite depth appears to be positively 

related to sward surface height, and to make a far greater contribution to bite volume, 

and hence bite weight, than does bite area. B ite depth may be restricted by barriers 

of pseudostem and dead material in short swards. The information on bite area and 

bite volume is relatively scarce. However, recent research has suggested that on 

sparse swards, the number of plant un its prehended at a bite is l ikely to be restricted 

by the mouth area ( incisor breadth x maximum open size of mouth) , whereas on dense 

swards ,  the l imit ing factor may be the maximum force requ i red to tear herbage off 

(summit force per bite). 

2.5 SWARD ATTRIBUTES AFFECTING INGESTIVE BEHAVIOUR 

I n  th is section , attention is focused on the influences of sward attributes on 

ingest ive behaviour. The sward factors influencing d iet selection and grazing 

d iscrim ination wi l l  not be considered here since these are outside of the scope of the 

thesis. 

I ngestive behaviour and hence herbage intake are sensit ive to a range of sward 

attributes. However, it has proved difficult under grazing conditions to isolate the 

independent influence of a particular sward characteristic from other structural and 

qual ity characteristics of the sward because many of them tend to change 

concomitantly and to associate with one another (Hodgson, 1 985, 1 990) . But the 

accumu lated evidence has shown that some variables exert a dom inant and crucial 

influence in this process and are thus more important than others. 

Under reasonably un iform conditions the complex of sward characteristics can 

be reduced to two components (Hodgson, 1 990) : herbage mass (quantity of sward) 

and surface height. The latter is one attribute of canopy structure. Qual ity of sward 

(digestibi l ity) in some cases also has a large effect in this process. Therefore, under 

this heading, herbage mass wil l be discussed first, and then fol lowed by consideration 

of a range of physical structural attributes of the sward canopy. The qual ity of the 

sward wi l l  be touched on briefly. 
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2.5. 1 . 1 

Herbage mass 

Concept 
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The weight of plant material above ground level can be derived in various terms, 

but it is best termed herbage mass (Hodgson, 1 979) or biomass (Thomas, 1 980) which 

is defined as an instantaneous measure of the total weight of herbage dry matter (DM) 

per un it area of ground (usually expressed in kilograms per hectare), preferably 

measured to ground level .  

Some alternat ive terms, l ike herbage avai lable and avai labi l ity, have been used 

to describe the amount of herbage on offer (Arnold, 1 964) , or to refer to the quantity 

and distribut ion of herbage mass in space affecting intake rate through the mechanism 

of food-gathering (Ungar & Noy-Meir, 1 988) . Hodgson ( 1 979) commented that in 

current usage they mean Simply the herbage mass as defined above, with some 

arbitrary reference base, in which case the terms are unnecessary and confusing and 

should be avoided. Herbage yield is not an acceptable alternative e ither, and is better 

avoided a ltogether (Hodgson, 1 979). 

Herbage al lowance is another term which has been commonly used to describe 

the amount of herbage allocated per animal per day (kg OM/an imal /day) (Greenhalgh, 

1 966) or per un it l ive weight of animal at a point in t ime (kg OM/kg LW) (Hodgson ,  

1 979), or  per un it l ive weight of animal per day (OM/kg LW /day) (Sheath et  al. ,  1 987). 

Herbage mass indicates the amount of herbage present above ground per unit 

area of land. Compared to herbage mass, herbage al lowance only impl ies a 

managerial decision without a clear indication of the amount of herbage and its 

d istribution within the sward (Rodriquez Capriles, 1 973). It gives a better impression 

of the balance between demand and supply (Hodgson, 1 979) and acts effectively as 

a rationing process (Hodgson, 1 990) .  

However, there has been lack of unanimity in the l iterature concern ing the 

relative importance of herbage mass and herbage al lowance (Greenhalgh, 1 967; 

Hodgson & Wilkinson, 1 968; Rodriquez Cap riles, 1 973). In a comparative study using 

sheep to assess the relative importance of herbage mass and herbage al lowance, 

Hodgson and M ilne ( 1 978) concluded that herbage weight per un it area is more closely 

related to herbage intake than herbage weight per animal, but herbage weight per 

an imal probably exerted an effect through its influence on the rate of change of 

herbage weight per unit area during a grazing period . 
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I n  th is review both terms are used in accordance with the l iterature source, but 

in the experiment, on ly herbage mass was considered. 

2.5. 1 .2 Effect of herbage mass and herbage allowance on ingestive 

behaviour 

Herbage intake has variously been shown to be affected by variations in 

herbage mass (Poppi et al., 1 987), and by variations in herbage a llowance, in cattle 

(Greenhalgh et al. ,  1 966; Combel las & Hodgson , 1 979; Le Du et al. ,  1 979) and sheep 

(Rattray et al. , 1 987). The relationship between herbage intake and herbage mass has 

been common ly described as asymptotic (Al lden, 1 962; Arnold & Dudzinski , 1 967a),  

with intake decl in ing at an increasing rate below a critical mass which has been found 

to vary between experiments from approximately 1 , 1 00 to 4,000 kg DM/ha for sheep 

and from 1 , 1 00 to 2,800 kg DM/ha for cattle, though there is marked variation in the 

pattern of response observed in individual studies (Al lden & Whittaker, 1 970; Arnold & 
Dudzinski , 1 967a; Hodgson, 1 977) . Forbes and Coleman ( 1 987) found that herbage 

intake of cattle approached maximum val ues at approximately 5 ,000 kg DM/ha. It was 

suggested (Hodgson & Milne, 1 978) that other variables such as sward height, 

leaf/stem ratio or herbage density may modify the overall relat ionship between intake 

and herbage mass, thus leading to the variation in the critical mass that has been 

found. 

The relationship between herbage intake and herbage mass is sim ilar under 

cont inuous stocking and rotational grazing managements (Hodgson, 1 975) . 

Under rotational grazing management, herbage intake has often been related 

to variations in the daily al lowance of herbage. It has been suggested (Hodgson , 1 990) 

that herbage intake increases at a decl ining rate with increasing al lowance, usual ly 

reaching a plateau at a daily DM allowance equal to 1 0- 1 2  per cent of the animal's 

body-weight for most classes of stock. The basic relationship between dai ly herbage 

a llowance and herbage intake under strip- or paddock-grazing management appears 

to be sim i lar to the asymptotic curve between herbage mass and herbage intake and 

herbage intake appears to approach the maximum only at levels of dai ly herbage 

al lowance equ ivalent to four times the amount eaten (Hodgson, 1 975) . I ntake only 

starts to decline markedly when the allowance is less than twice intake and decl ines 

rapidly when the al lowance falls below 40 g OMlkg LW/day (Hodgson , 1 975) . Th is is 
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supported by a recent study on allowance-intake relations of cattle grazing vegetative 

tal l fescue (Dougherty et al. ,  1 992). However, the work of Dougherty et al. ( 1 992) 

does not support the concept that intake approaches a maximum when a llowance is 

three to four  t imes intake. 

There seems to be general agreement that variations in herbage mass or 

herbage al lowance exert a major influence on bite weight, and a lso have some effect 

on bit ing rate and grazing t ime (Stobbs, 1 973a & b, Jam ieson & Hodgson, 1 979a & b). 

M inson ( 1 983) concluded that animals generally have no difficu lty in satisfying their 

appetites, provided the herbage mass is between 1 ,000 and 1 ,500 kg DM/ha, but when 

herbage mass falls below 1 ,000 kg DM/ha, bite weight wil l be reduced below the 

critical value of 300 mg OM. However, in a model describing grazing behaviour  where 

bite weight was held constant and herbage mass was varied by increasing ground 

cover of a sward with constant height and density, Laca and Demment ( 1 990) found 

that herbage mass in itself does not affect intake rate of cattle, but some of its 

components (height and density) do and this aspect wil l be detai led in the 

corresponding sect ions. 

Jam ieson and Hodgson ( 1 979a) reported that with a reduction in herbage 

al lowance, the intake of strip-grazed calves was depressed as a resu lt of rough ly 

sim i lar reductions in bite weight, bite rate and grazing t ime, and they attributed this 

response to the increasing difficulty of prehending and ingesting herbage as swards 

were grazed down (Hodgson , 1 975). Subsequently, Jam ieson and Hodgson ( 1 979b) 

found that as herbage mass was progressively reduced, both biting rate and grazing 

t ime increased , but insufficiently to offset the rapid fal l in bite weight so that as a 

consequence, herbage intake decl ined for both calves and lambs respectively. 

Research with sheep, cattle and goats showed that relative rate of decl ine of 

herbage intake (per Kg LW 0.75) with decreasing herbage mass is a lso associated with 

the rate of disappearance of herbage mass (Coll ins & Nicol ,  1 986) . The difference in 

herbage intake by goats, sheep and cattle was greater when the herbage mass was 

being slowly depleted than when it was depleted rapidly. However, the relat ionsh ip 

between herbage mass and herbage intake depends not only on the absolute amount 

of herbage avai lable, but also on the amount of effective herbage mass present. For 

example, when herbage mass is augmented by increasing amount of non-preferred 

herbage,  th is wil l result in an increase in searching t ime and reduce the intake rate 



32 

(Laca & Demment, 1 990) . 

I n  terms of the evidence outl ined above, the influences of herbage mass and 

herbage al lowance on herbage intake of various stock classes are certain ly important. 

However, the shapes of the general relationships between herbage mass and herbage 

intake, and between herbage allowance and intake found in the various studies may 

be modified by the structural and quality features of the herbage consumed, g iving rise 

to a marked variation in the pattern of response ascertained in various circumstances 

(Hodgson , 1 977). The variation between studies may reflect partly the confounding 

effect of concom itant changes in the qual ity of the herbage (Hodgson , 1 977) and partly 

the effects imposed by the characteristics of the sward canopy structure. Additional ly, 

response of herbage intake to variations in herbage mass depends strongly on what 

components (height and density) of herbage mass vary. Thus, there will undoubtedly 

be a need to outl ine the effects exerted by the canopy structure and qual ity of the 

herbage in order to understand thoroughly the relationship between herbage intake and 

related factors. 

2.5.2 

2.5.2.1 

Sward canopy structure 

Concept 

A sward is defined as the above- and below-ground parts of a popu lation of 

herbaceous plants, characterized by a relatively short habit of growth and relatively 

continuous ground cover (Hodgson , 1 979) . Sward canopy structure is defined as the 

d istribut ion of, arrangement of, and interrelat ionships between the various components 

of the canopy (Thomas, 1 980). The term "sward canopy structure" used in this thesis 

carries with it connotations of the spatial arrangement and proportions of the various 

components of the plant and it includes bulk density, ti l ler (stolon) density, surface 

height, stem height, depth of leaf layer, proportion of seedhead/leaf/stem and live/dead 

components and vertical distribut ion of these categories. 

2.5.2.2 Effects of sward canopy structure on ingestive behaviour 

The physical structure of the sward canopy can exert a direct effect upon the 

herbage intake of grazing animals, qu ite apart from the influence of the chemical 

composition and nutrient content of the herbage itself (Hodgson, 1 990) . 

Although it is not always easy under grazing conditions to d isentangle the 
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independent effect of an individual structural attribute on ingestive behaviour from other 

confounding attributes (for example, height frequently confounds density) , recent 

studies (Black & Kenney, 1 984; Burl ison , 1 987; Laca & Demment, 1 990; Burl ison et 

a/. ,  1 991 ; M itchell et a/. ,  1 991 ; Laca et a/. ,  1 992a) have been able to consider the 

separate effects of some sward features on ingestive behaviour and herbage intake 

by careful control of grazed swards. Therefore, the effects of structural attributes wi l l  

be reviewed on the individual basis, but their interactions wi l l  also be considered. 

2.5.2.2.1 Height 

There are numerous interpretations as to what constitutes canopy height or 

sward height (Rhodes, 1 981 ) .  Conventional ly, sward surface height is the average 

height of uppermost leaves in an undisturbed sward canopy (Hodgson , 1 990). 

Occasional ly, the measurements are made of the extended height of leaves or t i l lers 

(Hodgson et a/. ,  1 971 ; Wade, 1 991 ) .  Til ler length (Al lden & Whittaker, 1 970) and 

height index (Spedding & Large, 1 957) are two alternat ives of the height measurement 

used in some previous experiments. Til ler length is the measurement from the base 

of a t i l ler to the t ip of the longest leaf (Al lden & Whittaker, 1 970) , whereas the height 

index relates height to the distribution of density, and is determ ined by a pOint-quadrat 

method (Spedding & Large, 1 957) . In th is review, the undisturbed height is used 

un less an a lternative is specified. 

Animals respond more consistently to variations in sward height than in herbage 

mass, and height is more easily measured than herbage mass (Hodgson, 1 990) . 

However, variation in mass and in surface height are often closely correlated a lthough 

the relat ionsh ips change with seasons, and tend to influence intake in the same way 

(Hodgson, 1 981  a). 

A number of detailed studies have shown that the surface height of the 

undisturbed sward is the primary variable influencing intake (Hodgson et a/. ,  1 986; 

Forbes, 1 988). The surface height probably is the best simple variable for predict ing 

both animal and sward responses (Hodgson, 1 981 a & b) and appears to be the most 

usefu l indicator for management purposes so far (Maxwel l ,  1 986). Management of 

pastures based on sward height has received a great deal of attention (Hodgson et a/. ,  

1 986) . 

Under continuous stocking management, herbage intake may also be 
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asymptotical ly related to sward height (Penn ing & Hooper, 1 985; Penning et a/. ,  

1 99 1 a) .  The point at which intake approaches the maximum can be  regarded as  the 

critical height. There is l itt le point in providing taller swards than this height, because 

further increases wi l l  not improve intake and wi l l  result in a reduction in digestibi l ity, 

u lt imately counterbalancing some of the potential advantages of the increased height 

(Hodgson , 1 990) . 

The critical height is important in characterizing patterns of an imal response, but 

it has been found to vary qu ite substantially in various experiments. Arnold ( 1 964) 

found that the maximum intake of grazing sheep was ach ieved at a sward height of 8 

cm . Al lden and Whittaker ( 1 970) observed a rapid increase in  dry matter intake by 

grazing sheep (Iambs and yearl ings) with increasing t i l ler length up to 1 5  cm,  thereafter 

l itt le change in intake occurred. Penning et a/. ( 1 99 1 a) recommended that opt imum 

sward surface height for continuously stocked swards grazed by sheep would be 

between 3-6 cm . Hodgson ( 1 990) summarized the critical values (Table 2 . 1 ) . Under 

continuous stocking management, herbage intake may be expected to start to decl ine 

when the surface height of the sward fal ls below 8- 1 0  cm for grazing cattle and 6-7 cm 

for sheep. 

On the other hand, a description of the stubble height remaining after g razing 

can also be used to assess the impact on herbage intake, particu larly under rotat ional 

g razing management (Hodgson , 1 990) .  Critical stubble heights under rotational 

management are sim i lar to the critical surface heights for continuously stocked swards 

(Hodgson, 1 990) . 

Variation in critical height is probably due in part to accompanying changes in 

other sward characteristics, particu larly sward maturity, and in part to differences in the 

response of different stock classes (Hodgson , 1 990) . The associated change in 

maturity as sward height increases normally results in a decl ine in digest ibi l ity of the 

herbage eaten (Hodgson , 1 990) ,  and a decline in sward surface density (Forbes, 

1 988) , both tending to l imit herbage intake. Hodgson ( 1 990) pOinted out that herbage 

intake increases to a greater extent with sward height increase where changes in 

d igestibi l ity are controlled as opposed to where they are not. 
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Table 2. 1 Critical values of pre-grazing height on ryegrass dominant swards 
required to maintain levels of herbage intake and animal performance 
close to maximum (from Hodgson, 1 990) . 

Stock classes and management 

Continuous stocking 

Ewes and lambs : 
Spring 
Summer 

Beef cows and calves 
Weaned calves 
Dai ry cows 

Rotational grazing 

Ewes and lambs 
Cows and calves 
Weaned calves 
Dairy cows 

Critical value (cm) 

4-5 
7-8 

9- 1 0  
9-1 0 
9- 1 0  

6-7 
9- 1 0  

1 1 - 1 2  
9- 1 0  

Laca & Demment ( 1 990) examined the independent effect of some confounding 

variables on ingestive behaviour by having consistent herbage mass, and then either 

varying sward height at a single level of digestibi l ity or varying d igest ibi l ity at a constant 

height, or obtain ing the different combinat ions of height and digestibi l ity in the pasture. 

Variation in both height and digestibi l ity, either with no correlation or with a positive 

correlation , resu lted in a greater change in digestible d ry matter intake rate than with 

variation in either factor alone, but a negative correlation between height and 

d igest ibi l ity cou ld effect ively remove the opportunity to obtain better bites than average. 

This negative correlation is the rule in natural grasslands, and is the resu lt of selective 

grazing and plant maturation. A positive correlation is the goal of management in 

grazed swards, but a more infrequent situation. The authors suggested that th is model 

can be used to explain why animals prefer to overgraze patches of low herbage mass 

and h igh qual ity while ignoring high mass patches of mature and rank pasture. But in 

the field grazing, contam ination of dung/urine is also a factor affecting th is selection. 

Variation in height at a single level of herbage mass has an important effect on 

digestible dry matter intake rate, particu larly on swards that on average are short. 
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Taller swards al low a constant h igh digestible dry matter intake rate in absolute terms. 

There is a lack of response on taller swards as a result of the asymptotic response of 

bite dimensions to sward height (Laca & Demment, 1 990) .  

Sward height exerts its influence on herbage intake mainly through bite weight. 

As noted earlier, where variation in herbage bulk density is small ,  the effect of sward 

height on bite weight must act principally on bite volume, whereas bite volume is 

strongly influenced by sward height through its primary effect on b ite depth with deeper 

b ites result ing in greater bite volume. 

I n  temperate swards, bite weight and rate of herbage intake have been found 

to be positively and l inearly or asymptotically ( Al lden & Whittaker, 1 970; Forbes, 1 982; 

Penning, 1 986) or quadratically (Penn ing et al. ,  1 991  a) related to sward height for 

various classes of stock. 

The relationship between bite weight and sward height is not a lways positive 

(Hodgson , 1 98 1  a). There is less certainty in the case of rotational ly-grazed swards 

where fluctuat ions in sward variables and in the associations between the variables are 

g reater, but in this case, sward height sti l l  can be used as a fi rst approximation to 

define an imal responses (Barker et al. 1 981 b) . Forbes ( 1 988) commented that in 

swards with a tal l flower canopy, bite weight increases in it ial ly with increasing sward 

surface height, unti l the appearance of a flower horizon, whereupon it declines. In 

particular, this positive relationship is not the case with tropical swards where Stobbs 

and his co-workers (Stobbs , 1 973a & b, 1 975a & b; Chacon & Stobbs, 1 976) found 

several cases of negative rather than positive relat ionships between the two variables. 

These authors ascribed this to the low density within the top stratum in tall swards, and 

this effect wi l l  be discussed later this chapter. Forbes and Coleman ( 1 987) also found 

that g reen herbage mass in warm-season grasses has more influence on bite weight 

and herbage intake than does sward height. Waite et al. ( 1 950) (quoted by Rodriquez 

Capriles, 1 973) reported a negative relationship between sward height and herbage 

intake for the temperate swards in wh ich the intake of grazing cattle decreased when 

the sward height was increased from 1 0. 1 6- 1 2.74 cm to 22.86 cm. There was no 

explanat ion g iven for th is fall in intake, but it is l ikely to have been associated with 

decreased digestibi l ity rather than increased in sward height (Rodriquez Capriles, 

1 973) , because the longest swards were also stemmy (Burlison, 1 987) . 

When comparing resu lts obtained by different researchers, al lowance must be 
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made for d ifferences in measurement techn iques (Forbes, 1 988) , because the pattern 

of response to variations in sward height may also depend on the way in  wh ich height 

is measured (Hodgson , 1 981 a). If measurements are made of the extended height of 

leaves or t i l lers, the relationship may be quadratic, with intake declin ing on either s ide 

of an opt imum extended height (Hodgson, 1 981 a) .  The increasing phase with 

increasing height is description of the positive l inear relationships found in temperate 

swards, even though the declin ing phase may be observed on particu larly long 

herbage as described by Waite et al. ( 1 950) (quoted by Rodriquez Capri les, 1 973) , and 

intake may be maxim ized at an extended sward height of 40-45 cm (Hodgson et al. ,  

1 977) . The declin ing phase with increasing height is more common in tall-growing 

tropical swards as postulated by Stobbs ( 1 973a & b) , and probably is demonstrated 

most dramatical ly in the case of the trai l ing tropical legumes (Stobbs & Hutton 1 974) . 

2.5.2.2.2 Density 

The bulk density of herbage within the sward refers to the herbage weight per 

un it volume, and normally expressed as mg DM/cm3, whereas popu lation density is 

defined as number of plant un its per un it area. Both terms may be used in 

descriptions of sward characteristics. The influence of bulk density on intake, e ither 

in the sward as a whole or with in individual sward horizons, has been described by 

Spedding and Large ( 1 957) , Chacon and Stobbs ( 1 976) , Chacon et al. ( 1 978), 

Hodgson ( 1 981  b). It wou ld appear that bulk density exerts an influence upon bite 

weight, and thus rate of intake. 

A series of studies conducted in tropical swards by Stobbs and h is co-workers 

has shown that bulk density is one of the most important attributes in tropical swards 

influencing bite weight. The bulk density, or leaf bulk density or bulk density of green 

material ( leaf and stem) al l  have significant positive effects on bite weight in g razing 

cattle ( Stobbs, 1 973a & b, 1 975a & b; Chacon & Stobbs, 1 976; Chacon et al. ,  1 978). 

Stobbs ( 1 973b) demonstrated that a h igh density of leaf within the sward (sward leaf 

density) as well as a low stem content were considered to be the main factors affecting 

bite weight. Stobbs ( 1 973b) interpreted this relationship as indicating that prehension 

of large bites is l ikely to be more difficult on tropical pasture than temperate swards 

due to low sward bulk density and h igher stem component in mature swards, and that 

an imals were selecting main ly leaf from this actively g rowing fraction of the sward. 
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Stobbs ( 1 975b) further confirmed that swards wh ich had the h ighest leaf bulk density 

and the h ighest leaf yields al lowed the largest bites to be prehended. Two further 

experiments (Chacon & Stobbs, 1 976) showed that bite weight was largely determined 

by bulk density of green material ( leaf and stem), together with leaf yield and leaf to 

stem ratio, together with nutritive value of the herbage consumed (Chacon et al. ,  

1 978) . Unfortunately, these studies fai led to  separate the bulk density effect from other 

associated effects, such as those of leaf to stem ratio and leaf yield. It is not easy to 

isolate those variables from one another, particularly under natural condit ions, so it is 

qu ite l ikely that the relationship between bulk density and bite weight was confounded. 

In contrast, it has been shown in some experiments on temperate swards that 

bite weight and short term rate of herbage intake are not sensit ive to variation in the 

bulk density of herbage within the grazed stratum (Hodgson , 1 981  b) . This is not easy 

to understand, but it m ight simply reflect the dominant influence of height in 

circumstances where it is difficu lt to obtain independent variation in height and density. 

Mursan et al. ( 1 989) and Betteridge et al. ( 1 991 ) showed that the largest bite volume 

and bite weight occurred in the longest turf ( 1 5  cm) which had the lowest bulk density 

in the grazed stratum. But Burl ison et al. ( 1 991 ) found that bite weight was positively 

and d irect ly related not only to height, but also to density of the grazed stratum in a 

series of swards in which independent variation in height and bulk density was 

achieved. B lack and Kenney ( 1 984) also found that the rate of intake by sheep 

grazing pasture in which height and density were varied independently, increased with 

both and was best described by herbage mass per un it area effectively covered by one 

bite. A functional response model recently developed by Laca and Demment ( 1 990) 

showed a clear pattern of change in bite weight with different components (height and 

density) of herbage mass: as height increases, both bite area and depth increase so 

bite weight and intake rate increase steeply, but when bulk density increases alone, 

bite area is reduced in a compensatory fashion , with l ittle change or reduction in bite 

volume which eventually counteracts the greater density of forage prehended. Thus 

the authors (Laca & Demment, 1 990) concluded that animals can obtain larger bites 

from tal l  sparse swards than from short dense swards of the same overall herbage 

mass, and larger bites translate into greater intake rate, thus g reater dai ly herbage 

intake. Another model developed by Laca & Demment ( 1 990) in the same research 

programme indicated that although DDMIR (digest ible dry matter intake rate) 
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responded to variation in bulk density, the response was less than half of that shown 

for height ,  s ince animals cannot profit as much from the increments in bulk density as 

from increments in sward height. Laca ( 1 991 , quoted by Ungar et al. ( 1 99 1 )) showed 

that increasing bulk density tended to reduce bite depth and bite area on tall swards, 

but there was no apparent effect at heights less than 1 0 cm . 

I n  summary, some general izat ions may be drawn from the evidence outl ined 

above, even though some contradictory results are apparent and have not been ful ly 

resolved. Results from temperate swards suggest that height is the dom inant sward 

variable and manipu lation of sward height to alter herbage intake is the most 

ubiquitous pasture management tool the farmer uses. In tropical swards, in contrast, 

variat ions in herbage density apparently have a greater influence on herbage intake 

than does sward height, and particular importance is attached to parameters reflecting 

leaf density or leaf to stem ratio. In explaining these differences between tropical and 

temperate swards, it is recogn ized that tropical swards general ly have a lower bulk 

density and h igher stem content than temperate swards (Stobbs, 1 973b, 1 975a). A 

comparison of sward conditions in the major tropical and temperate experiments 

investigating bite weight in cattle (Hodgson , 1 983) indicated only sl ight d ifferences in 

most canopy structure variables, except that the bulk density of green leaf in the 
surface stratum of the tropical swards was on average only about half that of the 

temperate sown swards. Th is might explain the importance of the leafiness and 

density variables in tropical swards (Stobbs 1 973a & b) . However, it is uncertain 

whether the differences observed from the various experiments are absolute or simply 

art ifacts of the experimental protocol (Forbes, 1 988) , reflect fundamental differences 

between temperate and tropical swards, or reflect conditions at opposite ends of a 

continuous spectrum of response to variations in sward structure (Hodgson, 1 981  a). 

To better understand these and other differences in response, it wil l  be necessary to 

design and conduct highly controlled trials which al low a greater degree of both sward 

and animal manipulation than has been attempted in the past (Forbes, 1 988) . 

2.5.2.2.3 Other sward attributes 

Other sward characteristics may override the influences exerted by height and 

density under particu lar circumstances. A description of the distribution and proportion 

of various plant components within the sward canopy, and particu larly their association 
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with short-term observations of ingestive behaviour  within specified sward strata 

(Stobbs, 1 973b) provides a means of rationalizing some of the inconsistent intake 

response to variations in herbage mass, sward height or density outl ined earlier, and 

of improving the objectivity of studies on herbage intake (Hodgson , 1 98 1  a). 

In pastures containing more than one plant species, the s ituat ion is further 

compl icated. Botan ical composition of the pasture can modify herbage intake through 

affecting selective grazing, and the extent of th is effect is primarily related to stock 

classes. It was reported by I I l ius et al. ( 1 992) that patch selection and herbage intake 

by sheep is influenced by clover content and sward height. Goats have h igher forage 

intakes in mixed pasture contain ing a substantial proportion of shrubs and weeds 

(Lambert, 1 988; McCall & Lambert, 1 987). 

Animals have been shown to have h igher intakes when grazing legume 

monoculture or grass/legume mixtures compared with monocultures of grass 

(Thomson, 1 979; 1 984; G ibb & Treacher, 1 983, 1 984). Penn ing et al. ( 1 991 b) found 

that mean bite weight of sheep grazing clover was 48% higher than that of sheep 

grazing grass, but biting rate was simi lar for both swards, leading to a h igher intake 

rate of clover than grass; however, daily grazing t ime was 42% greater for grass than 

for clover, resu lt ing in sim ilar daily intakes for both swards. Dougherty et al. ( 1 989a) 

found that lucerne swards permitted cattle to prehend larger bite weights at s lower 

rates than d id tal l fescue swards, leading to higher . intake rates of lucerne than tall 

fescue (Fescuca arundinacea cv. Kentucky 31 ) .  Kenney and B lack ( 1 986) using 

artificial swards grazed by sheep showed that sheep ate subterranean clover ( Trifolium 

subterraneum) four t imes faster than grass swards. These findings demonstrate that 

the animals are able to obtain greater intake rates from legumes than grasses. 

The presence of thorns and spines on some species has been shown to restrict 

bite weight, particularly for larger animal species, with bites often being l im ited to 

individual leaves or leaf clusters. In particular, the hooked thorns of certain species 

tend to slow down biting rates by catch ing on the l ips, tongues or ears of g razing 

animals (Vallentine, 1 990). 

G razing animals not only select different plant species but also the more leafy 

parts of those plants (Poppi et al. ,  1 987) . Therefore, the proportion of various herbage 

components in the pasture, particularly the amounts of leafy parts and l ive material, 

wou ld be expected to influence the ease with which herbage is removed and this has 
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been shown by a series of studies conducted in the tropical swards (Stobbs, 1 973a & 
b, 1 975b; Chacon & Stobbs, 1 976; Chacon et al. ,  1 978) . 

Under some conditions, intake may be l imited primarily by the rate at which 

green herbage, of generally good qual ity but low avai labi l ity, can be found and 

prehended (Ungar & Noy-Meir, 1 988). The studies on Lehmann lovegrass in Arizona 

(Val lentine, 1 990) showed that green t i l ler height and amount of dead material 

interacted to influence cattle grazing pattern and ingestive behaviour. H igh selectivity 

for l im ited green material results in difficulty in harvesting enough herbage; sheep may 

spend 1 2  hours a day selecting for small green shoots from a bulk of dry pasture and 

have reduced intake (Arnold & Dudzinski, 1 978). Under both abundant and l im ited 

biomass, search ing time increased when the palatable new green growth was in  short 

supply. The time spent grazing by cattle on intermediate wheatgrass was inversely 

related to the mean number of green leaves per t i l ler (Vallentine, 1 990) .  This suggests 

that the cattle were selectively grazing green leaves and were spending more time 

search ing for them as they become more l imited. 

Herbage intake is influenced by not only the amount of leafy or l ive material 

present in the pasture, but also the distribution of these various components within the 

pastu re. Animals are presumably more l ikely to respond to sward condit ions in the 

grazed stratum than to average conditions in the whole sward. It has been shown that 

bite weight was more closely correlated with leaf yield in the top stratum than with 

overal l  leaf yield of the whole sward (Stobbs, 1 975b). Kenney and Black ( 1 986) also 

showed that both intake rate and pasture avai labi l ity at maximum intake rate depend 

greatly on the distribution of plant material within the pasture horizons. When sheep 

grazed artificial pastures of vegetative subterranean clover, where most plant material 

was in lamina at the top of the sward, intake rate was less affected by pasture height 

than it was in g rass swards (Kenney & Black, 1 986). B lack and Kenney ( 1 984) 

attributed most of the variation to the amount of OM that could be prehended in one 

bite. The relationships between bite weight and bulk density of the grazed stratum 

were more consistent than those observed from the whole sward (Stobbs, 1 973b, 

1 975b) . A h igher proportion of total herbage is l ikely to be carried in  the upper 

horizons in legume pasture than in grass pasture, and this in itself is l ikely to enhance 

intake. 

Accessibil ity is another factor affecting herbage intake under g razing cond itions. 
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It was suggested that to some extent herbage intake is h igher on an open pasture 

canopy than a closed one, and this wou ld be explained in terms of greater ease of 

access in open pasture (Stobbs, 1 975b) . The recent evidence (Hughes, 1 988) 

suggested that lower proportion of legumes in the diets of goats relative to that on offer 

may be attributable to poor accessibil ity of legumes within the sward canopy, rather 

than to active avoidance. 

However, Hodgson ( 1 981  b) suggested that the proportion of green material in 

the grazed horizon did not exert a major influence on rate of intake, particu larly if bite 

depth is assumed to decline progressively as the horizons containing dead material are 

approached and penetrated . Therefore, it is unl ikely that variation in leaf to stem ratio 

in the grazed stratum wou ld be of any greater importance than variation in green to 

dead ratio (Hodgson, 1 981  b). But it is sti l l  possible that effects of grazing height on 

rate of intake may be mediated partially through the animal's response to lower 

horizons containing stem or dead material (Hodgson, 1 981  b) . The apparent fai lure of 

dead material to contribute sign ificantly to herbage intake has a lso been shown by a 

number of researchers. Fistu lated cattle ate very l ittle dead material provided some 

green leaf was avai lable (Chacon & Stobbs, 1 976; Hendricksen & Minson, 1 980). 

Dead material was also rejected by sheep and goats, as a resu lt of a low preference 

and inaccessibi l ity in the base of the sward (Hughes et al. ,  1 984), but to a lesser 

extent by goats than sheep (Clark et al. ,  1 982). 

Herbage maturity has seldom been studied as an attribute of pasture canopy 

structure,  although attention has been concentrated on the change of d igestibi l ity as 

herbage matures. There is some evidence for grazing animals having d ifficu lty in 

harvesting enough mature pasture (long period of regrowth) even though herbage 

mass is h igh,  because grazing t imes on such pasture have been excessively long 

(Stobbs, 1 973b) . Therefore, pasture maturity has a large effect on ease of prehension 

and daily herbage intake (Stobbs, 1 973b). Stobbs ( 1 973b) also reported that animals 

g razing more mature swards (6 and 8 weeks regrowth) had a small b ite weight despite 

large increases in herbage mass and bulk density. Therefore, when grazing these 

mature tropical pastures, much of the advantage of obtaining a h igh qual ity d iet by 

selective grazing can be offset by a total intake l im itation due to a low bite weight. It 

is concluded (Stobbs, 1 973b) that there is an opt imum stage of growth for each 

pasture species which al lows the grazing animal to prehend large bites of herbage. 
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Low mass and inaccessibi l ity of herbage restrict intake at earlier or later stages of 

regrowth respectively. Forbes ( 1 988) pointed out that the presence of a tal l flower 

canopy restricts bite weight. 

In summary, there have been some conflict ing resu lts from the various 

experiments examining the relative importance of the physical variables of sward 

structure on ingestive behaviour. This has been due in part to the d ifferent cl imate 

environments in which these studies have been conducted. 

2.5.3 Quality of sward 

The qual ity of pasture consumed by grazing an imals influences their production 

level .  However, there has been lack of unanim ity in the l iteratu re on the broadness of 

the defin it ion, and on the method of assessment of sward qual ity. Ungar & Noy-Meir 

( 1 991 ) related sward qual ity to al l physical and chemical attributes of the herbage 

material .  It is more usual, however, to associate the quality of the pasture with the 

level of nutrients in the herbage (e.g. percentage of protein or fibre) and/or the 

digestibi l ity. I t  has been general ly agreed that the most important single indicator of 

nutritive value of the consumed diet is digestibi l ity (U lyatt, 1 973) , and this is a major 

nutritional factor influencing herbage intake. 

Digestibi l ity is defined as the proportion of the feed which is absorbed by the 

animal from the total ingested (Rodriquez Capriles, 1 973) . It can be measured in a 

number of ways. It was conventionally expressed as the proportion of dry matter (DM) 

or organ ic matter (OM) that the animal digests, namely percentage d igestible DM 

(DDM%) or OM (DOM%) , or proportion of gross energy that is digested, namely 

percentage digestible energy (DE%) . All these estimates are usually apparent 

digestibi l ity, since the denominator includes feed residues and intestinal detritus as wel l  

(Hodgson, 1 990) . An even better measure is the proportion of metabol izable energy 

(ME) contained in kilogram of DM, in terms of megajoules (MJ ME/kg DM) (Thompson 

& Poppi, 1 990). The metabol izable energy which is avai lable energy to the an imal for 

maintenance and product ion is approximately 0.82 (0.79-0.84, assumed to be 0.82) of 

the d igestible energy content of the feed due to the above losses (Poppi et al. , 1 987). 

The effect of digestibi l ity on herbage intake has been primarily studied by people 

(Blaxter, 1 962; B laxter et al. , 1 961 ; M ilford, 1 963; Jarrige et al. ,  1 974, quoted by 

Rodriquez Capri les, 1 973) working with indoor-fed animals and few attempts have 
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been made to quantify the relat ionship between intake and digestib i l ity under grazing 

condit ion unt i l  the studies by Hodgson et a/. ( 1 977). 

I n  studies with housed an imals, it has long been recogn ized that there is a 

positive relationship between herbage intake and digestibi l ity (Blaxter et a/. ,  1 956) and 

herbage intake appears to be influenced primarily by its digestibi l ity in the absence of 

specific nutrient deficiencies (Blaxter, 1 962; Balch & Campling, 1 962, quoted by 

Rodriquez Capriles, 1 973). This means that plant species or parts having a h igh 

d igestibi l ity are consumed to a greater extent than those with a lower digestibi l ity, at 

least to levels of digestibi l ity between 60-70% (Blaxter et a/. ,  1 961 ) .  Beyond this level ,  

the amount of feed intake may have l ittle relationship to d igest ibi l ity (Blaxter, 1 962; 

Montgomery & Baungardt, 1 965, quoted by Rodriquez Capri les, 1 973), or may even 

be inversely related to it (Rodriquez Capri les, 1 973). The reasons for those 

relat ionships have been discussed in detai l  by Balch and Campling ( 1 969) (quoted by 

Rodriquez Capri les, 1 973). However, other studies showed resu lts inconsistent with 

the above. There have been some reports that up to levels of 80% DOM, the intake 

of cold stored herbage by indoor-fed sheep is sti l l  d irectly related to its digestibi l ity 

(Osbourn et a/. ,  1 966). Conversely, a study conducted by Wilson ( 1 977) using sheep 

and goats fed with a range of species of shrubs and trees showed that there was no 

correspondence between digestibil ity and organ ic matter intake, suggesting that 

estimates of digestibi l ity may have l im ited use for forage evaluation . 

Many studies have confirmed that the principles obtained from housed-animals 

also apply to the grazing situation (Hodgson , 1 977). Therefore, the shape of the 

relat ionship between herbage intake and digestibi l ity in grazing animals may be simi lar 

to that in housed animals (M inson, 1 983) and general ly appears to be l inear 

(Rodriquez Capriles, 1 973) . But the positive relationship between d iet digestibi l ity and 

herbage intake appears to hold even at digest ibi l ity levels as h igh as 70-80% (Hodgson 

& Wilkinson, 1 968) which is h igher than the critical level (60-70%) ascertained with 

housed an imals. The resu lts of several experiments with grazing cattle on temperate 

swards demonstrate a sign ificant and constant rate of increase in herbage intake over 

a wide range digestibi l ity from 50-85% (Rodriguez Capri les 1 973; Hodgson et a/. ,  

1 977) . 

The h igher level of critical digest ibi l ity obtained with grazing animals than with 

housed ones shown above may be due more to differences in the energy demands of 



45 

the animals used than to any specific differences in the eating environment. In most 

circumstances, the total energy expenditure of grazing animals involves the effort of 

searching for and prehending herbage and meeting the demands exerted by exposure 

to normal range of cl imate conditions. Therefore, it has been suggested that the 

energy requ irements for maintenance of grazing animals are 1 0-20% greater than that 

of comparable housed ones (Young & Corbett, 1 972; Hodgson , 1 990) . 

The proposition that rum inants increase their herbage intake when digestibi l ity 

goes down (Moen, 1 984, quoted by Vallentine, 1 990) cannot be accepted, because 

when herbage digestibi l ity decreases with plant maturity the grazing animal can not 

compensate by eating more s ince the ingested material does not move through the 

intest inal tract fast enough (Val lentine, 1 990). 

As pointed out earl ier, Poppi et al. ( 1 987) argued that digestibi l ity is only 

important in affecting the herbage intake of grazing animals and constraining their 

herbage intake when no restrictions are imposed by the quantity and structural 

characters of sward, and prehension is not a problem ; namely herbage mass or 

al lowance (Poppi et al. , 1 987) and height are high. This argument suggests that the 

fi rst priority to enhance herbage intake wou ld be to ach ieve desi rable structural 

characteristics rather than to improve digestibi l ity. Laca and Demment ( 1 990) 

demonstrated that digestible dry matter intake rate (DDMI R) of l ivestock responds to 

variation in the vertical gradient of leaf concentration , rather than to horizontal g radient 

through changing bite depth, and animals can obtain bites of better qual ity without 

sacrificing bite weight. The intensity of horizontal gradient has l ittle effect on DDMIR, 

since horizontal variation forces the animal to trade off bite weight for bite digestibi l ity. 

Therefore, al l  improvements in diet quality are counterbalanced by reduct ions in bite 

weight and dry matter intake rate. 

2.5.4 Summary 

Section 2.5 has shown that the attributes of the grazed sward are important in 

affecting the herbage intake of grazing animals. The important fi rst point is that 

herbage mass, su rface height and other canopy characteristics relat ing to the physical 

harvesting of herbage are the most important features l imit ing herbage intake, even 

though an argument (Laca & Demment, 1 990) has arisen recently that herbage mass 

per se does not affect herbage intake so much as its components (height and density) . 
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The commonly held view that pasture quality, described in terms of digestibi l ity, is a 

major determ inant of intake in these circumstances, appears to on ly apply in certain 

circumstances. Variations in digestibi l ity may be more important when no restrictions 

are imposed by structural characteristics than in the case where prehension is 

constra ined by sward structure. Therefore, when h igh energy intake is required by 

l ivestock at particular periods such as flush ing, lactation, h igh growth rate, su itable 

pasture structure should be provided to ach ieve h igh herbage intake, then good quality 

of pasture wou ld assume greater importance in affecting intake and wou ld boost 

an imal performance. 

2.6 ANIMAL ATTRIBUTES AFFECTING INGESTIVE BEHAVIOUR 

Although the components of ingestive behaviour may be sensit ive to a range of 

sward attributes, they are also tempered by the attributes of the grazing animal. 

Effects attributable to the animal per se may include animal species, breed, age, 

weight, body s ize, physiological state and nutritional status (Allden, 1 962; Hodgson, 

1 977) . These factors may affect potential nutrient intake, rumen capacity and grazing 

efficiency, thus altering the balance between the controls l im it ing herbage intake 

(Hodgson, 1 977) . 

The d ifferences in ingestive behaviour between animal species wil l be discussed 

in Section 2.7. 

This section focuses on other animal attributes. 

2.6.1 Hunger 

Grazing behaviour is influenced by the internal state of the an imal which is a 

function of the morphology of the gut and the nutritional demand of the animal as 

affected by its reproduct ive state, hunger or condition (Demment et al. ,  1 987). Th is 

section only focuses on hunger effects. 

Hunger appears to affect intake, at least in the short term (Bur l ison, 1 987). 

Dougherty et al. ( 1 988a) regarded the hunger-satiety status of grazing animals as one 

of the determ inants of herbage intake operating together with two others: ( 1 )  

harvesting capacity of the mouth and tongue, and (2) properties of the sward. 

Therefore, satiety, as related to rumen fi l l  and the amount of herbage al ready eaten , 

is an important factor in affecting ingestive behaviour, and is general ly expected to 
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reduce the herbage intake rate (Val lentine, 1 990) . Sidahmed et at. ( 1 977) and Jung 

and Koong ( 1 985) found that the rate of intake of oesophageal fistu lated sheep 

increased when the an imals had been fasted for a long period. Chacon and Stobbs 

( 1 977) fasted oesophageal fistulated cows either overn ight (for s ixteen hours) or for 

only two hours and bite weight of the longer-fasted cows was subsequently found to 

be h igher on certain pastures. In an experiment that measured the behaviour of steers 

fasted for different periods, fasted animals ach ieved higher intakes wh i le grazing on 

pasture than did non-fasted animals (Greenwood & Demment, 1 988). 

Owen-Smith & Novell ie ( 1 982) (quoted by Vallentine, 1 990) predicted that bites 

per m inute and per feeding station wi l l  decrease and steps between feeding stations 

wi l l  increase as satiety increases. Jung and Koong ( 1 985) found that rate of intake by 

grazing sheep decreased as amount of feed eaten before grazing increased from 

0-30% of daily intake. Cattle fasted for 3 hours had h igher intake rates than unfasted 

animals without decreasing diet quality after fasting, but this was ach ieved by an 

increase in biting rate (Greenwood & Demment, 1 981 ) .  Penn ing et at. ( 1 991  a) found 

that biting rate, measured in the hour immediately fol lowing fast ing, was generally 

lower than the average measured over the whole day, and the fall in biting rate was 

caused by an increase in bite weight. However, the increase of bit ing rate after fasting 

was at the cost of a lower mastication rate with the impl ication of larger ingested 

particle sizes and therefore slower dry matter turnover rates in the rumen (Greenwood 

& Demment, 1 988) . 

I n  contrast, Bond et at. ( 1 976) found no increase in rate of intake by grazing 

steers after satiety was reduced by fasts of 1 2  to 48 hours. S imi larly, Freeman and 

Hart ( 1 989) (quoted by Val lentine, 1 990) found that hay feeding prior to grazing had 

l itt le effect on feeding station behaviour of steers, i .e . ,  b it ing rate,  bites per stat ion , or 

steps per station. It was suggested that the effects of satiety or t ime a lready spent 

g razing may requ i re more t ime to appear than provided in their study; it was also 

suggested that the effect of t ime already spent grazing may be due to fat igue rather 

than satiety. It seems to be a reasonable statement that fast ing has an effect on 

ingestive behaviour, but has less influence than sward canopy structure in determ ining 

bite weight (Burl ison , 1 987). 
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Body size is related al lometrically to most physiological process and l ife h istory 

characteristics of organisms (Calder, 1 984, quoted by Demment & Greenwood, 1 988), 

and has a major effect in governing level of voluntary feed intake (Freer, 1 98 1 ) .  

Body size and related variables (mouthpart dimensions and incisor breadth) 

have important consequences for herbage intake in mammalian herbivores and body 

size determ ines the abil ity of an animal to uti l ize fibrous feeds, since large animals 

have greater gut capacity (W) relative to energy requirements (vtJ.75) ( I l l ius & Gordon, 

1 990b) . 

I l I ius and Gordon ( 1 987) estimated the effect of body weight on bite weight 

using the relat ionsh ips between body weight and incisor breadth derived for data from 

32 animal species, and showed a clear effect of body s ize on the abi l ity to achieve 

adequate herbage intake from short swards. They suggested that large animal species 

m ust experience relatively greater restriction in bite depth, and hence bite volume, on 

short swards than small animal species. It was assumed (I l 1 ius & Gordon , 1 987) that 

the superiority of small animal species over large an imal species in their abi l ity to 

subsist on shorter swards is due to the al lometric relations of bite weight and metabolic 

requirements to body size. It is further suggested that the scal ing factor of l ive weight 

declines progressively from 0.75 on tall swards where no l im itation to intake is 

imposed, tending to 0.36 on short swards where animals of all weights are severely 

restricted, and under the situat ion of short swards, incisor breadth is the only 

unrestricted bite dimension. Th is implies that the relative value of two alternative food 

patches in the sward, for example, a tal l  mature patch of herbage (high quantity) and 

a short vegetative sward (high quality) depends not only on the proportion of the sward 

but on the size of the animal confronted by that choice (I l l ius & Gordon , 1 990b) . 

The breadth of the incisor arcade is an important determ inant of the rate of 

herbage intake in grazing rum inants and has an important effect on diet and n iche 

selection (I l l ius & Gordon , 1 987). Also, incisor breadth and arcade structure are 

assumed to adapt as coevolved traits to grazing or browsing styles (Gordon & I l I ius, 

1 988) , and the morphology of the incisor dentition is expected to determine the extent 

to which an animal can prehend and ingest plant food items from within the spatial 

array of vegetat ion ( I l l ius & Gordon , 1 990b) . Because h igh qual ity swards tend to be 
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short at critical t imes of the year, large animal species would be selected to have wider 

flatter incisor arcades in order to maximize bite weight and intake rate on short swards 

( I l l ius & Gordon, 1 987) . Clutton-Brock and Harvey ( 1 983) a lso assumed that bite 

weight and food intake are determined in part by incisor breadth, and scaled at 0.33 

of l ive weight, and argued that large animals cannot tolerate sward heights that can 

support smaller animals, and that scramble competition between grazing species of 

d ifferent body sizes wil l lead to the exclusion of larger species from jointly preferred 

swards. 

C lutton-Brock et al. ( 1 987) explained differences between the habitats and diets 

selected by male and female red deer, and suggested that al lometry theoretical ly acts 

as a mechanism for sexual segregation in dimorph ic species. Gordon and I l l ius ( 1 988) 

exam ined the relat ionship between the structure of the incisor arcade and selectivity 

by comparing the al lometry of body size and dimensions of the incisor arcade in 

ruminant species with different feeding habits. It was concluded that selection has 

operated on the oral morphology of ruminants result ing in an incisor arcade structure 

which is adapted to maxim ize intake of forage with in qual ity constraints. The isometric 

scal ing of incisor breadth with body weight reported in this study (Gordon & I l l ius, 

1 988) showed that small species have a feeding apparatus which al lows a greater 

degree of selectivity than that of large animals. Th is wi l l  have far-reaching effects on 

the d igestive strategies and social behaviour of species of different body s ize (Hanley, 

1 982; Clutton-Brock & Harvey, 1 983) . The study by Gordon and l i l i us ( 1 988) a lso 

found that species of rum inant wh ich feed predom inant ly on g rasses (grazers) have 

sign ificantly broader and more flattened incisor arcades and appreciably wider and 

flatter mouths when compared at the same body size with species which browse on 

woody d icotyledonous plants (browsers) , suggesting that browsers requ i re a greater 

degree of selectivity. The authors (Gordon & l i l ius, 1 988) commented that increased 

incisor breadth is l ikely to be a disadvantage in browsing, since it wou ld prevent the 

accurate selection of particular individual parts of plant, which are of h igh qual ity, wh ile 

browsers have narrower and more pointed incisor arcade, capable of greater 

selectivity. 

Additional ly, several studies have suggested that the shape of the muzzle of 

ungulates may be related to differences in diet (Owen-Smith ,  1 982; Bunnel l  & 
Gil l ingham, 1 985, quoted by Gordon & l i l ius, 1 988) , but l ittle information on quantitative 
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analysis has been available unti l recently (Gordon & I l I ius, 1 988). Janis and Erhardt 

( 1 988) attempted to describe feeding selectivity across a wide range of ungulates by 

comparing m uzzle to palatal width ratio, and also found that the ratio of fi rst and thi rd 

incisor breadths is greater in browsing than in grazing species. Variation in length or 

width of the lower jaw m ight affect bite weight, bite rate or selective abil ity (Hafez & 
Schein , 1 962) .  " Inherent individual ity" as an animal factor may also affect ingestive 

behaviour and intake (Hancock, 1 952; Hafez & Schein, 1 962). 

There has a lso been some evidence to show that reticu lo-rumen volume relative 

to animal s ize materially affects the type of herbage each rum inant species is efficient 

in processing (Han ley, 1 982). 

Han ley and Thomas ( 1 982, quoted by Vallentine, 1 990) concluded that ( 1 )  large 

species are more l im ited by t ime (including both ingestion and rum ination) than small 

an imals, spend less t ime per nutrient un it consumed, and thus can not be as selective; 

and (2) small body s ize is advantageous to livestock if herbage quant ity is l imit ing, 

wh i le large body s ize is advantageous if herbage qual ity is l im it ing. 

2.6.3 Degree of maturity within a species (age, body size and mouth 

dimensions) 

In  this section, attention wil l be concentrated principally on comparison between 

animals at different stages of maturity with in a species. 

Evidence from various studies on the relationship between stage of maturity 

with in a species and herbage intake seems to be equivocal (Hodgson , 1 985) and 

conflict ing. Allden and Whittaker ( 1 970) showed that with in a species, smal l  individuals 

are superior to large individuals in maintain ing herbage intake on short swards. These 

trends were accentuated when rate of intake was expressed relative to l ive weight. 

Zoby and Holmes ( 1 983) compared the intake of catt le of three different sizes and 

ages under continuous-grazing management. They found that intake per un it 

l iveweight was greater for animals of large size than small size, and the smaller 

animals tended to have a longer grazing time and h igher bite rate, but smal ler bite 

weight. It was concluded that younger (smal ler) cattle were less sensitive than older 

animal to changes in sward conditions as they were better able to modify grazing 

behaviour to maintain intake. l I I ius and Gordon ( 1 990a) predicted that young deer can 

tolerate shorter swards than older deer. Sim ilar evidence was reported by Thou less 
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( 1 986, quoted by l I I ius & Gordon , 1 990a), who showed that young red deer continue 

to g raze short AgrostislFestuca greens after larger an imals have left. Conversely, 

Hodgson and Jamieson ( 1 981 ) reported that young cattle were more sensitive to 

changing sward conditions than adult cattle. On the other hand, Hughes et al. ( 1 984) 

found that age of goats and sheep had unimportant effects on composition and 

digestibi l ity of diet select ion. 

It is argued that grazing behaviour  and herbage intake are partly the expression 

of a l lometric changes in the abil ity and desire of the immature animal to prehend and 

ingest herbage ( 1 I I ius,  1 989). Important attributes of the grazing an imal are its age, 

body s ize, and dental arch itecture (Taylor et al. ,  1 987). Previously, attention has been 

concentrated principally on either body weight or mouth dimensions or even both. 

However, there is no consensus view of the relative importance of the attributes which 

influence variation in ingestive behaviour  across animals of different degrees of 

maturity. 

As body size changes through an organ ism's l ife or through evolut ionary t ime, 

a number of factors affected by body size wi l l  change in concert, and individuals of 

d isparate sizes within a species should be ecological ly qu ite d ifferent animals 

(Demment & Geenwood, 1 988) . To explore the implications of body size (body weight) 

on g razing behaviour, the interactions between ranges of body size and sward 

conditions were modelled by Demment and Greenwood ( 1 988). This model showed 

that under a given set of condit ions smaller animals always have a lower rate of 

energy digest ion and bite weight than larger animals, and under poor nutritional 

conditions smal ler an imals approach zero energy balance. Therefore, the net rate of 

energy digestion and bite weight decl ine with body weight. Th is predicts that smal ler 

body size with lower digestive capacity leads to the selection of a h igh qual ity diet ,  and 

this is the principal way in wh ich smaller an imals can compensate for their s ize. 

Conversely, requ irements increase at an accelerating rate with decl in ing body size and 

rumination appears to be the major compensatory mechan ism as body size decl ines. 

I l l ius ( 1 989) commented that the most important determinant of voluntary food 

intake is body weight. In growing cattle, intake scales with about WO·70 at any g iven 

age between 3 and 1 8  months (Taylor et al. ,  1 986) . Under unrestricted grazing 

conditions, a s imi lar exponent of W has been found (Hodgson & Wilkinson , 1 967). 

Maximum intake rate can be predicted in normal ly growing cattle by degree of maturity 
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in body weight which is expressed as ratio of given body weight to adult body weight, 

although this expression became less satisfactory and was replaced by a degree of 

maturity in incisor breadth after a further investigation (Taylor & Murray, 1 987). 

Expressing intake as an al lometric function of weight m ust be an 

oversimplication un less intake is constrained by some weight-related mechanism ( I l l ius, 

1 989). On the other hand, a critical component of body s ize is size of the buccal 

cavity, and in particular incisor arcade breadth (Taylor et a/. , 1 987). Body-size scaling 

of incisor breadth in relation to sward resources could be important not only across 

adults of different species, but cou ld also be influential in growth and survival of 

immature animals of both sexes within a species (I l l ius & Gordon , 1 990a) . Taylor and 

Murray ( 1 987) suggested that during the growth of animals, maximum intake rate was 

determ ined more by size of buccal cavity than by body weight, and that discrepancies 

would be accounted for if the buccal cavity was an early maturing part of the body and 

therefore less affected by variation in nutrition than the body as a whole. Thus, incisor 

breadth is preferred to body weight as a more useful description of physiological 

maturity (Taylor, 1 965). The morphology of the feeding apparatus can exert a marked 

influence on foraging efficiency and the ontogeny of the incisor arcade may impose 

constraints on foraging efficiency of juveni les (I l l ius & Gordon, 1 990a) .  It is argued that 

a large mouth is an advantage in dealing with tall swards, and that, conversely, a small 

mouth may confer competitive advantage in relation to rate of intake (Allden & 
Whittaker, 1 970; Schwartz & El lis, 1 981 ) .  

Taylor et a/. ( 1 987) examined the al lometry of incisor arcade breadth in growing 

cattle and sheep. They found a coefficient of 0.29, showing incisor breadth to be a 

moderately early-maturing measure. I l l ius ( 1 989) commented that immature an imals, 

having relatively wel l-developed incisor breadths, wou ld have an advantage over more 

mature an imals in terms of their bite weight relative to weight when both graze swards 

wh ich restrict intake. He obtained a coefficient of 0.46 describing the allometric 

relationship between bite weight and degree of maturity expressed in incisor breadth . 

Th is is the scal ing factor for adu lt incisor breadth , which is the only unrestricted bite 

dimension on very short swards. Taylor and Murray ( 1 987) showed that maximum 

intake rate in adult animals is a function of the square of incisor breadth. On short 

swards, I I l ius and Gordon ( 1 987) assumed that bite weight is related to bite area, 

namely the square of incisor breadth, because bite depth is restricted by short swards. 
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I n  a study using red deer, l i l ius and Gordon ( 1 990b) suggested that herbage 

intake is constrained by the allometric growth of the incisor arcade with body weight. 

The ontogeny of the incisor arcade and its allometry with body weight shows that 

growing an imals experience restricted incisor breadth relative to weight during the 

transition from juveni le to mature dentition . Yearl ings of red deer with one pair of adu lt 

incisors face the greatest l imitations on sparse swards because incisor breadth in 

these animals is smal ler relative to maintenance requirements than animals with 

juveni le or mature dentition (I l l ius & Gordon , 1 990b). 

General ly, g razing animals are subject to a complex interaction of sward 

propert ies, al lometric changes with weight in incisor breadth ,  and the decl in ing drive 

to acquire nutrients for growth as they mature in weight. Changes in bite weight as 

animals mature in weight appear to reflect both the l im itations imposed by the sward 

on bite dimensions and al lometric changes in mouth size. Depressions in intake under 

g razing affect an imals of different degrees of maturity equally when intake is compared 

on the same swards ( I l l ius, 1 989) . 

There is also some evidence that grazing experience may affect intake. The 

response patterns may be unstable in young l ivestock with l i ttle grazing experience 

(Hodgson & Jamieson, 1 981 ) .  Curl! and Davidson ( 1 983) found that sheep wh ich are 

accustomed to swards of low herbage mass had a higher intake, due to a h igher 

grazing time and h igher estimated rate of intake, than sheep unaccustomed to those 

conditions. 

General hypotheses about interactions between the effects of body s ize, mouth 

s ize and sward cond it ions upon ingestive behaviour and herbage intake require further 

critical evaluation (Hodgson, 1 986). 

2.6.4 Summary 

It appears that an imal species, body weight and the structure of the incisor 

apparatus are major attributes differentiat ing ingestive behaviour between animals. 

With in an an imal species, incisor breadth is preferred to other parameters as a 

descript ion of the degree of maturity wh ich is related to variation in ingestive behaviour  

of  individual animals of increasing age. 
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2.7 COMPARISON OF INGESTIVE BEHAVIOUR AND HERBAGE INTAKE 

BETWEEN ANIMAL SPECIES 

For the sake of clarity and coherence, it is appropriate to review this heading 

independently after a general discussion about ingestive behaviour and about the 

effects of sward and animal attributes on ingestive behaviour, a lthough some 

recapitu lation will be involved. 

The traditional domestic l ivestock on grazing lands in most parts of the world 

have been sheep, cattle and goats. Attention has also been focused recently on other 

species of grazing animal, such as deer, buffalo and antelopes. Extensive research 

has been conducted for sheep and cattle, but l ittle information is available for goats 

and other species. This section wi l l  concentrate principally on general aspects of 

species comparison, with particular emphasis on sheep and goats where possible. 

Differences in ingestive behaviour between species may exist because grazing 

animals exhibit considerable plasticity in grazing behaviour. Th is is necessary for 

animals that subsist on plants that vary greatly in structure (Arnold, 1 985, quoted by 

Val lent ine, 1 990), and al l  components of ingestive behaviour  and bite dimensions vary 

as animals attempt to ach ieve and maintain their intake potential (Val lentine, 1 990) . 

Comparative evaluation is difficult since an imal species are seldom compared under 

the same grazing condit ions. Thus, with some notable exceptions, evidence cited in 

th is section comes from the research where animal species are stocked separately. 

Before the comparisons are made, it would be helpfu l to understand the effect 

of the variation in mouthpart structure between the various animal species on the way 

in wh ich they graze herbage, since the morphology of the jaw, teeth and other 

mouthparts results in differences between animal species in how the herbage is 

prehended. 

In sheep, herbage is gathered by the l ips wh ich are thin and mobile, whereas 

in cattle, th is function is served by the long, prehensile tongue and the l ips are fleshier 

and less mobi le (Hodgson, 1 990). The large, flat muzzles of cattle al low relatively 

large clumps of herbage to be drawn into the mouth at one b ite (Val lentine, 1 990) 

un less the vegetation is too short (Arnold, 1 981 ). The associated herbage 

consumption rate is h igh, but more old tissue is consumed along with the current 

annual growth than by grazers with narrow mouth parts (Han ley, 1 982) . Sheep grip 

herbage between the dental pad and lower incisors before i t  is severed, and then 
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either tear it off by a jerk of the head (Arnold, 1 981 ; Hodgson, 1 985, 1 986) backward 

or less commonly forward (Arnold & Dudzinski, 1 978) or bite it off (Arnold, 1 981 ) .  In 

cattle, the herbage may also be gripped between the dental pad and lower incisors 

(Chambers et a/. ,  1 981 ; Hodgson, 1 986) or between the tongue and lower incisors 

(Van Dyne et a/. ,  1 980; Chambers et a/. ,  1 98 1 )  or between the upper and lower molars 

(El l is & Travis, 1 975; Vallentine, 1 990) before pul l ing or tearing the herbage off, often 

with a jerking movement. I n  contrast to cattle, sheep have a cleft upper l ip that perm its 

close grazing if they so choose. But cattle seldom graze closer than about 5 cm from 

the ground un less forced to do so (Heinemann, 1 969, quoted by Vallentine, 1 990). 

Goats prefer to browse rather than graze (Clark et a/. ,  1 982; McCal l  & Lambert, 

1 987; Hughes, 1 988) and the goat's abil ity to browse is assisted by the presence of 

mobile upper l ips and a very prehenSile tongue (Huss, 1 972, quoted by Vallentine, 

1 990) that permits them to eat tiny leaves of browse even from thorny species, which 

most other domestic l ivestock can not normally prehend (Martin & Huss, 1 981 , quoted 

by Val lentine, 1 990) .  Camels are l ike sheep and goats in having mouth parts adapted 

for browsing. The mouth of deer is long and narrow, and herbage is either gripped 

between the molars and severed by a biting action or seized between the incisors and 

upper dental pad and sheared off with an upward or downward jerking act ion (Wil lms, 

1 978, quoted by Val lentine, 1 990). 

There is fai ry sound evidence that different grazing l ivestock consume diets 

which are, to some extent, different in composition and qual ity. In term of these 

dissim i larities, the grazing species have been divided into three groups by Van Soest 

( 1 982, quoted by Vallentine, 1 990): ( 1 )  bu lk and roughage eaters, (2) concentrate 

selectors, and (3) intermediate feeders. These groups are mostly equivalent to those 

in Holecheck's classificat ion ( 1 988) : ( 1 )  grazers, (2) browsers and (3) intermediate 

feeders. Cattle and Dalles sheep fal l  into the grazers, domestic goats and deer into 

the browser category, whereas domestic sheep and mountain goats were included in 

intermediate feeders. Because of the versat i l ity in their diets, domestic goats can also 

belong to the grazers (Val lentine, 1 990) .  No attempts wi l l  be made in th is review to 

detai l  th is issue which is related to diet selection and has been previously reviewed 

(Hodgson, 1 977, 1 982, 1 986; Arnold, 1 981 ; M inson, 1 983; Vallentine, 1 990). But the 

point which needs making here is that ingestive behaviou r  can be a ltered and 

d ifferentiated by the influence exerted by the variation in d iet preference between 
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species through selective grazing (Hodgson, 1 990) 

Differences between an imals in bite weight, bit ing rate, grazing t ime and bite 

dimensions may al l  contribute to differences in intake (Hodgson, 1 990). Table 2.2 

summarises the range of variation in components of ingestive behaviour  and bite 

d imensions in sheep and cattle grazing temperate sown or artificial swards. Bite 

weight in absolute terms on temperate sward is far greater for cattle than sheep. 

However, the relative magnitude is reversed when it is expressed on the basis of l ive 

weight. Jamieson and Hodgson ( 1 979b) found that under conditions of continuous 

stocking lambs had a greater bite weight per kg l ive weight than calves. Forbes ( 1 982) 

obtained a sim i lar resu lt for mature sheep and cattle grazing indigenous h i l l  swards. 

But, overal l ,  he found that on a l ive weight basis bite weights of sheep and cattle 

estimated using fistu lates did not differ significantly; nor d id they d iffer when sheep and 

catt le grazed down sown swards (Forbes & Hodgson, 1 985). 

M itchel l et at. ( 1 991 ) reported that the ingestive behaviour  of sheep and deer 

was very sim i lar in relation to sward height and density in terms of b ite weight. 

However, sheep had a much h igher bite weightlLWO·75 on short swards, but these 

d ifferences declined with increasing height, increasingly so as density increased 

(Mitchel l ,  1 993) .  

Sheep tend to have a lower biting rate than cattle and to spend more t ime 

grazing, though the differences are small and are not always consistent (Forbes, 

1 982) . The lower biting rate is probably associated with the greater selectivity of 

g razing by sheep in most circumstances (Forbes, 1 982) , especially where the 

opportun ity for d iet selection is great. Cattle appear to maxim ize rate of herbage 

intake through faster bit ing, whereas sheep appear to maximize nutrient intake through 

selecting, which g ives rise to slow biting rate. B lack ( 1 990) also pOinted out that sheep 

that ate at a slower rate were better able to select the vegetative t i l lers that were in 

close proxim ity to the mature t i l ler than were fast eaters. Weaned calves grazing with 

dry and lactating cows were found to have bite rates intermediate in range to those of 

the adu lts (Hodgson & Jamieson, 1 981 ) whereas Wadsworth (quoted by Forbes et a/. ,  

1 985) found that lambs had slower bit ing rates than ewes. Chambers et a/. ( 1 981 ) 

found that the ratio of manipu latory to harvesting bites was consistently g reater for 

sheep than for cattle at any g iven sward height, presumably reflecting the greater use 

of the l ips by sheep in manipu lating herbage. Biting rate of mature sheep appeared 
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to be more sensitive to changes in sward conditions than were these variables for 

mature cattle (Forbes & Hodgson , 1 985) . 

Table 2.2 Ranges of variation in components of ingestive behaviour and b ite 
dimensions in sheep and cattle grazing temperate swards .  

Variables Sheep Cattle 

B ite weight 

(mg OM) 1 1 -400 70- 1 6 1 0 
(mg OM/kg LW) 0.4-2 .6 0.3-4. 1 

B it ing rate (bites/m in) 22-94 20-66 

Rate of intake 
(mg OM/kg LW per min) 22-80 1 3-204 

Grazing t ime (h/day) 6.5- 1 3.5 5 .8- 1 0.8 

Total daily bites ( 1 03) 1 0-78 8-36 

Bite depth (cm) 0.3-20.6  1 .7- 1 7.3  

Bite area (cm2) 8.6-35.5 20. 1 -52.2 

b ite volume (cm3) 1 1 -471 22-822 

Source:  Hodgson ( 1 986) , Burl ison ( 1 987) , Black and Kenney ( 1 984) . 

Few studies have compared the grazing t imes of cattle and sheep grazing 

together, but it appears that sheep graze for 1 -2 hours longer than cattle (Van Dyne 

et al. ,  1 980; Forbes, 1 982) probably due to more selective grazing. 

The herbage intake of goats was shown to be very sim i lar to that of sheep when 

herbage mass was h igh at early stages of the progressive defol iation of a sward (N icol 

et al. ,  1 987) , but when the herbage mass was reduced at the same rate of al lowance 

(DM/ha/day), the intake of goats fell more rapidly than that of sheep (Col l ins & Nicol ,  

1 986) . Therefore the intake of sheep was less sensit ive to decl in ing herbage mass 

than that of goats (N icol et al. ,  1 987; Coll ins & Nicol, 1 986) and this may be related to 

the abi l ity of sheep to adapt to eating less preferred components of the sward with 

reduced herbage mass (N icol et al. ,  1 987) . 
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Some evidence (Col l ins & Nicol, 1 986) with sheep, catt le and goats grazing the 

same residual herbage mass, but with different rate of disappearance of herbage mass 

(fast and slow) showed that relative rate of decl ine of herbage intake (per kg LW 0.75) 
with decreasing herbage mass varied with stock classes. 

Weston ( 1 982) demonstrated that there appears to be no convincing evidence 

of a general difference in voluntary consumption per kg l ive weight between sheep, 

goats, cattle and buffalo. 

Diurnal patterns of grazing activity (grazing, rum inating and idl ing) have been 

shown to be s imi lar between cattle, sheep and Angora goats (Arnold, 1 98 1 ; Askins & 
Turner, 1 972) . 

The recent evidence suggests that goats are shal low surface grazers, defoliating 

pasture from the top downwards in successive layers (McCal l  & Lambert, 1 987) , 

whereas sheep graze closer to the ground than cattle, due to the d ifference in 

mouthpart anatomy wh ich was reviewed at the beginn ing of th is section. Th is is  the 

case particu larly in taller swards where sheep usual ly tend to graze further into the 

sward canopy than do cattle (Hodgson , 1 990) .  However, other evidence suggested 

that cattle generally graze a sward from the surface down (Lane & Holmes, 1 971 ; 

Stobbs, 1 975b) and sheep may behave sim i larly (Arnold, 1 964; M i lne et al. ,  1 982; 

Barthram & Grant, 1 984) . Clark et al. (unpubl ished, quoted by Hughes, 1 988) 

compared the grazed depths between sheep, goats and cattle grazing a range of pre­

grazing sward heights encountered on farms (Table 2.3) . Catt le penetrated into 

swards more deeply than goats on all but the shortest swards. Sheep a lso grazed 

deeper than goats on the taller swards. All three species increased the length of leaf 

removed with increasing pregrazing height, but bite depth for goats was significantly 

shal lower than for sheep and cattle. Goats removed shorter portions of leaf as sward 

height increased. The same experiment also compared the height preference of 

sheep, cattle and goats when offered a range of height comparisons (Clark et al. ,  

unpubl ished, quoted by Hughes, 1 988) , and found that goats showed a stronger 

preference for the taller swards than sheep in terms of proportion of grazing t ime, bite 

rate and bite weight. 
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Table 2.3 Pregrazing herbage mass, height and grazing depth for adu lt cattle, 
sheep and goats (quoted by Hughes, 1 988) . 

Herbage mass 
(kg DM/ha) 

1 ,2000 

1 ,9000 

2 ,3000 

3,0000 

3,5000 

Pregrazing 
height 

(cm) 

5 . 1 

7.8 

1 1 .5 

1 8.4 

23.3 

Grazing depths (cm) 

Cattle Sheep Goats 

2 . 1 1 .4 1 .6 

3.5 2.5 2 .6 

5 .3 4 .4 4 .0 

1 0.0 8.2 6.0 

1 2.9 1 2.6 9.0 

Litt le information on bite area and bite volume is available for goats as detai led 

b ite dimensions have not been previously measured. However, what l itt le evidence 

there is in Table 2.2 suggests that cattle general ly have larger bite area than sheep, 

and this is logical s ince cattle have greater mouth dimensions. Mitchel l  ( 1 993) 

demonstrated that deer needed more height than sheep to maxim ize bite area. 

However, Hodgson ( 1 990) suggested that whatever the basic d ifferences in diet 

selection, ingestive behaviour or herbage intake, different classes of l ivestock respond 

in much the same way to changes in sward conditions, with some exceptions on 

extremely short swards, where sheep may be able to maintain herbage intake better 

than cattle. 

2.8 GRAZING PROCEDURES INVOLVED IN RESEARCH ON INGESTIVE 

BEHAVIOUR:  Field grazing and Indoor crated grazing 

It is appropriate to end th is review by noting the techn ical approaches which are 

involved in research on ingestive behaviour and herbage intake, and have helped to 

make substantial progress in such a difficult area. No attempt wi l l  be made to describe 

these technical procedures and discuss the advantages and disadvantages in more 

detai l  as these are beyond the scope of this thesis, but they are avai lable in the 

l iterature (Leaver, 1 982). This heading only involves a brief review of the grazing 

procedu res used in th is research. 

Conventional ly, the observation of ingestive behaviour and herbage intake under 
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grazing condition is made in the field on a large-plot scale. Only recently has a crated­

or penned-approach been used in which animals are confined and conditions are 

t ightly controlled (Black & Kenney, 1 984; Burl ison, 1 987; Mursan et al. ,  1 989; 

Betteridge et al. ,  1 99 1 ; M itchell et al. , 1 991 ; M itchell ,  1 993; Laca et al. ,  1 992a & b). 

Both approaches have their advantages and drawbacks (Burl ison, 1 987) for different 

research goals. 

The use of crated- or penned-an imals has several advantages over large-scale 

g razing trials. It al lows observers to work close to the animals to record bit ing activity, 

and al lows easy manipulation and control of the grazing process. The use of cut turf, 

instead of grazed plots, makes it possible to measure b ite dimensions and estimate the 

herbage mass removed by animals during the short time grazing. Also, measurements 

of herbage bulk density of grazed strata can be made more directly and qu ite l ikely 

more accurately. It has been suggested that there is no fundamental reason to 

suspect that the results obtained from this technique could not be extended to the 

short-term responses of unrestricted an imals under paddock grazing situations 

(Burl ison et al. ,  1 991 ) so long as the an imals are well trained. Burl ison ( 1 987) pointed 

out that the effects and complications of trampling, fou l ing and social aggregation 

occurring on large-plot grazing could be also avoided by this procedure. Mursan et al. 

( 1 989) observed b ite weight and bite dimensions of cattle placed in individual pens. 

The authors commented that th is procedure proved to be extremely usefu l  in the study 

of the effects of specific sward structure on intake and provided a means of identifying 

sward characteristics restrict ing bite dimensions 

However, th is approach cannot be used to study parameters such as daily 

grazing t ime, d iurnal patten of grazing activity and intake rate over a few hours, s ince 

only short t ime observation is possible. Penning et al. ( 1 991 a) argued that it may not 

be acceptable to extrapolate from short-term studies of the effects of sward conditions 

on ingestive behaviour to free-grazing animals. 

2.9 CONCLUSION 

This review has covered the progress over the last two decades in 

understanding the factors influencing ingestive behaviour and herbage intake of 

grazing an imals, how l ivestock respond to variation in sward conditions and how 

behaviour is influenced by specific animal attributes. 
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Much of the information avai lable so far is either qu ite general descript ion due 

to the l im ited accuracy of observations obtained under uncontrol led experimental 

cond itions, or extreme simpl ification under h ighly control led sward conditions (artificial 

swards, or simple tray-grown swards) wh ich can not represent real g razing conditions. 

Also, most of the studies involved use of grasses, and single animal species (sheep 

or cattle). The evidence obtained from these studies has al lowed the development of 

basic principles, and has even provided clear-cut answers to some of issues involved. 

However, there is now a need to move to studies under controlled experimental 

conditions, of a series of swards with a great contrast in canopy structure and in forage 

category (grasses vs legumes) grazed by more than one species simu ltaneously. 

These swards should be reasonably simpl ified, but must be able to pract ically reflect 

the situation encountered on farms. Th is will al low the relationships between sward 

characteristics and animal's responses to be establ ished, under closely control led 

cond itions, over the wide range of swards, and a comparison of response patterns in 

ingestive behaviour to be made between animal species under sim i lar grazing 

s ituations. 



3.1 INTRODUCTION 

CHAPTER 3 

EXPERIMENT 1 

Experimental Details 

This project was designed to include three experiments. 
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Experiment 1 involved an evaluation of responses in ingestive behaviou r  of 

sheep and goats to variation in sward structure induced by a range of grasses and 

legumes sampled at two stages of maturity. Experiment 2 concentrated on an 

assessment of effects of contrasting heights within a forage species on ingestive 

behaviour of sheep and goats grazing grasses and clovers. I n  both experiments 1 and 

2, observations of grazing behaviour were made using an indoor grazing technique in 

which the animals were individually confined in metabol ism crates and presented with 

prepared turves extracted from the established plots. Experiment 3 focused on 

comparisons between indoor and outdoor grazing using oesophageal fistu lated sheep, 

and between fistu lated and intact sheep using indoor grazing procedures. 

Th is chapter describes details of the materials and procedures involved in 

Experiment 1 ,  and explains design and construction of data sets of th is experiment. 

The data sets generated will be used as data bases of Chapters 4 and 5 .  

3.2 

3.2.1 

3.2. 1 . 1  

MATERIALS AND METHODS 

Experimental plots 

Natural and ecological conditions of the experimental site 

The swards used in this experiment were grown on a terrace at 1 00 m asl, at 

the Bal lantrae H i l l Country Research Station of AgResearch Grasslands Research 

Center, near Woodvil le. 

The soil is an Ashhu rst si lt 10am/Raumati si lt loam , derived from an old river 

terrace, and moderately well drained (J .D .  Cower pers. com . ) .  Mean annual air 

temperature (23 years) at 1 .2 m measured 1 km from the experimental site was 

1 2.3°C, and ranged from 7.8°C in Ju ly to 1 6.8°C in February. Average annual rainfall 
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(23 years) at the same site was 1 2 1 2  mm,  and was uniform ly distributed seasonally 

(D.J. Barker pers. com. ) .  

3.2.1 .2 Forages (plant species and cultivars) 

A series of forages (plant species and cu ltivars) (Table 3. 1 )  were uti l ized in this 

project, and they were selected to produce a range of canopy structure. These 

grasses, legumes and a herb varied in erectness of growth habit, leaf size and degree 

of stem iness. A description of agronomic characteristics is given in Appendix 3. 1 .  

Table 3.1 Plant species and cultivars (detailed description see Appendix 3. 1 )  utilised in 
experiment 1 .  

Common Name Cultivar Name Botanical Name Sowing Sowing 
rate date 

1 Ryegrass Grasslands Pacific Lolium perenne 1 5  kg/ha 29/04/88 

2 Browntop Grasslands Muster Agrostis capillaris syn. 1 5  kg/ha 29/04/88 
A. tenuis 

3 Cocksfoot Grasslands Kara Dactylis glomerata 1 0  kg/ha 29/04/88 

4 Prairie grass Grasslands Matua Bromus willdenowii 30 kg/ha 29/04/88 
syn. B. catharticus 

5 Phalaris Grasslands Maru Phalaris aquatica 1 7  kg/ha 30/1 1 /88 

6 White clover Grasslands lahora Trifolium repens 4 kg/ha 29/04/88 

7 White clover Grasslands Kopu Trifolium repens 3 kg/ha 29/04/88 

8 Red clover Grasslands Pawera Trifolium pratense 6 kg/ha 29/04/88 

9 Lotus Grasslands Goldie Lotus corniculatus 5 kg/ha 29/04/88 

1 0  Chicory Grasslands Puna Cichorium intybus 4 kg/ha 29/04/88 

3.2. 1 .3 Establishment and general management of the experimental plots 

Forty 6 x 1 0 m2 plots were laid down in four  rows in Apri l ,  1 988 and the ten 

forages were sown as monoculture swards, fou r  plots per forage, in a completely 

random ized design .  

The terrace was ploughed and harrowed in order to level the ground. Residual 

tu rf was raked away and gravel and rocks were removed. 

On 29 April 1 988, forages were sown at the rates l isted in Table 3. 1 .  Seeds 

were m ixed with sawdust to assist the sowing process, and al l  plots were sown by 
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hand in two d i rections to ensure an even spread. The plots were l ightly raked and 

rolled to ensure that the seeds were properly covered by soi l .  

Permanent electric fences and netting fences were established around the p lots. 

Al l  plots received 30 kg P and 8 kg S/ha twice annual ly as Longlife 

(phosphorus) , PAPR (partially acidu lated phosphate rock) and Ammo-Phos/Hycrop. 

Non-legume plots also received 40 kg N/ha annually in 3 instalments of Urea (spring, 

autumn and winter) . 

One month after sowing, a culture medium of rh izobium (Rhizobium japonicum) 

was watered onto Lotus corniculatus plots as the appropriate species was not present 

naturally. 

During sward development, al l  plots became infested with weeds, and an 

intensive herbicide application programme was designed and carried out 

(Appendix 3.2). 

In tal l fescue plots, the weeds were so prolific and population density of tal l 

fescue was so poor that an alternative species, phalaris (Phalaris aquatica) , was sown 

to replace it. After the tall fescue plots were sprayed with Roundup, a seedbed was 

prepared and phalaris (Table 3. 1 )  was sown using the same procedu res as before. 

Al l  p lots were satisfactorily established by mid-February 1 989 (except phalaris 

wh ich was at the seedl ing stage) . 

The plots were grazed, cut or i rrigated, and herbicide and fert i l izer were appl ied 

as necessary during the course of experimental measurements to maintain g rowth and 

pu rity of the sown forages. 

3.2.2 Animals 

Seven Romney female sheep and seven G4 Angora cross feral female goats, 

sound of foot and mouth , were obtained for th is experiment. The individuals of each 

animal species had s imi lar l ive weights, and al l  individuals had sim ilar age. The 

animals  had been selected for their tameness and wi l l ingness to eat under confined 

conditions. The six an imals of each species which adapted most rapidly to the 

procedu re were chosen to form the experimental group, and one was kept as a spare. 

The animals were 1 2  months old at the start of the experimental training commenced 

in October, 1 988. At this time, the first pair of permanent incisors had come into wear 

(Le. two adult incisors had erupted above the level of adjacent deciduous teeth (Bray 
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et a/. ,  1 989)) ,  and six permanent incisors had come into wear when the experiment 

was completed in the m iddle of 1 990. Identification of individual animals was a ided by 

large numbered ear tags. 

3.2.2.1 Training of the animals 

The animals were trained to the indoor crate-grazing envi ronment over a period 

of ten weeks before the pre-experimental run (see Section 3.2.3) commenced. They 

were confined in a large indoor pen with slatted floor adjacent to the metabol ism 

crates. S ince there were only six crates, two groups of animals (three of each species 

for each group) were alternately confined in the crates on a daily basis .  Animals were 

kept in the shed day and night during weekdays, and released at weekends and 

maintained in a holding paddock of permanent perennial ryegrass/white clover pastures 

adjacent to the shed. In the in itial stage of the training, m ixtures of sheepnuts and hay 

were suppl ied on regular basis, 3-4 times per day in a single container containing 

about 350 g hay and 1 50 g sheepnuts each time. Water was always accessible. Four  

weeks later, animals were sometimes offered fresh forage cut from adjacent paddocks 

or provided with turves extracted from the experimental plots to al low animals to 

become accustomed to the experimental swards. Daily intake ranged from 1 .5 to 2.5 

kg OM. 

3.2.2.2 Animal measurements 

The fol lowing an imal attributes were routinely measured at approximately 

monthly intervals during the course of the experiment. 

3.2.2.2.1 Body weight 

The animals were weighed to the nearest 0.5 kg with an e lectronic scale. The 

day prior to weighing, the animals were mustered to the paddock where plenty of feed 

was avai lable to standardize the pre-weigh ing condition . The an imals were weighed 

between 9:00 - 1 1  :00 in the morn ing. If the weather was wet on the weigh ing day or 

previous n ight, the weigh ing had to be delayed to an alternative fine day with the same 

pre-weigh ing preparation . 



3.2.2.2.2 Incisor breadth and number 

66 

The incisor arcade breadth was measured to the nearest 0. 1 cm as the distance 

between the outer edges of the right and left ramus of the permanent incisor teeth 

wh ich came into wear. Dental wax was used to copy the shape of the incisor arcade 

and to provide a permanent record of teeth dimensions. 

3.2.2.2.3 Mouthpart dimensions 

Various measurements of mouthpart dimensions were made using a cal l iper or 

a ru ler to the nearest 0 . 1  cm . 

Dentition width: the distance between the outer edges of the right and left dental 

pad on the lower jaw. 

Muzzle width: the distance between the corners of the l ips on either s ide of the 

m uzzle, with the mouth closed. 

Lip length: measured on the left s ide of the face, from the t ip of the muzzle to 

the corner of the l ips, with the mouth closed. 

Maximum mouth open ing: from the cutt ing edge of the incisor on the lower jaw 

to the dental pad on the upper jaw, with the mouth open as far as possible. 

3.2.3 Preparation and sampling of the swards (turves) 

Variation in herbage maturity was created by al lowing the plots various periods 

of regrowth . 

After a pre-experimental run lasting a month before the experimental 

measurements were started, the techniques and experimental procedures were wel l  

and precisely establ ished. The experimental measurements commenced on 

20 February 1 989. 

The day prior to feeding, turves of the forage to be offered were extracted from 

the plots using a metal quadrat-cutter of s ize 41  x 27 cm . The locations for turf 

extract ion were selected from the four  plots of the sampled forage with regard to 

sim i larity of appearance, to minim ize variation between the turves. The quadrat-cutter 

was h it into the ground to 7 cm depth with a rubber hammer and dug out with a spade. 

In the plots where plants were growing in rows engendered by the in it ial raking during 

establishment, the sampling quadrats were al igned at right angles to the rows. A 

typical weedy or bare patches were avoided. 
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The cut turves were placed in deep trays with dimensions of 4 1  x 27 x 8.0 cm. 

Thirteen turves of one forage were cut each time. The six sheep and six goats each 

grazed one turf, and one was used to calibrate insensible moisture loss of the turf in 

calcu lation of OM percentage (see Section 3.2.6.4). The th irteen turves were 

immediately taken back to a chi l ler maintained at SoC in the laboratory about SOO m 

away from the plots. 

When the soil was dry, water was appl ied to the turves before extraction, to 

prevent swards drying out once in trays. 

3.2.4 Pre-grazing measurements of the sward 

The extracted turves were characterized using the fol lowing measurements prior 

to being g razed. 

3.2.4. 1 Sward height 

Three estimates of sward height ( leaf surface height, stem height and 

reproductive height if appropriate) were recorded to the nearest O.S cm. Thirty 

measurements for each height were estimated by inserting a needle, with m in imum 

disturbance, into the sward to the soil surface, and measuring the depth of penetration 

of the need le with a ruler. The measured plant un its for each height were random ly, 

but evenly spaced across the turf area. 

Leaf surface height was estimated as the height of uppermost leaves in an 

undisturbed sward canopy (natural position) (Rhodes, 1 981 ) .  

"Stem" height varied with forage categories: 

Herbage categories Measured "stem" height 

grass l igule of the youngest ful l-expanded leaf 

wh ite clover top height of the petiole 

red clover height of youngest trifol iate leaf 

ch icory top height of leaf stalk in vegetative swards 
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In wh ite clover, petiole height was measured instead of that of stem or stolon 

because the heights of the true stem and stolon were not easy to measu re due to the 

prostrate growth form . The stem of ch icory at the vegetative stage was measured at 

the top of the leaf stalk, because true stem had not developed. The reproductive stage 

of chicory was not sampled during the experimental period due to being too h igh to 

handle with experimental faci l it ies. Shoots of Lotus corniculatus bear t rifol iate leaves 

continuously from tip to base, so it was not possible even to measure the height of the 

fi rst bundle of leaflets from the ground level, and hence this attribute was not estimated 

for this forage. 

Reproductive height was recorded as the fi rst contact with the top of the flower 

in all forages, i rrespective of its position relative to the leaf surface. 

3.2.4.2 Point quadrat 

The relative proportion and vertical distribution of the various herbage 

components with in the sward profile was evaluated using an incl ined (32.5°) point 

quadrat techn ique (Warren-Wilson, 1 963; Grant, 1 981 ) .  

A l l  contacts and corresponding heights with in 1 cm bands were recorded as the 

needle of the point quadrat passed through the sward, and each contact was firstly 

identified in terms of species categories of sown species, grass weed or broad-leaved 

weed. The contacts were further defined as morphological un its, which fel l  into various 

categories for different herbages, for example, seedhead, stem ( including flowering 

stalk), and leaf for grasses; seedhead, stem (including seedhead stalk, petiole and 

stem) and leaf for wh ite clover; seedheads, stem (including stalk) and leaf for Lotus 

corn icula tus; and leaf and stem (stalk) for ch icory. Live and dead categories were also 

identified for each contact; brown coloured leaf was regarded as dead. For each pass 

of the needle, the height at which the needle reached the ground was also recorded 

to al low for ground zero calibration. 

The point quadrat device was always sited to align along the long axis of the 

turf and the traverse was alternately posit ioned at QPposite ends of the turf. If the 

number of the contacts had not reached fifty after four traverses (two traverses from 

each direction) ,  more traverses were carried out unti l  a m in imum of fifty contacts were 

recorded. At least four  ful l  traverses were measured per turf even if more than fifty 

contacts were recorded. 



69 

On tal l swards, because the needle could not reach ground level after one ful l  

t raverse was passed through , the turf was divided into several profi les for 

measurement. In successive profiles, the needle always started from the terminating 

height of the previous measured profile and successive measu rements from the top 

profi le to the bottom profile within one vertical series were continued from the same 

end of the turf unt i l  the last profile in which the needle reached ground. I n  this case, 

a l l  of the measu rements of successive profi les with in one vert ical series ranging from 

the top profi le to the bottom profile were regarded as one fu l l  traverse. 

After ground zero correction , the point quadrat observations were expressed as 

the number of contacts per 2 cm of sward height and were set out graphically by a 

computer programme to i l lustrate the vertical distribution of the various herbage 

components with in the sward profi les. 

Turves were kept in the ch i l ler when not being measured to m in im ize insensible 

loss of moisture. Most pre-grazing measurements were made within one day and the 

remainder of the measurements were completed by 1 0:00 am the following day, before 

turves were offered to animals. 

The trays containing extracted turves were also placed in deep boxes (43 x 28 

x 1 2.5 cm) before they were carried to the shed for feeding so that the loss of soil 

cou ld be prevented. 

3.2.5 Feeding procedures 

3.2.5.1 Preparation of the animals 

The an imals were penned in a feeding shed in the afternoon of the day when 

pre-grazing measurements were made. They were fasted overnight for 1 8  h rs (4:00 

pm-1 0:00 am) before turves were offered for grazing in order to encourage grazing and 

standardize preparation. The animals were randomly classified into two groups, each 

of which was composed of three sheep and three goats. S ince on ly six crates were 

available, one group was immediately introduced into metabol ism crates (Plate 3. 1 )  

after the animals were led to the feeding shed, and the others were kept in the slatted 

floor pen adjacent to the metabol ism crates. On the fol lowing day, the group of 

animals  in the crates were fed sample turves, and then released from the crates. The 

procedu re was repeated with the second group. 
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3.2.5.2 Feeding 

The feeding session commenced between 1 0:00 - 1 0:30 am and was usual ly 

completed within two hours. The prepared turves were presented immediately in front 

of the animals with the long sides towards them , and at foot level (Plate 3.2), one turf 

at a t ime.  

The turves were weighed to the nearest 0. 1 g in the feeding shed, immediately 

before being offered and again after being grazed, with an e lectronic digital scale 

powered by a generator. Normally, the interval b�tween the commencement and 

cessation of the feeding for each turf only lasted for a few minutes, so insensible loss 

over this interval due to transpiration exam ined in a turf tray set aside for the purpose 

of control was found to be negl ig ible. 

A count was kept of the number of harvesting bites taken by each animal as it 

g razed. An imals were al lowed to make at least 1 2  bites, but normally 1 2- 1 7  bites (see 

later), after wh ich access was blocked, and the t ime e lapsed between occurrence of 

the fi rst and last bites was recorded using a stopwatch , to the nearest tenth of a 

second. Animals were not al lowed to take more than 1 5- 1 7  bites since more bites 

cou ld resu lt in overlapping wh ich wou ld affect est imation of bite area. 

All grazing procedures were completed for one an imal before commencing with 

the next. The turves were offered to sheep and goats alternately, and which of the two 

species was fed first was decided at random. 

The experiment was run according to an unblocked factorial design (completely 

random ized design) where individuals of each an imal species were treated as internal 

replications. The schedu le of sampling dates of forage x stage of maturity 

combinations was randomly arranged where possible, however this was constrained 

by readiness with respect to sward conditions, such as, su itable height and a 

reasonable proportion of seedheads at the reproductive stage.  On any feeding day, 

twelve turves of the same forage x stage combinat ion were offered to al l  s ix individuals 

of each animal species in a random sequence. Therefore, all animals received all 

combinations of forage x stage in the same sequence, and each time, al l individuals 

received the same combination of forage x stage. 

In general, recorded biting activity was characterized both by the sound of 

herbage being severed and by the distinct ive upward jerk of the head, with t iming 
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Plate 3.1 Animals were individually confined in  the metabol ism crates 

Plate 3.2 Animals were offered the prepared turves. 
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continu ing if the animal l ifted its head to manipulate or masticate harvested herbage 

before it resumed grazing (Hodgson, 1 982; Burl ison, 1 987) . Any intervals  over which 

animal s  interrupted both bit ing and chewing for any reason were excluded from the 

record of time spent g razing. However, the time for which animals  were actively but 

unsuccessful ly seeking acceptable mouthful s  of herbage to harvest with the head down 

nosing the herbage was included (Hodgson, 1 982). Successive jerks of the head 

(more than one tearing act ion) in a compound biting action to sever one mouthful of 

herbage were considered as individual bites. The t ime spent actively chewing  the 

harvested herbage at the completion of the last b ite was excluded. In most cases, 

an imals  tended to prehend more bites than the stipulated 1 2  bites. 

Animals sometimes grazed herbage from the side of a turf, rather than from the 

top. This  was not representative of the way in which animals g raze pasture naturally 

and a lso resu lted in  an underest imation of bite area. The use of the deep box-tray 

( Plate 3.2) to some extent overcame this problem. This shortcoming was furthermore 

improved by insertion of a sheet of metal with a height of 30 cm and as wide as the 

t ray, into the deep box-tray on the side nearest the animal (Plate 3.2). 

The animals g razed very readily from the turf trays and only on some occasions 

was it necessary to pro long the fasting time because some animals refused to g raze 

some of the swards on offer. I n  this case, they had to be fasted one m ore day (42 

h rs) to encourage their grazing. If an animal sti l l  fai led to graze after further starvation, 

no  further measurements were taken on that turf. No further est imation was made on 

the turves being sporadical ly grazed by the an imals. 

The overal l  sampl ing success rate was 97% for goats and 93% for sheep. 

The turves were carried back to the chi l ler after grazing.  The animals were 

released to the holding paddock where they were al lowed to graze undisturbedly 

between the feeding runs. 

3.2.6 Post-grazing measurements of the sward 

The remainder of the feeding day was used for the following post-grazing 

m easurements. Only some of them cou ld be completed withi n  th is day and others had 

to be shifted to the fol lowing day. All sward measu rements taken after g razing were 

made on individual turves. 
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Residual height 
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Residual sward height after g razing was measured at severance level at th i rty 

random positions evenly distributed across the complete g razed patches using a 

needle and avoiding disturbance to the sward. The mean of these m easurements 

represented an average grazed height (or incisor height, Laca et al. ,  1 992a) and the 

grazed stratum of the complete sward profile was calculated by subtract ing this height 

from the surface height of the ungrazed sward. 

3.2.6.2 Bite area 

The area of those patches which had been grazed was m easured using a 

rectangular mesh frame (55 x 40 cm) mounted on four  adjustable steel rods, and 

subdivided into 1 cm x 1 cm by threading stiff wires through holes. The adjustable 

frame was suspended above the entire turf and a p iece of transparent acetate f i lm was 

p laced on the frame. The extent of the grazed patches was traced on the f i lm with a 

whiteboard marker to g ive a permanent record of thei r  shapes. The part ial ly covered 

grids at the perimeter of the marked areas were approximated by visual appraisal. 

Estimations of g razed area were derived by summat ion of g rid un its wholly and 

partial ly covering g razed patches. 

3.2.6.3 Herbage mass remaining within grazed stratum 

The turves were t rimmed at the average grazed height using a horizon sampl ing 

techn ique (Rhodes, 1 98 1 )  to estimate the herbage mass remaining within the grazed 

stratum after grazing. Horizon sampling was carried out using the equ ipment 

i l lust rated in P late 3.3, which consisted of a frame which could be adjusted in height, 

and e lectric shears which rested on a frame and could be moved forward and 

backwards so as to cut the whole area of the turf at any specified height. The trimmed 

herbage was collected in a tank attached to the cutting head, by a modified vacuum 

c leaner connected to the tank. 

The material cut from each turf at the grazing height was weighed immediately 

after being t rimmed and re-weighed after being oven-dried at 1 1 0° C for 1 0  h rs. This 

fresh weight was viewed as the residual mass of the grazed stratum after grazing and 

added to the herbage removed by the animal during the grazing gave an est imation 

of the total fresh herbage mass within the grazed horizon . 
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Plate 3.3A Horizontal sampl ing device. 

Plate 3.38 Horizontal sampl ing device. 
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3.2.6.4 Calculation and cal ibration of DM% of the herbage of the 

grazed stratum 

The ratio of dry and fresh weight of the trimmed herbage (Section 3.2.6.3) gave 

OM% of the herbage in the grazed stratum. This DM percentage varied between 

twelve turves due to variation in the grazed height across twelve animals (maximum 

range of variation was 5 units) . The amount of herbage removed by each an imal in  

OM terms could be derived using its corresponding OM percentage. 

However, there was a t ime lag between grazing and subsequent tr imming of the 

grazed horizon on the fol lowing day. Th is incurred a risk of overest imation of OM% 

s ince insensible loss of moisture over the interval between feeding and tr imming 

(nearly 24 hours) cou ld have reached a significant level even though turves were kept 

in the ch i l ler. Hence there was a necessity to adjust this OM% in order to correct for 

the insensible loss of moisture. 

After the feeding procedure was completed, the spare turf dug during sampling 

(see Section 3.2 .3) was immediately trimmed at an average severance height of the 

twelve grazed turves approximated visually. This was assumed to represent the fresh 

condition of the experimental tu rves at the t ime when they were grazed by the animals, 

and thus was a true description of the OM percentage at that t ime. The material was 

weighed immediately after being trimmed and was re-weighed after being oven-dried 

with other t rimmed herbages (Section 3.2.6.3) .  Th is OM percentage was consistently 

lower than the values obtained from the experimental turves and was used as a 

common value to calibrate the experimental turves.  The calibration was made as 

fol lows: 

Adjusted OM% = 1 /2 (grazed stratum OM % of experimental turf + grazed 

stratum OM% of control turf) 

The adjusted OM %, rather than the orig inal calculated OM% was used as a 

OM% to convert fresh matters. 

3.2.6.5 Herbage mass below grazed height 

The turf which had been trimmed at the average grazed height was then cut at 

ground level with electric shears. Any roots remaining on the cut herbage were 

removed. The cut herbage was thoroughly mixed and a standard subsampling 

techn ique (Grant, 1 98 1 )  was used to take a quarter of the cut herbage before it was 
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washed. Th is subsample was dissected into sown species, dead material and 

m iscellaneous, and the soil contamination of th is subsample was s imultaneously 

removed during th is dissection. The dissected components were oven-dried at 1 1  ooe 
for 1 0  hours and weighed. The proportion of each dissected component was then 

obtained to establish a genu ine proportion, in dry matter terms,  of the sown herbage 

contained in this subsample. Summation of sown species mass in th is subsample and 

the sown species mass in the remainder of the cut herbage gave an est imation of the 

herbage mass of the sown species distributed below the average grazed height. 

Summation of the mass under the grazed height and the mass with in the grazed 

stratum gave an estimation of total herbage mass of the ungrazed turf. 

3.2.7 Calculation of the derived variables 

The above direct measurements were used to determ ine the following variables. 

3.2.7. 1 Bite weight (BW) 

B ite weight could be expressed in various ways. 

BW1 : (fresh matter in absolute terms, mg FM/bite) = pre-grazing turf weight 

- post-grazing turf weight/bite number. 

BW2 : (dry matter in absolute terms, mg OM/bite) = BW1 x cal ibrated OM% of 

the corresponding turf. 

Th is variable cou ld also be scaled by the average l ive weight of individual 

animals over the experimental period for the purpose of comparison with the 

values reported in the l iterature. Either 0.75 or 1 ( in accordance with the source 

of l iterature) was used as an exponent for this scal ing. 

BW3 : (dry matter relative to live weight, mg OM/bite/kg LWO·75) 
= BW/kg LWJ.75. 

or = BW/kg LW 



3.2.7.2 

3.2.7.3 

Bite rate (BR) 

bite number B ite rate (BR )  (bites/m in) = x 60 
t ime spent bit ing (seconds) 

Intake rate (IR) 
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For convenience of comparison with the l iterature, the estimation of intake rate 

in dry matter terms was used. 

Intake rate 2 (IR2) (mg OM/min) = BW2 x biting rate 

Intake rate 3 (IR3) (mg OM/min/kg LWJ.75 or /kg LW) = BW3 x biting rate 

3.2.7.4 Bite depth (BO) 

Bite depth (BO) (cm) :  top surface height - grazed height. 

Top surface height normally referred to leaf surface height and seedhead height 

of vegetative and reproductive swards, respectively. However, in the cases 

where the seedhead height was smaller than leaf surface height, leaf surface 

height was used to calcu late this variable in both stages to avoid negative values 

for bite depth. 

3.2.7.5 Bite area (BA) 

Bite area (BA) (cm2) = total grazed area/bite number 

The total grazed area was obtained from Section 3.2.6.2. 

3.2.7.6 Bite volume (BV) 

Bite volume (BV) (cm3) = bite area x bite depth 

3.2.7.7 Mass bulk density 

For the sake of d istinction of this variable from the frequency bulk density 

derived from the point-quadrat measurements (Section 3.2.7.9), the bulk density in the 

sense of mass per un it volume is specifically referred to as mass bulk density. 

This variable involved two estimations. 



3.2.7.8 

Mass bulk density of grazed stratum (mg OM/cm 3) = 

OM remained in grazed stratum after grazing + OM removed by an imal 
turf area x bite depth 

Mass bulk density of whole profi le (mg OM/cm 3) = 

OM of herbage contained below grazed height + OM of grazed stratum 
turf area x sward top surface height 

Leaf layer depth 
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Mean leaf layer depth was calcu lated for each turf as the difference between 

mean leaf surface height and mean stem height. Th is attribute was not calcu lated for 

Lotus corniculatus due to unavai labi l ity of stem height data (see Section 3.2.4. 1 ) .  

3.2.7.9 Proportions and frequency bulk densities of plant components 

A series of attributes could be derived from the point-quadrat measurements. 

However, among them,  the proportions of leaf, stem and seedhead summed to unity, 

so it was inappropriate to use all th ree in representing relative proportions of these 

components and two of them ( leaf and seedhead) were chosen . S imi larly, the 

proportions of l ive material, together with proportions of dead material constitutes a 

binomial attribute with unity as a summation, and therefore only the proportion of l ive 

material was selected. The bulk density here referred to the number of h its per 2 cm 

band, and therefore was loosely termed frequency bulk density in order to d istinguish 

it from mass bulk density (herbage mass per unit volume, see Section 3.2.7.7) .  

These parameters were calculated in terms of the grazed stratum and whole 

sward profi les, respectively. 

Leaf proportion = 
number of leaf h its 
number of total h its 

Seedhead proportion = 
number of seedhead h its 

number of total h its 



number of leaf h its *Leaf frequency bulk density = 

height of sward profi le (cm ) 

number of stem h its *Stem frequency bulk density = 

height of sward profi le (cm ) 

number of seedhead h its *Seedhead frequency bulk density = 

height of sward profi le (cm ) 

Live herbage proportion = 
number of l ive herbage h its 

number of total h its 

.. : Since this study defined height of a unit band of sward profile as 2 em, the 

above calculated values of these three variables in which the number of hits/em 

band was unit had to be corrected to a basis of 2 em band by being multiplied 

by 2. Also, these three variables involved grazed stratum and whole sward 

profiles. The distinction between the grazed stratum and whole sward profiles 

was made by using the corresponding height in the denominator. 

3.3 EXPERIMENTAL DESIGN AND ORGANIZATION OF THE DATA 

3.3.1 Experimental design and construction of data sets 
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Table 3.2 gives detai ls of the experimental design. Ten forages (species or 

cu ltivars) (Table 3. 1 )  and two maturity stages of growth for each forage were sampled. 

The sampled swards were grazed by six sheep and six goats. Therefore, feeding 

embraced 1 0  forages x 2 maturity stages x 2 animal species x 6 repl icat ions for each 

species. However, as the reproductive stage of chicory was not sampled (Section 

3.2.4. 1 ) , th is forage was discarded from the data sets. 

Th is involved 240 experimental un its to measure and took six months to run. The 

measurements were consciously scheduled to be run over two experimental periods 

to avoid winter restrict ion . The first period was in part a prel iminary period and only 

a small part of the experimental measurements cou ld be completed within th is period 
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after spending a month runn ing pre-experimental exercises (see Section 3.2.3) .  Most 

measurements were conducted within the second period (Table 3 .3) .  Four  of n ine 

forages (two legumes and two grasses, asterisked and bold-faced in Table 3.3) were 

sampled across the two periods to test between-period variation in grazing behaviour, 

and al l  n ine forages were sampled with in the second period to test effects of sward 

structure on grazing behaviour with in one period. Table 3.3 i l lustrates the detai ls of 

the experimental periods and the distribution of sampl ing dates for various forages at 

two stages. For convenience, period one and period two are referred to as years 1 989 

and 1 990, respect ively. 

Table 3 .2 Experimental design and construction of data sets. 

Factors 

Forages 

Matu rity stages 

Animal species 

Animals within species 

Experimental periods 

Common forages across 2 periods 

Levels Values 

1 0  See Table 3. 1 

2 Vegetative and reproductive 

2 Sheep and goats 

6 6 sheep and 6 goats 

2 Period 1 (1 989) and period 2 ( 1 990) 

4 2 grasses and 2 clovers (asterisked 
in Table 3.3) 

The full experiment involved ten forages sampled at two maturity stages of growth , 

grazed by six sheep and six goats within one period, and four forages sampled at two stages 

grazed by the same animals across the two periods. How�ver, ch icory was not sampled at the 

reproductive stage due to being too high to handle with indoor grazing faci l ities, and therefore, 

this forage was discarded from the data set. 
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Table 3.3 Forages included in the two data subsets and distribution of the sampling dates. 

Forages Vegetative 

Period 1 Period 2 
( 1 989) ( 1 990) 

1 Ryegrass* 8 Mar. 89 1 1  Jan. 90 

2 Browntop* 23 Feb. 89 8 Jan. 90 

3 Cocksfoot 27 Dec. 89 

4 Prairiegrass 1 9  Feb. 90 

5 Phalaris 2 Feb. 90 

6 Tahora white 20 Feb. 89 1 1  Dec. 89 
clover* 

7 Kopu white 3 Apr. 89 1 4  Dec. 89 
clover* 

8 Red 6 Dec. 89 
clover 

9 Lotus 2 1  Dec. 89 

Period 1 :  20 February 1 989 - 1 8  April 1 989. 

Period 2: 6 December 1 989 - 1 8  April 1 990. 

Reproductive 

Period 1 Period 2 
( 1 989) ( 1 990) 

1 8  Apr. 89 3 Apr. 90 

1 5  Mar. 89 1 8  Apr. 90 

26 Mar. 90 

29 Dec. 89 

29 Jan. 90 

21 Mar. 89 1 5  Jan. 90 

4 Apr. 89 1 7  Jan. 90 

5 Feb. 90 

23 Jan. 90 

For convenience, period 1 and period 2 are referred to as years 1 989 and 1 990, 

respectively, despite the fact that period 2 actually covered the duration from 6 December of 

1 989 to 1 8  Apri l of 1 990. 

Two sub-sets of data were constructed and drawn from the fu l l  experiment as 

fol lows: 

One sub-set (restricted data set) embraced four forages at two matur ity stages 

(asterisked and bold-faced) grazed by six sheep and six goats across the two 

experimental periods (years) (4 forages x 2 stages x 2 animal species x 2 years). Th is 

sub-set was intended to assess the variation in ingestive behaviour across the two 
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years, with particu lar emphasis on the effects of the variation in animal body size over 

t ime with increasing maturity, and consequent changes of animal attributes ( incisor 

breadth and l iveweight) on the bite weight and bite dimensions of sheep and goats 

Another sub-set (enlarged data set) involved n ine forages at two maturity stages 

grazed by six sheep and six goats over the second experimental year. Th is sub-set 

involved an attempt to examine the effect of sward canopy structure on ingestive 

behaviour of sheep and goats based on a wide range of forages. 

The two sub-sets formed the basis of data to be analyzed and dealt with in 

Chapter 4 and Chapter 5, respectively. 

3.3.2 Alignment and correspondence of the variables between 

sward, animal and ingestive behaviour 

In  order to be able to relate the three sets of variables (sward, an imal and 

ingestive behaviour), a computing data fi le was organized to consist of all observat ions 

for the three sets of variables. It was necessary, therefore, to al ign all d irect 

measurements and derived calcu lat ions, and bring a l l  variables into correspondence 

with years ,  forages, maturity stages, animal species and animal repl ications. 

The variables in  the sets of both sward and ingestive behaviour were obtained 

on the basis of individual experimental units (one repl ication of each treatment: years 

x forages x stages x an imal species x replications of each animal species) ,  i .e . ,  a 

specific grazing by an individual animal on the sward of a particu lar forage at one 

stage with in each period. However, in the set of an imal attributes, some variables 

were derived based on the experimental un it ,  for instance, incisor breadth and l ive 

weight. I n  contrast, other variables, such as muzzle width,  dentition width ,  l ip length 

and maximum width,  presumably were subject to greater variation s ince they were 

measured on soft t issue, so only means over each experimental period were withdrawn 

for each variable. Diagrams of incisor breadth and l ive weight against t ime over the 

experimental period were drawn, and specific values of the two variables 

corresponding to years, forages, maturity stages, an imal species and animal repl ication 

were estimated from these d iagrams. The values which were not avai lable for some 

observations (for example, there was no value of reproductive height on vegetative 

swards), were treated as miSSing values in the format of the data file. 



3.3.3 Statistical analysis 
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Stat istical analysis of the data was conducted on the AgResearch network 

computer system ,  using SAS Procedures (SAS Inst itute, 1 990) . 

Al l  statistical calculations and analyses were carried out on the basis of the 

individual values of the observations, because use of means of the observations could 

to some extent h ide the variabil ity. Means and standard errors quoted refer to the 

least squares means and their standard errors (SAS Institute Inc. 1 990). 



CHAPTER 4 

RESTRICTED DATA SET FROM EXPERIMENT 1 

Effects of Permanent-incisor Breadth on Bite Weight 

and Bite Dimensions of Sheep and Goats 
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PROLOGUE During the examination of this thesis, it became apparent that the potential 

impact of sward variation on the differences in ingestive behaviour between years 1 and 

2 in Experiment 1 may have been under-estimated by concentrating the analysis on 

animal variables. An additional section (Section 4.3.4) is therefore introduced to provide 

some assessment of this effect. However, the analyses of the relative contribution of 

incisor arcade breadth and live weight to differences in ingestive behaviour between 

years and between animal species are sti l l  relevant to the objectives of the thesis and 

are left largely unaltered. Additions are shown in bold,  as here. 

4.1 INTRODUCTION 

While much research has focused on the effects of plant characteristics on 

ingestive behaviour (Hodgson & Jamieson, 1 981 ; Black & Kenney, 1 984; Laca et al. , 

1 992a) , scant attention has been paid to the influence of animal maturity and body size 

on ingestive behaviour. Incisor breadth and l iveweight are related to animal maturity and 

body size (Taylor et al. , 1 987) . There has been some investigation of the relationships 

between the structure of the incisor arcade and selectivity ( I l l ius & Gordon, 1 987; Gordon 

& I l I ius, 1 988), between incisor breadth and herbage intake ( I l l ius & Gordon , 1 990a) , 

between eating  rate and incisor breadth (Taylor et al. , 1 987), and between herbage intake 

and allometric change in incisor breadth with body weight ( I l l ius, 1 989) . Al l these studies 

showed that i ngestive behaviour of grazing animals is closely related to incisor arcade 

structure. However, there has been less frequent examination of the effect of incisor 

breadth on bite weight and bite dimensions with increasing animal maturity for different 

species, or of the relative importance of live weight and incisor dimension in this process. 

The objective in this chapter is to provide a prel iminary evaluation of the effects of incisor 

breadth on i ngestive behaviour. In order to examine reasons for observed differences in  

bite variables between years and between animal species, particular emphasis was put 

on the effects of variation in i ncisor breadth within sheep and with in  goats over two time 
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periods, and on the effects of differences in incisor breadth between sheep and goats 

within time on the bite weight and physical dimensions of the average bite in the sward. 

4.2 ST ATISTICAL ANALYSIS 

The restricted data set generated in Chapter 3 (Section 3.3) ,  and summarized in 

Table 4 . 1 , was used as the database for this chapter. 

I n  the analysis of variance of behaviour variables, the model comprised four main 

effects (year, animal species, forage and stage of maturity) , and their interactions, and was 

structured according to a completely randomized design in  which i ndividuals of each 

animal species were treated as internal replications with repeated measures. However, 

since a major objective in this chapter was to screen the effects of animal variables on 

ingestive behaviou r within animal species over time, and across animal species with in  

time, attention was concentrated principally on assessing the variation in  behaviour 

variables observed during the course of the experimental period (between the two years, 

ie. year effect) , and observed between the two animal species at the same time (animal 

species effect) . Other main effects and interactions will be dealt with more thoroughly in  

Chapter 5 using the enlarged data set. 

Table 4.1 Structure of the restricted data set generated from Chapter 3. 

Effects Levels Values 

Years 2 1989, 1 990 

Animal species 2 Sheep, goats 

Forages 4 Ryegrass, browntop, 
Tahora and Kopu white clovers 

Stages of maturity 2 Vegetative, reproductive 

An approach of data adjustment was employed after analysis of variance using 

original unadjusted data. The sequence and process of data analysis were as follows: 

( 1 ) An analysis of variance using original unadjusted data set was conducted 

first, through which substantial differences in bite variables between years and between 

animal species were identified. 
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(2) Then the relationships between animal variables (incisor breadth and l ive 

weight) and ingestive behaviour variables were assessed by comparing a set of 

un partitioned regression equations of behaviour variables on animal variables in order to 

select a covariate which was assumed to result in the observed differences. 

(3) After an appropriate covariate was determined, heterogeneity of the effects 

of the covariate on bite variables was examined by a series of statistical analysis in order 

to define appropriate subsets of the data for data adjustment. 

(4) The data were then adjusted at an unpartitioned level through regression of 

bite variables against the chosen covariate (incisor breadth) in order to remove the 

concomitant confounding effects of the covariate from the background of the data set 

(Steel & Torrie, 1 980; Draper & Smith , 1 981 ) .  

(5) The regression equations which were used for adjustment of data were 

estimated on the subsets of data defined in two ways: (1 ) forages x animal species 

subsets (the fi rst adjustment) which were intended to examine the effect of incisor breadth 

on behaviour within  animal species over time (year effect) , and (2) stages of maturity 

subsets (the second adjustment) which were intended to examine the effect of incisor 

breadth on behaviou r  across animal species within time (animal species effect). The two 

adjustments were conducted independently for different purposes. 

(6) Analyses of variance were repeated using the two sets of adjusted data 

separately, these now being free of the effects of incisor breadth. 

(7) The evaluation was made through comparing the analysiS based on 

unadjusted data (effect of incisor breadth sti l l present) , and the analyses based on the two 

sets of adjusted data (effect of incisor breadth removed) . 

This data adjustment approach is quite different from the ordinary covariate analysis 

(Steel & Torrie, 1 980) (see Section 4.4 . 1  for a detailed comparison between the two 

approaches) . 

4.3 RESULTS AND DATA ADJUSTMENT 

A series of variables of the three data sets (sward, animal and ingestive behaviour) 

were measured or derived in the experiment (see Section 3.2.7 of Chapter 3) . I n  this 

chapter, however, attention is focused on only some of them to screen the effects of 

animal variables on ingestive behaviour variables. 

Bite weight 1 (mg fresh matter) was usually correlated with bite weight 2 (mg dry 

matter) , and the latter was used since it was defined in OM terms and this was coincident 

with the expression of sward bu lk density in this experiment. As attention was focused 



87 

on bite weight and bite dimensions, the variables, bite depth, bite area, and bite volume 

were taken into account. Two animal variables (l ive weight and incisor breadth) were 

considered, and sward surface height and bulk densities (grazed and overall bulk density) 

were used to describe sward conditions. 

4.3.1 Sward conditions 

Table 4.2 describes detai ls of sward conditions for the fou r  forages at two maturity 

stages across two years. 

The two grasses were tal ler than the two clover swards, but herbage bulk  densities 

were greater for the two clovers than the two grasses in  both grazed horizon and overall 

profiles except for the case of overall bulk density for browntop in 1 989. Sward height was 

substantially increased as swards advanced in maturity, with the exception for Kopu white 

clover in 1 989. However, in the swards of 1 989, bulk densities decreased or changed l ittle 

with the increase in sward maturity for ryegrass, browntop and Tahora, but increased for 

Kopu.  I n  the swards of 1 990, the bulk densities decreased or changed l ittle for ryegrass 

and browntop, and this was also the case for the overall bulk density of the two clovers; 

but the bulk density of the grazed strata increased for the two clovers. Swards were 

consistently taller, but less dense except for Kopu white clover in 1 990 than in 1 989. 

4.3.2 Animal variables 

The l ive weight of sheep was approximately twice that of goats (Table 4.3) , and 

incisor breadth was also greater in sheep than in goats (P<0.0001 ) .  A pooled ANOVA in 

which six individuals of each species were treated as an independent effect indicated that 

the variations across six sheep and across six goats were significant for l ive weight 

(P<0.05) ,  but not for incisor breadth. Both live weight and incisor breadth increased 

substantially across the two years with increasing maturity of animals (P<0.001 ) .  

4.3.3 ANOVA of behaviour variables based on unadjusted data 

Table 4.4 presents details of the ingestive behaviour variables of sheep and goats 

grazing fou r  forages at two stages across two years. Table 4.5 gives significant levels of 

ANOVA based on unadjusted data for all main effects and the f irst-order interactions 

involved with the year effect. 

Bite weight and all bite dimensions were significantly affected by all main effects 

(years, forages, maturity stages and animal species) , except for an insignificant effect 
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Table 4.2 Description of sward conditions for years x forages x stages 

1 989 1 990 
Forages Maturity 

stages Surface Grazed bulk Overall bulk Surface Grazed bulk Overall bulk 
height density density height density density 
(cm) (mgDM/cm3) (mgDM/cm3) (cm) (mgDM/cm3) (mgDM/cm3) 

Ryegrass Vegetative 1 5.2 0.92 2 .65 23.9 0.79 1 .37 

Reproductive 34.2 0.81 1 .90 55.5 0.51 0.63 

Browntop Vegetative 1 3.5 1 .31  3 .45 2 1 .8 0.95 1 .85 

Reproductive 29. 1  0.66 2 .26 50.9 1 .02 1 .58 

Tahora Vegetative 6.9 2.69 3 .78 1 1 .3 1 .94 2 .93 
white clover 

Reproductive 8.2 1 .90 3.58 1 8. 1  2.09 2 .71 

Kopu white Vegetative 1 2. 1  1 .32 2 .08 1 4. 1  1 .68 2.58 
clover 

Reproductive 1 0.4 1 .72 2 .53 1 9.6 4.54 2 .39 

s.e. 0.9 0.6 0. 1 0.9 0.6 0 . 1  
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Table 4.3 C hanges in live weight and incisor breadth of six sheep and six goats over two 
ex perimental periods ( two years). Overall A NOVA showed that the variation across 
six sheep and six goats within time was significant for live weight (P<O.05), but not 
significant for incisor breadth. Therefore, LSD tests are presented only for live 
weight. Means with different letters within columns differ at P<O.05. 

Sheep 

1 989 1 990 

Live weight (kg) 
39. 1  a 56.4 ab 

A nimal 1 (30.9-44.5) (54.6-58.0) 

41 .3 a 58.4 a 
2 (39.2-43.) (55.0-67.2) 

39.7 a 58.6 a 
3 (37.5-43.4) (57.0-60.0) 

40.7 a 53.3 be 
4 (39.0-43.8) (48.0-58.5) 

40.4 a 56.8 ab 
5 (38.0-44.5) (36.0-59.8) 

39.7 a 50.3 c 
6 (37.3-43.0) (46. 1 -61 .7) 

s.e. 1 
1 . 1  1 . 1 

Means2 
40.2 56.3 

s.e.2 
0.6 0.6 

Incisor breadth (cm) 
A nimal 1 1 .75 2.88 

(1 .70-1 .86) (2.7-3.2) 

2 1 .96 3. 1 6  
(1 .90-2.06) (3.02-3.20) 

3 1 .77 3.06 
(1 .70-1 .92) (2.86-3.61 ) 

4 1 .67 3. 1 1  
(1 .69-1 .83) (2.94-3.50) 

5 1 .86 3.31 
(1 .80-1 .99) (1 .90-3.40) 

6 1 .75 2.86 
(1 .70-1 .88) (2.60-3.45) 

s.e. 1 0.07 0.07 

Means2 1 .79 2.89 

s.e.2 0.03 0.03 

1 .  Standard errors of means of individual animals within years. 

Goats 

1 989 1 990 

1 7.9 b 28. 1 a 
( 1 7.0-1 8.3) (24.8-32.7) 

22.0 a 24.3 b 
(20.3-22.7) (21 .5-28.2) 

22.5 a 29.2 a 
( 1 9.8-24.5) (27.3-33.7) 

1 9.4 ab 25.7 ab 
(1 8.0-24.0) (23.2-31 .7) 

1 9.0 ab 27.1 ab 
(1 7.3-24.5) (25.3-31 .3) 

1 8.3 b 26.9 ab 
( 16.7-23.7) (25.5-30.0) 

1 . 1 1 . 1 

26.9  26.9 

0.6 0.6 

1 .45 2 .42 
(1 .40-1 .56) (2.26-2.80) 

1 .34 2 .24 
(1 .30-1 .44) (2.1 0-2.65) 

1 .43 2 .37 
(1 .40-1 .51 ) (2. 1 4-2.80) 

1 .45 2 .47 
(1 .40-1 .56) (2.26-3.00) 

1 .45 2 .56 
(1 .40-1 .56) (232-3.1 0) 

1 .44 2 .44 
(1 .40-1 .52) (2.22-2.95) 

0.07 0.07 

1 .43 2 .41 

0.03 0.03 

2 .  Means and standard errors over six individuals of each animal species within years. 
3. The data in brackets are ranges of observed values for each individual animal within years. 
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of maturity stage on bite area (Table 4.5). Some fi rst-order interactions were also 

signifi cant (Table 4.5) . However, as mentioned before, in this chapter only year effects 

and animal species effects were examined further. 

The marked differences between the two years in bite weight and bite dimensions 

imply that animals had different patterns of grazing behaviour across two years, even 

when they were offered, on two different occasions, swards of the same forages at similar 

stages of maturity. It was considered that both sward changes, particularly in sward 

height, between the two years (Table 4.2) and development of animal maturity over the 

course of the experiment might have contributed to these differences. 

4.3.4 Sward effects on ingestive behaviour across two years 

A thorough assessment of sward effects on ingestive behaviour will be made in 

Chapter 5 using the enlarged data set, and in this section, attention is concentrated on 

examining the relative contribution of sward effects to animal effects on the d ifferences 

in ingestive behaviour across two years. 

Swards were consistently taller despite being less dense, except for Kopu white 

clover, in  1 990 than in 1 989 (Table 4.2). Both l iveweight and incisor breadth increased 

substantially across two years for both sheep and goats (Table 4.3). However, sward and 

animal variations across two years were strongly inter-correlated (Table 4.6). A simple 

assessment of the contribution of sward effects was made by using the regressions of bite 

variables (bite weight (BW) and bite depth (BO» on sward height (H) derived from the 

enlarged data set of this experiment (Chapter 5) based on year 2 data set only (Chapter 3). 

Because there was no confounding between animal maturity and sward variation in this 

enlarged data set, the predicted increments of bite variables from the regressions derived 

from such an enlarged data set largely reflected sward effects. 

Two pooled regressions over forages and animal species were derived as follows: 

BO (cm) = -6.2 (s.e. 0.7) + 0.65 (s.e. 0.02) H (R2 = 0.85 ***) (residual d.f = 21 4); 

BW (mg OM) = 1 56 (s.e 1 9.1 ) + 3.6 (s.e. 0.5) H (R2 = 0.1 8 ***) (residual d.f = 214). 

Mean sward height difference between two years was 1 0.7 cm (Table 4.2), and the 

predicted increments in bite depth and bite weight from the above equations were 6.9 cm 

and 38.5 mg, accounting for all and 0.28 of observed increments across two years in the 

two variables, respectively. 

As mentioned above, both sward effects, animal effects, and/or interactions may 

have been involved in resulting in the differences in ingestive behaviour between two 

years. The subsequent assessment will focus on the effects of animal attributes through 

an approach of data adjustment using a selected animal variable as covariate. 
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Table 4.4 Unadjusted values of bite weight and bite dimensions for sheep and goats grazing 4 forages x 2 maturity stages across two years. 

Animal species Sheep Goats 

Variables Bite weight 2 Bite depth Bite area B ite volume Bite weight 2 Bite depth Bite area Bite volume 
(mgOM) (cm) (cm2) (cm3) (mgOM) (cm) (cm2) (cm� 

Forages Stages 1 989 1 990 1 989 1 990 1 989 1 990 1 989 1 990 1 989 1 990 1 989 1 990 1 989 1 990 1 989 1 990 

Ryegrass Veg 1 34 209 9. 1 1 1 .9 9.8 1 2.5 90 1 49 96 1 56 8.0 8.5 7.4 1 1 .9 59 1 00  

Rep 1 63 268 1 2 . 1  34.9 1 1 .4 12 .6 1 37 400 1 35 468 1 1 .3 32.2 1 0.5 1 1 .8 1 1 9  393 

Browntop Veg 238 1 74 6.3 8.9 7.5 1 1 .0 49 95 1 48 1 89 6.0 7.1 7.1 9.6 44 68 

Rep 248 41 5 1 2. 1  25.0 7.9 9.6 99 252 1 90 687 1 3.2 28.0 6. 1 1 0.6 79 288 

T ahora white Veg 1 42 21 9 2 .7 4.3 1 0.6 1 1 .5 27 50 1 23 1 1 5 3.1  2.6 6.3 1 2 .0 22 31 
clover 

Rep 158 379 4.8 9 . 1  1 0.0 1 1 .7 48 1 09 83 240 3.7 3.9 5.1 1 0. 1  21 38 

Kopu Veg 150 303 5 . 1  6.3 1 4.8 1 1 .2 75 72 99 159 4.7 3.4 1 1 .3 9.3 55 31 
white clover 

Rep 201 322 4.7 9.3 15 .1  13.6 64 1 27 1 23 298 3.8 4.2 1 4. 1  1 0.6 53 43 

s.e. 33 33 1 . 1 1 . 1 1 . 1 1 . 1  20 20 33 33 1 . 1 1 . 1 1 . 1 1 . 1 20 20 

Veg: vegetative, and Rep: reproductive. 
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Table 4.5 Significant levels of ANOVA for main effects and the first-order interactions involved 
with year effect , based on unadjusted data. 

Effects and Bite weight Bite depth Bite area Bite volume 
interactions (mgDM) (cm) (cm� (cm3) 

Year 0.0001 0.0001 0.0003 0.0001 

Animals1 0.0276 0.002 0.0001 0.0003 

Forages 0.0001 0.0001 0.0001 0.0001 

Stages 0.0001 0.0001 0.2386 0.0001 

Years x animals 0.01 48 0.0076 0.091 1 0.2536 

Years x forages 0.4887 0.0001 0.0001 0.0001 

Years x stages 0.0001 0.0001 0.5845 0.0001 

1 .  Animals: animal species 

Table 4.6 Correlation matrix of sward height, incisor breadth and l iveweight, and 
bite weight and bite depth across forages and animal species. 

bite depth (cm) 

i ncisor breadth (cm) 

l iveweight (kg) 

sward height (cm) 

bite weight 
(mg OM) 

0.58 *** 

0.57 *** 

0.30 *** 

0.62 *** 

bite depth 
(cm) 

0.51 *** 

0.28 *** 

0.94 *** 

i ncisor 
breadth (cm) 

0.71 *** 

0.81 *** 

l iveweight 
(kg) 

0.27 *** 

4.3.5 Animal factors influencing ingestive behaviour across two years 

Prel iminary regression analyses were carried out to examine the relationships 

between the animal variables (live weight and incisor breadth) and bite variables in order 

to determine an appropriate covariate to correct the animal effect. These regressions 

were fitted by 3 models, e.g. bite variables against incisor breadth (model 1 ) , against l ive 

weight (model 2) and against both as a partial regression (model 3) (Table 4.7) .  

While model 1 and model 3 showed similar R2 values, the R2 value in  model 2 was 

consistently lower than those in models 1 and 3. This suggests that live weight was less 



93 

Table 4.7 Regressions of bite weight and bite dimensions on incisor breadth , and on 
l ive weight by 3 models to define an appropriate covariate for adjustment of 
data. 

Variables Models �1 �2 �o R2 r.d.f 
(s.e.) (s.e.) (s.e.) 

Bite weight 1 1 32.9 (1 4) ••• -63.0 (31 ) • 0.33 ••• 1 90 
(mgOM) 

2 3.2 (0.7) ••• 1 07.2 (28) ••• 0.1 0 ... 1 90 

3 1 68.6 (1 9) ... -2.3 (0.9) • -58.1 (30) (.) 0.35 ··· 1 89 

Bite depth 1 7.3 (0.9) ... -5.5 (2 . 1 )  •• 0.47 ··· 1 90 
(em) 

2 0.2 (0.04) ••• 3.5 (1 .7) • • •  0.1 0 ··· 1 90 

3 8.9 (1 .3) ... -0. 1 (0.06) (.) -5.3 (2 . 1 )  •• 0.48 ··· 1 89 

Bite area 1 1 .6 (0.4) ... 7.1 (0.9) • • •  0.08 ··· 1 84 
(em� 

2 0.08 (0.02) ... 7.7 (0.7) ••• 0.09 ••• 1 84 

3 0.7 (0.6) ns 0.06 (0.025) • 7.0 (0.9) ••• 0.1 0 ·" 1 83 

Bite volume 1 85.0 (1 1 )  ... -78.2 (23) ••• 0.34 ••• 1 84 
(em3) 

2 2.4 (0.5) ... 1 8.2 (20.6) ns 0.1 0 ··· 1 84 

3 95.4 ( 15) ••• -0.7 (0.7) ns -77.0 (23) • •  0.35 ··· 1 83 

�1 :  regression coefficient of incisor breadth , �2: regression coefficient of live weight, �o: 
intercept. Model 1 : incisor breadth is a predictor (independent variable), model 2:  l ive weight 
is a predictor, model 3: partial regression with both incisor breadth and live weight as 
predictors. The figures in brackets are standard errors of coefficients. Significant levels 
following �1 1 �2 and �o are t tests for them, and those following R2 are F tests for model. r.d.f: 
Residual degree of freedom. 

suitable than incisor breadth to be individually employed as the covariate. Also, 

incorporation of l ive weight in the model (model 3) did not result in significant 

improvements of fit in terms of the R2 value. It was not worthwhile, therefore, to use l ive 

weight either alone or collectively with incisor breadth as a covariate. Incisor breadth was 

therefore chosen as the covariate for data adjustment, and subsequent analysis 

concentrated on this variable. 
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Logically, the unpartitioned regressions of bite variables on incisor breadth could 

be establ ished on the overall data set, or on subsets of the data at any levels of the 

treatments, such as forages (4 subsets) , stages (2 subsets) , or animal species (2 subsets) , 

or animal species x forages combinations (8 subsets) , and so forth. Decisions on which 

level to use were made by assessing whether the effects of incisor breadth on bite weight 

and bite dimensions were heterogenous across the relevant partitions. If heterogeneity 

was encountered, separate regressions were estimated for each partition. 

The variable, bite weight 2 (BW2) was chosen as a representative variable to describe 

this heterogeneity. Also, it was empirically considered that the forages x animal species 

interaction was an appropriate combination to work with for examining the effect of incisor 

breadth on ingestive behaviour within animal species over time. Therefore, a set of 

regression equations of bite weight 2 against incisor breadth was establ ished for each 

combination of 4 forages x 2 animal species (8 equations) (details of these equations are 

given in Table 1 of Appendix 4. 1 ) : 

Ryegrass sheep: 

Ryegrass goats: 

Browntop sheep: 

Browntop goats: 

Tahora sheep: 

Tahora goats: 

Kopu sheep: 

Kopu goats: 

BW2 = 1 2  + 74 incisor breadth; 

BW2 = -21 4  + 21 3 incisor breadth; 

BW2 = 1 1 6  + 64 incisor breadth ; 

BW2 = -262 + 286 incisor breadth; 

BW2 = -48 + 1 23 incisor breadth; 

BW2 = -31 + 94 incisor breadth; 

BW2 = -51 + 1 29 incisor breadth; 

BW2 = - 1 33 + 1 63 incisor breadth; 

The coefficients of determination (denoted by R2) of these equations were usually 

significant despite the fact that they were not very high (Table 1 of Appendix 4. 1 ) . 

A comparison of these regression equations in terms of the intercept (Po) and slope 

(P1) for the contrasts between sheep and goats grazing the same forage and, between 

forages grazed by the same animal species was made by t tests (Table 4.8) . There were 

significant differences in the regressions of incisor breadth on bite weight among forage 

x animal species combinations. On one hand (4.8a) ,  the differences were highly 

significant between sheep and goats grazing ryegrass or browntop, but were not significant 

when Tahora or Kopu white clovers were offered. On the other hand (Table 4.8b) ,  the 

differences were significant when goats grazed different forages, for example, between 

ryegrass and Tahora, and between browntop and Tahora. But sheep showed no 
regression differences across forages. The above heterogeneity of regression functions 
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Table 4.8 t tests of f30 and f31 values of the regression equations (bite weight 2 
against incisor breadth) for the contrasts between sheep and goats 
grazing the same forage (4.8a) , and between forages grazed by the 
same an imal species (4.8b) to assess heterogeneity of these equations 
in describing the effects of incisor breadth on bite weight among the 
forage x animal species combinations. 

4.8a: t tests of f30 and f31 values of the regressions equations (bite weight 2 against 
incisor breadth) for the contrasts between sheep and goats g razing the same 
forages. 

f30 �1 

Ryegrass, sheep vs goats ** *** 

Browntop, sheep vs goats ** *** 

Tahora, sheep vs goats ns ns 

Kopu, sheep vs goats ns ns 

4.8b: t tests of f30 and f31 values of the regressions equations (bite weight 2 against 
incisor breadth) for the contrasts between forages grazed by the same an imal 
species 

f30 f31 
Animal Forages 
species Browntop Tahora Kopu Browntop Tahora Kopu 

Sheep Ryegrass ns ns ns ns ns ns 

Browntop ns ns ns ns 

Tahora ns ns 

Goats Ryegrass ns * (*) ns **  ns 

Browntop * (*) *** * 

Tahora ns ns 

f3o: intercept of regression equation. f31 : slope of the regression equation. 
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for incisor breadth on bite weight indicated the need to adjust for incisor breadth variation 

at the level of forage x animal species combinations. 

Simi larly, there was a heterogeneity of regression functions between the two stages 

of maturity (Table 3 of Appendix 4. 1 ) , and therefore the data also needed adjusting at the 

level of maturity stages. As outlined earlier, these two adjustments were used 

independently for different purposes. 

The detai led procedures of the two data adjustments are given in Appendix 4. 1 .  

4.3.6 ANOVA of behaviour variables based on the first 

adjustment of the data 

Adjusted values of bite weight and bite dimensions based on the first adjustment 

for 2 animal species x 4 forages x 2 stages x 2 years are given in Table 4.9 

(corresponding to Table 4.4 which presents unadjusted values) . 

Analyses of variance using this adjusted data set showed that there were no 

significant differences between two years in any variables (Table 4. 1 0) ,  in contrast to 

highly significant differences before the adjustment (Table 4.5) .  

4.3.7 ANOVA of behaviour variables based on the second 

adjustment of the data 

Table 4. 1 1  summarizes the adjusted values of the bite variables obtained from the 

second adjustment (compared to Table 4.4 presenting unadjusted values) . 

Analysis of variance using this adjusted data set indicated that there were no 

significant differences between sheep and goats in bite weight, bite depth or bite volume 

(Table 4. 1 2) ,  in comparison to significant differences in these variables before the 

adjustment (Table 4.5). However, the variation in bite area was reduced but not 

el iminated by this adjustment (Table 4. 1 2) .  

4.4 DISCUSSION 

4.4.1 Statistical approach employed in the data adjustment 

In these analyses, the data were adjusted from the un partitioned level of variance 

by the regression of the chosen covariate (incisor breadth) on bite variables. This was 

done on subsets of the data as described earlier. This approach removed the confounding 

variable incisor breadth (Steel & Torrie, 1 980; Draper & Smith, 1 981 ) .  Subsequent 

analysis of variance was carried out after the effect of the confounding covariate was 

removed. The subsequent ANOVA then partitioned that adjusted data into its model 
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Table 4.9 Adjusted values of bite weight and bite dimensions of sheep and goats grazing 4 forages x 2 stages across two years based on the first 
adjustment (corresponding to Table 4.4 presenting the unadjusted values of these variables). 

Animal species Sheep Goats 

Variables Bite weight 2 Bite depth Bite area Bite volume Bite weight 2 Bite depth Bite area Bite volume 
(mgOM) (cm) (cm2) (cm3) (mgOM) (cm) (cm2) (cm3) 

Forages Stages 1 989 1 990 1 989 1 990 1 989 1 990 1 989 1 990 1 989 1 990 1 989 1 990 1 989 1 990 1 989 1 990 

Ryegrass Veg 1 86  1 86 1 6.8 9 .2 1 0.7 1 2. 1  1 80 1 1 3 209 1 32 1 4. 1  7.2 8.7 1 1 .4 1 23 82 

Rep 201 1 99 1 8.5 23.4 1 2 . 1  1 1 .4 209 270 237 287 1 7.5 2 1 . 1  1 1 .5 1 0.0 1 97 257 

Browntop Veg 280 1 63 1 0.0 7 .5 8.5 10.4 85 78 260 1 37 1 0.8 6.4 8.7 8.8 94 56 

Rep 290 332 1 6.9 1 7.9 9.0 8.2 1 50 1 81 361 430 1 9 .0 1 9.2 7.7 8.3 1 49 1 85 

T ahora white Veg 201 1 68 3.9 3 . 1  1 0.6 1 1 .5 41  38 1 53 96 3.1 2.6 8.9 9.6 29 24 
clover 

Rep 2 1 8  293 6.1  7 .7 1 0.0 1 1 .7 62 94 1 23 1 97 3.6 3.9 7.7 7.3 28 31 

Kopu Veg 204 254 6.4 5 . 1  1 4 .2 1 1 .8 9 1  59 1 62 1 1 3 4.6 3.4 9.9 1 0.5 48 38 
white clover 

Rep 256 262 5.6 7.9 1 4 .5 1 4.3 79 1 1 0 1 85 233 3.8 4.3 1 2 .7 1 2 .0 46 50 

s.e 34 34 1 .3 1 .3 1 . 1 1 . 1 22 22 34 34 1 .3 1 .3 1 . 1 1 . 1 22 22 

Veg: vegetative, and Rep: reproductive. 
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Table 4.1 0 Comparison of the year effect on the values of bite weight and bite 
dimensions between the pre-adjustment and post-adjustment (the fi rst 
adjustment) . 

Variables Pre-adjustment Post-adjustment 

1 989 1 990 s.e. 1 989 1 990 s.e. 

Bite weight 1 52 288 8.2 *** 226 21 4 8.6 ns 
(mgDM) 

Bite depth 7.6 1 2.5 0.3 *** 1 0. 1  9.8 0.3 ns 
(cm) 

Bite area 9.7 1 1 .2 0.3 *** 1 0.3 1 0.6 0 .3 ns 
(cm2) 

B ite volume 71  1 40 5 *** 1 05 1 02 6 ns 
(cm3) 

components (forages, stages, animal species, years, etc) . This approach is different from 

the ordinary ANOVA with covariance control (conventional covariate analysis) in which 

regression with the confounding covariate is conducted at residual error level only (Steel 

& Torrie, 1 980) . The purpose of that analYSis is to reduce the residual mean square via 

the concomitant variable (Steel & Torrie, 1 980) . 

In this analysis, the unpartitioned approach was used rather than the conventional 

covariate analYSiS, because of the need to adjust al l terms in the model rather than just 

reduce the error term. The unpartitioned adjustment completely removes the effects of 

the covariate from the background of the data set and then al lows ANOVA to re-analyze 

without the effect of the covariate (Steel & Torrie, 1 980) . If after un partitioned adjustment 

the re-analyzed ANOV A showed no significant differences between the treatments, that 

implies that the significant differences prior to this un partitioned adjustment were 

attributable to the effects of the covariate. However, if conventional covariate analysis 

showed no significant differences between the treatments after error term reduction , it can 

be assumed that the covariate is accounting for some of the error term, and the significant 

differences existing before the error term reduction are due only to the amount of error 
accounted for by the covariate. 



Table 4.1 1  Adjusted values of bite weight and bite dimensions based on the second adjustment for sheep and goats grazing 4 forages x 2 stages across 
two years (corresponding to Table 4.4 presenting unadjusted values of these variables). 

Animal species 1 989 1 990 

Variables Bite weight 2 Bite depth Bite area Bite volume Bite weight 2 Bite depth Bite area Bite volume 
(mgOM) (cm) (cm2) (cm3) (mgOM) (cm) (cm2) (cm� 

Forages Stages sheep goats sheep goats sheep goats sheep goats sheep goats sheep goats sheep goats sheep goats 

Ryegrass Veg 1 54 1 39 9.5 9.0 1 0.4 8.8 99 79 1 61 1 40 1 0.8 8.2 1 0.9 1 1 .4 1 28 93 

Rep 2 1 0  244 1 5.3 1 8.6 1 1 .8 1 1 .3 1 71 1 98 9 1  369 23.0 25.6 1 1 .2 1 1 .0 273 323 

Browntop Veg 258 1 9 1  6.8 7.0 8.1 8.5 58 64 1 27 1 73 7.8 6.7 9.4 9 . 1  74 61 

Rep 325 321 1 7.4 22.0 8.5 7. 1 1 54 1 74 235 586 1 2 .9 2 1 .2 8.3 9.8 1 30 21 8 

T ahora white Veg 1 61 1 66 3. 1 4 . 1  1 1 .2 7.7 36 42 1 77 1 02 3.3 2.3 1 0 . 1  1 1 .6 31 25 
clover 

Rep 235 2 1 4  1 0.0 1 2.5 1 0.6 6.2 1 04 1 1 6 297 234 3.6 3.5 1 1 . 1 1 0.0 51 34 

Kopu Veg 161  1 36 5.3 5.5 1 5 . 1  1 2 .5 80 71 260 1 46 5.3 3 . 1  9.8 8.9 53 26 
white clover 

Rep 257 238 8.0 1 1 .5 1 5.5 1 4.9 1 05 1 36 241 292 3.9 3.8 1 3 .0 1 0 .5 68 38 

s.e. 34 34 1 .3 1 .3 1 . 1 1 . 1 22 22 34 34 1 .3 1 .3 1 . 1 1 . 1 21  21 

Veg: vegetative, and Rep: reproductive. 
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Table 4.1 2 Comparison of the animal species effect on the values of bite weight and 
bite dimensions between the pre-adjustment and post-adjustment (the 
second adjustment) . 

Variables Pre-adjustment Post-adjustment 

sheep goats s.e. sheep goats 

Bite weight 233 206 8 * 2 1 0  229 
(mgDM) 

Bite depth 9.0 1 0.4 0.3 ** 9.5 1 0. 1  
(cm) 

Bite area 1 1 .3 9.6 0.3 *** 1 0.9 1 0.0 
(cm2) 

B ite volume 90 1 1 5 5 *** 1 01 1 06 
(cm3) 

4.4.2 Effect of incisor breadth on behaviour variables within  

animal species over time (the first adjustment) 

s.e. 

9 ns 

0.3 ns 

0.3 * 

6 ns 

S ign ificant differences in bite weight and bite dimensions between the two years 

which existed in unadjusted data completely disappeared after the fi rst adjustment 

(Table 4 . 1 0) .  Th is suggests that the h ighly sign ificant d ifferences in bite weight and 

bite d imensions displayed between the two years within sheep and with in goats could 

be largely ascribed to variations in incisor breadth with in the an imal species over time. 

However, the range of variation in incisor breadth within animal species (Table 

4.3) over the whole period (from February 1 988 to April 1 990) over which the 

experimental measurements were run could have been contributed from two sources. 

Firstly, variation across individual animals within time and, secondly, the variation within 

individual animals over time. The fi rst source was almost excluded by the fact that 

there was no sign ificant difference in incisor breadth across either six sheep or across 

six goats within time. Therefore, the range of variation in incisor breadth within sheep 

and within goats was due mainly to increases with in individual animals over time (year 

effect P<0.00 1 ) , rather than to variation across individuals within t ime. This provided 

evidence of the consistent effects of the incisor breadth on bite weight and bite 
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dimensions, and substantiated the view that the variation in bite weight and bite 

dimensions occurring within sheep and with in goats across the two years could have 

been brought about by the increase of incisor breadth in individual animals as they 

aged over the course of the experiment. 

As mentioned above, the effects of sward factors and animal attributes on 

ingestive behaviour were confounded across two years. Further experimentation 

with controlled variation in sward conditions over time would be required to isolate 

these two sources of variation in order to clarify the effects of animal maturity on 

ingestive behaviour. 

4.4.3 Effect of incisor breadth on bite parameters between 

animal species within time (the second adjustment) 

Schwartz and El l is ( 1 98 1 ) considered that body size, mouthpart morphology and 

gut morphology and function may all make contributions to the d ifferences in ingestive 

behaviour between animal species. There has been some evidence on relationships 

between incisor arcade structure and selection of diet n iche across animal species 

(Gordon & I l l i us, 1 988), and between al lometric relations of bite weight and body size 

of animal across species ( I l l ius & Gordon, 1 987). The breadth of the incisor arcade 

was assumed to be an important determinant of the rate of herbage intake in grazing 

rum inants ( I l l ius & Gordon , 1 987). Broad and flat incisor arcades probably g ive rise 

to an advantage to grazers, whereas browsers have narrower and more pointed incisor 

arcade, leading to a greater and more accurate selection of plant components (Gordon 

& I I l ius, 1 988) . However, there is no comparable information on the relationship 

between incisor breadth and bite weight and bite dimensions across animal species. 

In the current study, sign ificant d ifferences between sheep and goats in bite 

weight (P<O.05), bite depth (P<O.01 ) and bite volume (P<O.001 ) wh ich were d isplayed 

before adjustment of the data set (Table 4.5) completely d isappeared after the second 

adjustment (Table 4. 1 2) .  This suggests that the d ifference in incisor breadth between 

sheep and goats cou ld explain, at least partially, the d iscrepancies between the two 

animal species in the amount of herbage harvested per bite and in the depth to which 

animals inserted the mouth to sever herbage. 

However, the variation in bite area was not completely el im inated by this 

adjustment despite a reduction (Table 4. 1 2). Th is suggests that incisor arcade breadth 

exerts less effect on bite area than on bite depth for both sheep and goats, and hence 
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is not a useful attribute for predicting bite area. Th is was reinforced by the fact (Table 

4.7) that the incisor breadth accounted for much more variation in bite depth than in 

bite area in the functional relationsh ips (higher R2 for bite depth than bite area) , and 

therefore bite depth was more closely related to incisor arcade breadth than was bite 

area during the growth of animals. The weak functional relationship between bite area 

and incisor breadth was a consequence of the small and erratic variation in bite area 

(Table 4.4) relative to an approximately two-fold increase in incisor breadth (Table 4.3) 

across two years. I ncreasing incisor arcade breadth with increasing maturity al lowed 

the animals to increase bite weights through increase in bite depth rather than in bite 

area, in agreement with the findings of I I l ius (pers. com .) ;  however, in this particular 

case, the d ifference in sward height between two years has confounded with the effect 

of incisor breadth . The reason for much less effect on bite area compared to bite 

depth was unclear. Th is wi l l  be explored further in Chapter 8 (General Discussion), 

taking the information from other experiments into account. 

4.4.4 Relative importance of incisor breadth to l ive weight 

Although there is l im ited information on the relative importance of incisor breadth 

and l ive weight in affecting bite weight and bite dimensions of g razing an imals, there 

has been previous evidence on the relationship between body size and other 

components of ingestive behaviour (Taylor & Murray, 1 987; Taylor et al. ,  1 987; 

Demment & Greenwood, 1 988) . However, there is lack of agreement in the l iterature 

about an appropriate parameter to use to explain variations in the components of 

ingestive behaviour during the growth of animals. 

The model developed by Demment and Greenwood ( 1 988) showed that net rate 

of energy d igestion per unit of time and bite weight (g DM/bite) decreased with 

decl in ing body weight. Taylor and Murray ( 1 987) used l ive weight to predict eating 

rate. Body weight was also used by several other researchers to explain the variation 

in ingestive behaviour  with increase in maturity of animals (Allden & Whittaker, 1 970; 

Hodgson & Jamieson, 1 981 ) .  However, it was argued (I l l ius, 1 989) that expressing 

intake as an al lometric function of body weight must be an oversimpl ificat ion unless 

intake is constrained by some weight-related mechan ism . Taylor and Murray ( 1 987) 

suggested that during the growth of animals, maximum intake rate was determ ined 

more by the size of the buccal cavity than by body weight, because buccal cavity 
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dimensions were less affected by variation in nutrition than the body as a whole. Thus, 

incisor breadth was preferred to body weight as a more usefu l  description of 

physiological maturity in the model developed by Taylor et al. ( 1 987), because l ive 

weight became less satisfactory at low levels of feeding and also on high feeding levels 

fol lowing a period of undernutrition (Taylor et al. ,  1 987). On the contrary, Penning et 

al. ( 1 99 1  b) reported that bite weight, intake rate and daily herbage intake were al l  

related to mean l iveweight of individual animals over the experimental period (bite 

weight increased by 0.7 mg/kg l iveweight) ,  and the incisor arcade breadth was not 

related to l iveweight or any measured behaviourial variables. Unfortunately, they fai led 

to give any possible explanation about the contrast between this resu lt and the 

research where a relationsh ip was found between incisor arcade breadth and bite 

variables across species (Gordon & I l l ius, 1 988). The lack of relationship between 

these quantities in the work of Penn ing et al. ( 1 991 b) probably was because the 

experimental period was not long ( 1 3  Ju ly - 1 9  October, 1 989) , and the variation in 

incisor breadth over this period was less sign ificant compared to the variation in 

l iveweight, in contrast to the current data set. 

The present data set was col lected over a period of fifteen months (Tables 3.3) 

(year 1 :  20 February 1 989 - 1 8  April 1 989; year 2: 6 December 1 989 - 1 8  Apri l ,  

1 990). The variation in incisor breadth was h ighly sign ificant across the two years 

(Table 4 .3) ,  but was not statistical ly sign ificant with in the second experimental period 

(see Section 5.3. 1 .2 of Chapter 5). This study clearly indicated that bite weight and 

bite d imensions of sheep and goats had far stronger functional relationships with 

incisor breadth than with l ive weight. This substantiates the view that incisor breadth 

exerted more consistent and more important effects on ingestive behaviour than did 

l ive weight and therefore was a more appropriate variable to explain the variation in 

ingestive behaviour with increasing animal maturity. 

However, it was conservatively considered that the close relationship between 

incisor breadth and ingestive behaviour m ight not be necessarily a d irect causative 

effect of incisor breadth alone; it probably is a reflection and a consequence of 

combined effects of increases in body size, l iveweight, mouth d imensions, buccal 

cavity, eating abil ity and prehension power, enabling animals to expert a g reater force 

to harvest herbages. Al l these aspects are related to an increase in incisor breadth, but 

incisor breadth may not be a monotonic effect. The reason for the better functional 
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relationship for incisor breadth than other animal attributes, particu larly to l iveweight, 

m ight be due, in part, to less fluctuation and less sensitivity of incisor breadth to the 

external and nutritional effects. 

4.5 CONCLUSIONS 

1 .  Both the sward changes and the development of animal maturity across 

two years could have contributed to the substantial differences In 

ingestive behaviour observed between two years. 

2. For the sward effects, the increases in sward height across two years 

could have explained 28% of variation in bite weight and all the variation 

in bite depth between two years. 

3. For the effects of animal attributes, incisor arcade breadth had a more 

functional relationship with bite weight and bite dimensions than did l ive 

weight, and therefore, incisor breadth was a more appropriate variable to 

explain the variation in the components of ingestive behaviour with 

increasing animal maturity. 

4. The discrepancies between sheep and goats in bite weight, bite depth and 

bite volume resulted (at least in part) from the difference in incisor breadth 

between the two species. 



CHAPTER 5 

ENLARGED DATA SET FROM EXPERIMENT 1 

The Effects of Sward Canopy Structure on the Components of 

Ingestive Behaviour and Bite Dimensions of Sheep and Goats 

Grazing a Wide Range of Swards 

5.1 INTRODUCTION 
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Previous grazing studies using homogenous swards (Hodgson & Jam ieson , 

1 98 1 ; B lack & Kenney, 1 984; Burl ison et a/. ,  1 991 ; Penn ing et a/. ,  1 991  a) have shown 

that bite weight is the grazing behaviour variable wh ich has most influence on total 

dai ly herbage intake and is most sensitive to variation in sward condit ions. It has been 

general ly agreed that decrease of bite weight due to constra ints of sward structure 

cannot usually be adequately compensated for by increasing the number of bites 

(Jam ieson & Hodgson , 1 979b; Penn ing, 1 986; Phi l l ips & Leaver, 1 986) or t ime spent in 

grazing (Stobbs, 1 973a; Hodgson , 1 986) .  However, there is some uncertainty as to the 

effect of sward characteristics on bite weight and bite d imensions, and the 

interrelat ionships between bite weight and bite dimensions. 

Most studies on ingestive behaviour  and herbage intake have involved sheep 

and cattle (Black & Kenney, 1 984; Mursan et a/. ,  1 989; Burl ison et al. ,  1 99 1 ; Laca et 

a/. ,  1 992a). Information for goats is scant in spite of some anecdotal reports on diet 

selection (C lark et al. ,  1 982 ; 1 984; Hughes et al. ,  1 984; Poppi et al. ,  1 987; N icol et al. , 

1 987; Radcl iffe & Townsend, 1 988; Lambert et al. ,  1 989) , particu larly in New Zealand, 

concerning their effects on grass/clover balance in m ixed pastu re and on browsing 

preference wh ich leads to biocontrol of gorse and other woody weeds (McCall & 
Lambert, 1 987). 

The rel iabi l ity of the results obtained from observations based on large-plot 

g razing trials has often been questioned due to lack of general control of grazing 

conditions, with particular regard to the accuracy of the bite dimension measurements. 
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But techn iques employed recently in which animals were confined in crates (Burl ison , 

1 987; Burlison et al., 1 99 1 ) , or penned (Mursan et al. ,  1 989; Betteridge et al. ,  1 991 ) 

and al lowed to graze defined swards have provided the opportun ity to overcome this 

d rawback. 

I n  some studies, variations in canopy structure were produced in swards by pre­

grazing trimm ing (Mursan et al. ,  1 989; Betteridge et al., 1 99 1 ) or by using h ighly 

standardised tray-grown swards (Mitchel l et al. ,  1 99 1 ) , or by construct ing artificial 

swards with h igh uniformity (Black & Kenney, 1 984; Ungar et al. ,  1 99 1 ; Laca et al. ,  

1 992a & b) .  These studies exam ined the influences of  sward structure on grazing 

behaviour in more mechan istic terms. Swards contrast ing in plant species, and in 

physical maturity or stages of the growth with in a species have seldom been studied. 

However, the key relat ionsh ips generated from such simplified circumstances may not 

be consistently applied to swards where a great variation in canopy structure exists, 

because the resu lts may be sign ificantly influenced, complicated or mediated by 

interaction between the grazing animal and forage species, or by interaction between 

the grazing animal and plant growth stage. It is probable that the interactions may be 

more important and more dom inant than main effects under certain circumstances. 

Therefore, the conclusions drawn from h ighly controlled swards have a l im ited abi l ity 

to be extrapolated to real grazing situations. Also, the important principles elucidated 

in the above studies were mainly achieved using grasses as the grazed materials. 

However, the relationship established for grass pastures may not apply for legume 

pastures, because the two types of pastures are qu ite d ifferent in growth habit, which 

influences sward canopy structu re (Kenney & Black, 1 986). 

The object ives of the present experiment were to contribute to the 

understanding and quantification of the relationships between the sward canopy 

characteristics and the components of ingestive behaviour  and of bite dimensions of 

grazing l ivestock, and to screen response patterns of sheep in comparison with goats 

to variation in sward structure under ident ical sward conditions. Th is was carried out 

using a wide range of swards with contrasting structural characteristics, ach ieved by 

deliberately selecting a series of forages offering contrasting growth habits, and by 

sampling them at two maturity stages for each forage. 
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The en larged data set generated from Chapter 3 (Section 3.3. 1 )  summarized 

in Table 5 . 1  is used as the data base of this chapter. 

After assembling one large data set with the major variables of sward, animal 

and ingestive behaviour, the variation in these variables between 2 animal species, 

among 9 forages, between 2 stages of maturity, and among their interact ions was 

exam ined by analysis of variance; and the key relationships between the sward and 

ingestive behaviour variables were investigated by analyses of correlat ion and 

regression. 

Table 5. 1 Experimental design and data structure generated from Chapter 3. 

Factors and reps Levels Val ues 

Animal species 2 Sheep and goats 

Forages 9 see Table 3. 1 

Maturity stages 2 Vegetative and reproduct ive 

Animal repl ications 6 6 sheep and 6 goats 
within species 

Analyses of variance included univariate analysis of variance (ANOVA) , 

mu lt ivariate analysis of variance (MANOVA) and mu ltiple discrim inant function (MDF). 

Corre lation analysis involved canonical analysis. Regression analysis involved mu ltiple 

regression analysis. 

In addition to the conventional univariate analysis of variance, m ultivariate 

analyses were used to explore the salient features of the complex data set generated. 

S ince mu ltivariate analyses have not been widely appl ied in biological research, the 

important principles of the method, as appl ied to the current study, will be outl ined. 

Mu ltivariate analysis is the simu ltaneous analysis of two or more variables 

(Lindeman et al. ,  1 980) to assess treatments on the basis of all variances and 

covariances jointly. An important advantage over un ivariate analysis is that it takes al l  

information in the data into account simu ltaneously, including covariance among al l  



---------- - ---

1 08 

variables. When covariance exists among the variables, the un ivariate analysis of 

variance is biased (Cooley & Lohnes, 1 971 ) .  That is, tests on the individual means for 

a single variable are not independent from parallel tests on other variables and 

therefore such tests should not logical ly be applied (Kendal l ,  1 975). A major risk under 

circumstances where covariances exist, is that the variable wh ich m ight be analyzed 

un ivariately is an unknown mixtu re of al l  the variables with which it is correlated . I n  

th is case the interpretat ion of results revealed by un ivariate analysis needs more 

caution. Where a number of variables are to be analyzed in concert, mu ltivariate 

analysis not only takes proper account of the correlations between the data, but also 

reduces the risk of type I statistical error where the treatment differences for one 

variable are declared sign ificant by pure chance (Man ly, 1 986). 

There were two reasons for use of mu ltivariate techniques in analyzing this set 

of data. Fi rstly, it was assumed that covariances or correlations existed between two 

or more variables examined in either the set of sward attributes or the set of behaviour 

attributes (see Appendix 5 .5) .  Secondly, i t  seemed that the data set involving the 

effects of th ree factors (an imal species, forages and maturity stages) revealed, by 

un ivariate analysis, a very complex pattern at the levels of the main effects and their 

interactions, in terms of simple comparisons of each single variable concerned. Hence 

it was appropriate to overview the gross relationships and overal l  patterns at these 

d ifferent levels between the various treatments in terms of combinat ions of these 

variables. These mu ltivariate techn iques al lowed the overal l patterns of variat ion in the 

set of sward variables and in the set of behaviour  variables to be screened, in their 

own right. 

5.2.2 Analysis of variance 

"Analysis of variance was balanced with respect to treatments and external 

repl ications, but imbalanced with respect to internal repl ication (due to some m issing 

values with in the experimental un its) . The model was constructed as a completely 

random ized model in which 6 individuals of each animal species (Le. 6 mini-swards, 

one for each animal) were treated as repeated measures. Although probabi l ity levels 

of P<0.05 were considered stat istically significant ,  P-values from 0.05 to 0. 1 were also 

reported to enable consistent interpretation of related variables. 
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The model comprised three main effects (animal species, forages and maturity 

stages) , three first order and one second order interactions. However, since n ine 

forages were sampled at two maturity stages of growth (yielding eighteen types of 

swards) in the analysis of sward variables attention was only paid to main  effects and 

the interaction of forages x stages. For the an imal variables ( I iveweights etc . ) ,  the only 

sensible and logical analysis was to exam ine the animal species effect. In the analysis 

of behaviour variables, the variation was evaluated for al l main effects and interact ions. 

The set of sward variables was exam ined by using ANOVA, MANOVA and MDF 

approaches, and the set of animal variables was analyzed by ANOV A. The set of 

ingestive behaviour  variables was assessed by ANOVA, fi rst in analyses involving al l 

n ine forages individually and then in analyses in wh ich the forages were combined into 

two contrasting herbage categories (grass vs. legume) , and afterwards by MANOVA 

and MDF techn iques. 

5.2.2. 1 Univariate analysis of variance (ANOVA) 

The conventional univariate analysis of variance (ANOV A) was used to examine 

the variables one by one, as a prel iminary approach . 

Where there were more than two levels, and the associated F-test showed 

significance, mu ltiple comparisons between the levels were made. Since the number 

of pairs of useful comparisons in the current study was small ( less than ten) (see 

" Results" sections), the least significant d ifference (LSD) (p<0.05) was used, instead 

of Duncans' test for such comparisons (Salaam , 1 963) . A protected LSD was used, 

i .e .  comparisons were made if the F-test was sign ificant also. LSD val ues were 

calcu lated in the usual way (Steel & Torrie, 1 980), at P=0.05 . Standard error of least 

squares means from overal l  ANOVA, and the residual degrees of freedom of overal l  

ANOVA were used in the LSD equation. 

Additionally, a t-test was conducted where the problems involved comparisons 

between two values (such as comparison of intercepts or slopes between two 

equations) using the formu la (Steel & Torrie, 1 980): 

t = 
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Where Y1 and Y2 are two compared values, s.e1 and s.e2 are standard errors 

of two compared values. 

5.2.2.2 Multivariate analysis of variance (MANOVA) and multiple 

discriminant function (MDF) 

Since mu ltivariate procedures have been used to on ly a l imited extent to 

evaluate this kind of data, it is appropriate to precede description of resu lts with a brief 

outl ine of the principles involved. 

5.2.2.2. 1 Some concepts underlying principles of multivariate analysis 

The understanding of mu ltivariate methods is greatly faci l itated by the use of 

matrix algebra, because matrix algebra is the language of l inear functions, upon which 

m u ltivariate analysis depends (Morrison, 1976). Crucial to most m u ltivariate 

techn iques is the assembly of variances and covariances of the data set into a square 

matrix 0 of size p x p, where p is the number of variables (Morrison, 1 976) . Matrix 0, 

cal led the d ispersion, or variance-covariance matrix, has sample variances (S2) as 

d iagonal elements and sample covariances (cov) as off-diagonal elements. 

The matrix provides estimates of eigenvectors wh ich are then used to define a 

series of constrained equations, wh ich leads to an eigen problem (Morrison, 1 976)( 

detai ls wil l be presented in next sect ion) . 

5.2.2.2.2 MANOVA and MOF 

MANOVA tests the d ifferences among the mu ltivariate means of several 

treatments or popu lations and may be viewed as an extension of univariate analysis 

of variance (AN OVA) to the case in wh ich the dependent variable is a vector rather 

than a: scalar (Cooley & Lohnes, 1 97 1 ; Lindeman et al. ,  1 980) .  

MANOVA considers the mu ltivariate general ization of the analysis of variance 

for testing the equal ity of mean vectors of several populations (Morrison, 1 976) . It 

involves partition ing the matrix of total sums of squares and cross products, usually 

referred to as T (for total), in a manner that is ident ical to the partitioning of the sums 

of squares in un ivariate analysis of variance (Cooley & Lohnes, 1 971 ; Lindeman et al. ,  

1 980). The matrices for hypothesis and error are identified usual ly as H and E,  

respect ively. It is noteworthy that the diagonal elements of T, H and E are the sums 
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of squares for the corresponding partitions of the un ivariate model. I n  un ivariate 

analysis of variance, the optimal testing criterion is the F-test (or the sample variance 

ratio). Un ivariate hypotheses with the F statistic can be general ized to the mu ltivariate 

situation merely by replacing the F-ratio sums of squares by their matrix extensions H 

and E (Morrison, 1 976) . Four test statistics have been developed , and al l  are related 

to H and E eigenvalues and eigenvectors. The four tests are: Wi lks' Lamda, Pi l lai's 

Trace, Hotel l ing-Lawley Trace and Roy's Greatest Root. Wilks' Lambda ratio criterion 

is recommended the most widely (Press, 1 972; Lindeman et al. ,  1 980) ,  and it is used 

here. This test is analogous to the coefficient on non-determ ination in mu ltiple 

regression , as shown below: 

A = 
I E I 
I T I 

, or 
I H + E I 

The determ inants of E and T (H + E) are scalar indices of mu lt ivariate 

general ized variance and hence the ratio is one of with in-groups error "variance" to 

total "variance". For the un ivariate case, the F value and Wilks' criterion are related 

inversely (Morrison, 1 976; Lindeman et al. ,  1 980) and in the mu ltivariate situation, the 

larger the true treatment differences, the larger the denom inator wil l be and hence the 

smaller the value of Wilks' criterion (Cooley & Lohnes, 1 971 ; Lindeman et al. ,  1 980) . 

Rao has developed an F approximation to Wi lks' lamda (Cooley & Lohnes, 1 97 1 ) . 

MAN OVA and MDF were performed using the command, "MANOVA" with 

"Canonical" option in the GLM procedure of the SAS package (SAS Institute I nc, 

1 990) . 

. Where there are overal l  sign ificant differences between treatments according to 

MANOVA (Rao's F from Wilks' Lambda criterion), it is most usefu l to determine the 

l inear combinat ion of the orig inal variables which is accounting for maximum 

discrim ination between the treatments (Cooley & Lohnes, 1 971 ; Morrison, 1 976; 

Lindeman et al. , 1 980). Mu ltiple d iscrim inant function (MDF) is appropriate to ach ieve 

this goal (Cooley & Lohnes, 1 97 1 ; Overall & Klett, 1 972; Morrison, 1 976; Lindeman et 

al. ,  1 980; Harris, 1 985). 
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Use of MDF can gain an overview of the model effects (treatment main effects 

and interactions) on the variables considered jointly. It can be viewed as the 

discriminator of MANOVA, analogous to the least sign ificant d ifference of ANOVA. 

The number of d iscrim inant functions (MDF) for a given problem is equal to the 

smal ler of p, the number of variables (p=5 in the present study) and q- 1 ,  where q is 

the number of groups or treatments (in the current study, q=2 for the main effects, 

an imal species and maturity stage; q=9 for the third main effect, forage; q= 1 8  (9x2) for 

the first order interaction of forage by animal species, and so forth). To estimate these 

d iscrim inant functions, the eigenvalues of E-
1
H need to be calcu lated, together with 

their associated eigenvectors. The latter are the coefficients g iven to each variable in 

constructing the l inear discrim inators. The prime solving rule for establ ishing the 

d iscrim inant functions is to maxim ize the rat io of amongst-groups ("hypothesis") to the 

within-groups ("error") sums of cross-products matrices. The ratio is termed the 

discrim inant criterion , A, and may be represented as 

A., = I 

where Aj is the d iscriminant criterion for the j-th U=1 . . .  m ,  where m is the number 

of solutions) d iscriminant function, H and E are the hypothesis and error sum of cross­

products matrices, respectively. Also, Vj and Vj' are the eigenvector and its transpose 

for the j-th function. In order to ach ieve a fin ite number of solutions to the problem, 

constraints are imposed on the solution such that for a given discrim inant function, j ,  

premu ltiplying the eigenvector Vj by its transpose equals un ity, that is V'jVj = 1 .  Another 

restriction is that the solutions for successive functions are orthogonal (uncorrelated), 

that is. Vj'Vr = 0 U�j') . Whenever a series of equations have constraints, the solution 

resolves into an eigen problem (Morrison, 1 976) . 

The solving function (8j) may be written as 
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Where al l  terms are as defined previously and Aj and 1(j are Lagrange mu lt ipl iers 

for the j-th solution. Differentiation of 8j with respect to Vj and maxim isation of the 

resu lting derivative yields for the fi rst (and subsequent) solutions. Th is leads to an 

equation of the general form 

( E -1 H - A I ) v = O .  

The outcome i s  a typical eigen equation, as expected (Morrison, 1 976). The 

largest eigenvalue (A) and its associated eigenvector define the l inear funct ion that 

gives the maximum F value for the hypothesis defined by a g iven H and E and hence 

is the best d iscriminator amongst the treatments viewed jointly across al l  variables. 

In fact, it is the best possible discrim inator using those variables (Cooley & Lohnes, 

1 97 1 ) .  The second largest eigenvalue and its associated eigenvector (characteristic 

vector) define a second funct ion providing the second largest F value and the second 

best discrim inator amongst the treatments, and so forth. Therefore, the printout 

produces funct ions which are sequenced from the greatest to the least with regard to 

the extent to which they discriminate between treatments (groups) . It is hoped, 

parsimoniously, to use on ly one or two discrim inant solutions to account for as much 

of the information of the data dispersion as possible (Cooley & Lohnes, 1 97 1 ) , as this 

wi l l  faci l itate interpretation . The total discrim inatory power and the proportion of 

d iscrim inant power due to a specific function are presented in the printout. Decis ion 

on the m in imum number of solutions needed can be based on the cumulative 

proportion of the d ispersion accounted for by successive solutions. Empirical ly, a 

satisfactory parsimon ious set of d iscrim inant functions for most practical pu rposes is 

that min imum set of funct ions wh ich accounts for 70-80% of the data d ispersion 

(Gordon, pers. com .) .  

The mu ltiple discriminant functions so generated can be d ifficu lt to interpret 

further due to the frequently m ixed scales of the original characters plus the variabil ity 

in the data. Also, several solut ions may be required, as determ ined by the cumulative 

proportion criterion. That is, parsimony may be weak, and the situation remains 

complex, despite superior d iscrim inatory abi l ity. A description of what a discrim inant 

function measures must be based on the relative magn itudes of each variable in the 
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function (Cooley & Lohnes, 1 971 ; Lindeman et al. , 1 980) . To aid interpretation, the 

d ifferences in scal ing and/or variabi l ity among the set of variables can be overcome 

by standardising the elements of the eigenvector for the function of interest to prevent 

a numerically large variable from overpowering a numerically small one (Cooley & 
Lohnes, 1 97 1 ). Th is is achieved by calcu lating standard ised scores of the treatments 

for each discriminant function. This information may be used to determine the relat ive 

importance of the variables in contribut ing to discrimination between the treatments 

and is analogous to the use of standardised partial regression coefficients (Steel & 
Torrie, 1 980) . The original variables can be standardised (Z-scores) , and the score of 

each variable obtained by mu lt iplying the standardised value of each variable by the 

corresponding standardised coefficient (cal led "Standardised Canon ical Coefficient " 

by SAS) in MDF printout, and the summation of the scores for al l  variables provide a 

net score of the treatment for this d iscrim inant function. That is: 

Where: 

Xn denotes the standard ised value of the n th observation from a data set of N 

observations, for each of the 1 . . .  p variables in the analysis .  

a1 • • •  ap are constants wh ich are coefficients from "Standard ised 

Canon ical Coefficient Matrix" . 

The calculation of scores for each funct ion was conducted using the program, 

"SCOREST" (Gordon pers. com.) .  Because some standardised scores may be 

negative, a constant was added to al l  scores. Both the original Z-variables and the 

standard ised scores are scale free and have an equal variance of un ity. 

"The correlations between the n discriminant scores in the i th d iscrim inant 

function and the original variables are often termed structure matrix (cal led "Between 

Canon ical Structure" by SAS). Th is shows the partit ion - classifier association between 

the score and the orig inal variables, and can be used to interpret the features of the 

d iscrim inant functions. An interpretation scheme has been presented by Gordon (pers. 

com . ,  see next section). One property of these correlation coefficients is that when 

squared across the j d iscrim inant functions, they sum to unity for each of the p 
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variables in the analysis (Cooley & Lohnes, 1 971 ; Morrison, 1 976; Lindeman et al. ,  

1 980) . Th is means that i f  th is analysis is  applied where there are only two treatments, 

on ly one d iscrim inant function is determ ined and all the correlation coefficients are + 1 

or - 1 . More than two experimental treatments are therefore requ i red for a worthwhile 

interpretation of th is set of coefficients. 

5.2.2.2.3 A scheme of interpretation of MANOVA and MDF 

I n  the MDF printout, structural coefficients (structural matrix) and standardised 

coefficients are the most usefu l information for the interpretation of the discrim inant 

functions. The former set of coefficients are the correlations between the original 

variables and the scores. They give a general interpretation of the d iscrim inant 

function by considering its association with each variable. The latter set of coefficients 

explains how the standard ised score is calcu lated from standardised input. The latter 

set of coefficients are analogous to standardised regression coefficients, being scale­

free. Their absolute magnitudes indicate the contributions of each variable to the 

score: i .e. their " importance" , and their signs indicate positive (raise score) or negative 

( lower score) contribution. The levels of importance indicated in the two sets of 

coefficients may be harmonious. That is, the variable which is h ighly correlated with 

the score (high val ue of structural coefficient) usually makes strong contribution to the 

score (high value of the standardised coefficient) ,  and vice versa. Signs are often 

harmonious also. However, th is may not always be the case. That is, the variable 

which is h ighly correlated with the score sometimes may make small contribut ion to the 

score, or vice versa. Signs may be reversed as wel l .  Therefore, a general 

interpretat ion is required. Gordon (pers. com .) has suggested the fol lowing. 

( 1 ) Attention should be focused on those variables which possess relatively h igh values 

or moderate values in both sets of coefficients. Those with harmonious signs may be 

termed "consensual" determ iners. Those with opposite signs may be termed 

" reversed" determiners. (2) Those variables wh ich possess relatively high values or 

moderate values in one set, but very small values in another set, only receive attention 

in some circumstances. (3) Of course, those variables which obtain negl igible values 

in both sets of coefficients should be ignored. And (4) for the two-levels model effects 

and the interact ion between these two-level effects, one d iscrim inant function could 
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account for 1 00% of d ispersion , and the correlation coefficients in the ·structural 

matrix" are + 1 or -1 (Section 5.2.2 .2.2); in this case, the interpretation was completely 

based on the standardised coefficients. 

Gordon's suggestion for interpretation of the resu lts is g iven in Table 5.2. The 

nam ing of the score focuses on the structure matrix (Cooley & Lohnes) ,  using strong 

determ iners and perhaps, strong "pseudos" (Gordon ,  pers. com. ) .  Assessment of the 

importance of individual variables is based on the strong determ iners and the 

standardised coefficients. 

5.2.3 Cluster analysis 

As noted earlier, a 70-80% cumulative proportion criterion was determ ined as 

satisfactory parsimony. In the current study, two mu ltiple discrim inant functions (MDF) 

usual ly could meet this criterion. 

After scores were calcu lated, h istograms for one MDF with ascending score with 

respect to the levels of the treatment were drawn. Scatter plots for two MDFs using 

the scores of both MDF1 and MDF2 as the two axes were produced to i l lustrate the 

relative ordinat ion of scores among the treatments. For the scatter plots of two-MDFs, 

a cluster analysis was carried out to determine appropriate grouping among the 

treatments. Because d iscrim inant funct ions are the best possible combinations of the 

attributes for d iscrim inating among the treatments (Cooley & Lohnes, 1 97 1 ; Morrison, 

1 976) , cluster analysis was conducted based on scores, rather than the original data. 

The cluster analysis was conducted using the option, "Ward Method" of the SPSS 

package. Squared Eucl idean Distance was used as the basis of the sim i larity matrices 

(Clifford & Stephenson, 1 975). 

The dendrogram of the cluster analysis, wh ich is a diagrammatic i l lustration of 

relationship based on degree of simi larity (Mayr et al. , 1 953; Cl ifford & Stephenson, 

1 975) was used to show the classification of the treatments. The number of clusters 

was determ ined by contrasting the variation within clusters to that between clusters 

through a series of MAN OVA sign ificance tests. Each stage of clustering defined a 

new set of clusters ("treatments") , wh ich were used to define the Hypothesis criterion 

in each MANOVA run .  The sign ificance arising from these group analyses were used 

to define the truncation level .  The working rule determining appropriate numbers of 
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Table 5.2 Gordon's scheme for interpreting mu ltivariate analyses (Gordon 
pers. com . ,  1 993) . 

Structural Standardised Interpretation Kind of Quality 
correlation coefficients variables 

0 This variable algebraically Suppressed Neutral 
" reduces the scores", but is 
so counteracted by other 
variables; result is 
independent of this variable 

+ Reduces; but score goes in Reversed Determiner 
opposite direction 

Reduces; but score goes in Consensual Determiner 
opposite direction 

0 + Increases; score is Suppressed Neutral 
independent 

+ + Increases; score consensual Consensual Determiner 
increase 

+ Increases; counteracted Reversed Determiner 

0 0 No contribution; score Nul l  Neutral 
independent 

+ 0 No contribution; but score Pseudo Neutral 
positively correlated anyway, 
because of other variables' 
inter-connections with this 
variable 

0 No contribution, score Pseudo Neutral 
negatively correlated 

In the interpretation of the results, the discriminant function was named principally using 
"consensual" variables (and using "pseudo" variables sometimes) after taking both sets of 
coefficients into account. Then, the implications of the score and importance sequence of the 
variables were assessed by concentrating the absolute magnitudes of the standardised 
coefficients for determiner variables. 

clusters was that the optimum number of clusters produced maximum sign ificance 

( lowest probabi l ity) in the mu ltivariate contrast of between - clusters dispers ion to within 

- cl usters d ispersion (Gordon, pers. com.) .  The results for the present analyses are 

presented in Appendix 5.4, and form the bases for truncating the dendrograms. 
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Overal l  correlation between the set of sward variables and the set of ingestive 

behaviour variables was examined using canon ical analysis. Relationships of 

individual behaviour variables with sets of sward variables were establ ished by 

mu lt iple regression. 

5.2.4.1 Canonical analysis 

Canon ical correlat ion analysis quantifies the association between two sets of 

variables (Morrison, 1 976; Johnson & Wichern ,  1 988). Canon ical correlation analysis 

applies to situations in wh ich regression techn iques are appropriate and where there 

exists more than one dependent variable (Afifi & Clark, 1 984) . Therefore, it is best 

understood by considering it as an extension of multiple regression and correlation 

analysis, the difference being that it involves more than one Y variable (Afifi & Clark, 

1 984) . 

The canonical analysis defines l inear functions in a set of X variables and in a 

set of Y variables which are maximal ly correlated (Morrison , 1 976; Afifi & Clark, 1 984). 

The maxim izing aspect concentrates a h igh-d imensional relationship between two sets 

of variables into a few pairs of canonical variables (Johnson & Wichern, 1 988) . 

The two sets of variables are represented by matrices X and Y: let 

The enti re correlation matrix R is composed of the sub-matrices Rl l ,  R1 2, R2l 

and R22, (Johnson & Wichern , 1 988): 

The basic approach involves finding one l inear combination (Ul)  of one set of 

variables (Y set), say 

and a l inear combination of the other set of variables (X set) , say 
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These are solved jointly for a and b coefficients such that the correlation 

between U1  and V1 is maximum. That is, the sought vectors a and b should let 

Cor ( U ,  V)  = 

be as large as possible (Johnson & Wichern , 1 980) . At the same t ime, the fol lowing 

constraints are imposed (Cooley & Lohnes, 1 971 ; Morrison, 1 976; Lindeman et al. ,  

1 980) : 

a'R1 1a = 1 

b'R22b = 1 

a'IRl lal' = 0 

(coefficients kept as fraction) 

b'IR22bl' = 0 (independence of successive local maxima) .  

Th is leads to an eigenstructure problem which , for canon ical analysis, is as 

fol lows: 

(Cooley and Lohnes, 1 971 ) 

There are successive solutions (Morrison, 1 976) , as in MDF. 

The resulting l inear combinat ions U and V are cal led the canonical scores of the 

Y set and X set, respectively. The resulting correlat ion between U and V is the 

canonical correlation (Afifi & Clark, 1 984). 

The first canon ical correlation is the h ighest possible correlation between a 

l inear combination of the Y set and a l inear combination of the X set (Morrison, 1 976; 

Johnson & Wichern , 1 980). It is therefore the maxim um linear correlation between the 

set of the independent variables and the set of dependent variables (Afifi & Clark, 

1 984) . Successive solutions are independent. 

The largest eigen-value /.. is the square of the maximum correlat ion between U1  

and V1  ( i .e. its the canon ical coefficient of determ ination). Thus F, is the 

canonical correlation between U 1 and V1 (Cooley & Lohnes, 1 971 ; Lindeman et al. ,  

1 980). 
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Additional interpretation of the canon ical relationsh ip between the Y set and the 

X set is obtained by deriving success ive canon ical variables UI and VI' and thei r  

corresponding canon ical correlations. The objective is to find a second set of l inear 

combinations wh ich maxim ize the corre lation among al l choices which are uncorrelated 

with the fi rst pair of l inear combinations as discussed earlier. 

The total number of canon ical solutions is r, where r is equal to the m in imum 

of  p (the number of Y variables) and q (the number of X variables) . I n  the cu rrent 

study, p=5 and q=7, so the maximum number of canon ical correlations and their 

corresponding canon ical solutions is 5 .  Each l inear combination is uncorre lated with 

al l  the other l inear combinations of e ither set except for the one corresponding l inear 

combination in the opposite set (Cooley & Lohnes, 1 971 ; Morrison , 1 976; Lindeman 

et al. ,  1 980). 

The fi rst canon ical correlation is at least as large as any mu ltiple correlation 

between any one variable and the opposite set of variables. It is possible for the fi rst 

canon ical correlat ion to be very large wh ile al l the mu ltiple correlations for predicting 

one of the original variables from the opposite set of canonical variables are small 

(Cooley & Lohnes, 1 971 ; Morrison, 1 976) . 

Simi larly to MAN OVA and M D F, a criterion of 70-80% cumu lative proportion to 

total association was considered to provide a satisfactory parsimonious number of 

canon ical solutions (Gordon pers. com .) .  This was determ ined based on the canon ical 

coefficient of determ ination (R2 = J...) .  
Canon ical correlation analysis was performed using a command, "Proc Cancorr" 

of the SAS package (SAS Institute I nc, 1 990) . 

Both standardised and unstandardised canon ical coefficients are produced. 

Many investigators prefer to assess the contributions of the orig inal variab les d irectly 

from the standardised coefficients (Johnson & Wichern, 1 980) . The interpretation of 

canonical correlation is usually made to assess the contributions and relative 

importance of the original variables d irectly through the standardised coefficients 

(Johnson & Wichern, 1 988). The standardized coefficients describe the contribution 

of variables to the canon ical score, and explain how the score of the canon ical variable 

is calcu lated. The sign of the standard ised coefficient indicates that the original 

variable would lower (negative) or raise (positive) this canonical score, and the 

absolute value of the standardised coefficient indicates the contribution in absol ute 
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terms made by each orig inal variable to  the score of the canonical score. In th is 

thesis, however, the actual canonical score is not used, attention being focused only 

on canon ical correlation itself. Therefore, we are interested only in the relative 

contribution of each variable as shown by the absolute value of the standard ised 

coefficient. 

The output includes the structure matrix, wh ich is the set of correlations between 

the canon ical scores and the original variables. Sim i larly to MDF, these interpretations 

are usual ly simi lar to those obtained by exam ining the standardised canonical variable 

coefficients (Afifi & Clark, 1 984) . The interpretat ion wi l l  be made using the same 

scheme as MDF (Table 5.2). 

The printout also included al l  possible simple correlations among the input 

variables (simple correlations between individual variables within set ,  and between 

sets) . Some of these data are presented in Appendix 5 .5 as a background of 

comparison with canon ical correlat ions. 

The CANCORR procedure tests a series of hypotheses that each canon ical 

corre lation and all smaller canonical correlat ions are zero in the popu lation . The 

. procedure also generates, by default, a table of mu ltivariate stat istics for the nu l l  

hypothesis that al l  canon ical correlations are zero in the popu lation. Again, Wi lks' 

Lambda is the most common basis for this test (Lindeman et al. ,  1 980) . The l ikel ihood 

ratio for all canon ical correlations equals Wi lks' Lambda. In fact, if one set of variables 

is a design matrix, wh ile the other is a data matrix, the result ing canon ical analysis is 

MANOVA, and the two Wilks' Lamda tests are then identical (Cooley & Lohnes, 1 971 ; 

Morrison, 1 976). 

5.2.4.2 Multiple regression 

Canon ical analysis estimates the correlation between the two sets of variables, 

ingestive behaviour and sward conditions. However, it would facil itate understand ing 

of the quantitative relationships if individual behaviour variables could be estimated 

separately against the set of sward variables. Mu ltiple regression does this, and the 

relat ive contributions to predicting each particular behaviour variable could be ident ified 

with standardised variables. The paral lel with canon ical analysis is obvious, and 

mu lt iple regression is, in fact, a subset of canonical analysis (Morrison, 1 976) . 
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Multiple regression is used to examine the relationship between one dependent 

variable Y and a set of independent pred ictor variables Xl to Xp' although the X 
variables do not have to be independent (Afifi & Clark, 1 984) . The multiple reg ression 

m ight be performed for two goals, ( 1 ) prediction : deriving an equation to pred ict Y 

from the X variables, and (2) description : an understanding of the relationship between 

Y and X variables. 

Mu ltiple regression could be carried out in two ways, ( 1 )  in terms of the 

unstandardised regression coefficients, and (2) in terms of standardised coefficients. 

The former uses unstandardised predictor variables, wh ile the latter uses standardised 

variables. The relationship between them is as fol lows: 

Where W :  standardised coefficient; 13: unstandardised coefficient; crx: standard 

deviation of 'G; cry: standard deviation of Yi' 

Standardised coefficients are the same as ones obtained if the Y and X 
variables were standardised prior to perform ing the regression analysis (Afifi & Clark, 

1 984) . The major advantage of standardised coefficients over the unstandardised 

coefficients is that they are scale-free, and therefore they can be compared d irectly in 

order to determ ine the relative contribution of each variable to the regression. The 

larger the magn itude of the standardised coefficient, the more this X variable 

contributes to the prediction of Y. The paral lel with the standard ised coefficients of 

canonical analysis is obvious. 

Mu ltiple regression was performed using the "Proc Reg" procedu re of the SAS 

package with "Stepwise selection" (SAS Institute Inc. 1 990) . I n  the stepwise method, 

variables are added one by one to the model , and the F statistic for a variable to be 

added must be significant at a defined entry level (by default, this entry level is  0. 1 500 

in P roc Reg) (SAS Institute Inc. 1 990) . After a variable is added, however, the 

stepwise method looks at al l the variables that do not produce a F statistic sign ificant 

at the defined entry level. Only after this check is made and the necessary deletions 

accompl ished can another variable be added to the model .  The stepwise process 

ends when none of the variables outside the model has a F statistic sign ificant at the 

defined entry level and every variable in the model is Sign ificant at the defined entry 

leve l .  Selection "STB" defines the standard ised coefficients. 
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Both unstandardised and standardised coefficients were generated in this 

analysis. Partial R2 (coefficient of determ inat ion of each variable, or alternatively, 

proportion of the variation accounted for by each variable) , and R2 of the model 

(coefficient of determ ination of regression model, or alternatively, proportion of the 

variation accounted for by the regression model), were also produced. 

5.2.5 Transformation of data 

I n  the analysis of point-quadrat data, some of data were analyzed in 

transformed scales. The variables wh ich were based on counts were Poisson 

variables (Steel & Torrie, 1 980) ,  and were transformed by square root. The variables 

which were binom ial attributes were transformed by arcsine function (Steel & Torrie, 

1 980) . The variables wh ich were continuous were treated as Normal ,  and were not 

t ransformed. Although levels of significance and standard errors of the means were 

analyzed in transformed scales, where appropriate the least squares means quoted in 

such cases were the back-transformed data. 

5.3 RESULTS 

The results given below are sequenced as fol lows: un ivariate analysis of 

variance for variables of sward, animal, and ingestive behaviou r, respect ively (5.3. 1 ) ; 

un ivariate analysis of ingestive behaviour  variables by combining the nine forages into 

the two herbage categories, grasses vs. legumes (5.3.2); mu lt ivariate analysiS of 

variance and mu ltiple d iscriminant funct ion analysis of sward variables and ingestive 

behaviour variables, respectively (5.3.3); canonical analysis between the set of sward 

variables and the set of ingestive behaviour variables (5.3.4. 1 ) ; mu lt iple regression 

analysis of i ndividual behaviour variables against the set of sward variables (5.3.4.2). 

For convenience, in th is chapter when the results are presented, a brief 

discussion on the resu lts is made where appropriate. After al l  resu lts are presented, 

there is a d iscussion involving general issues. 

5.3. 1 U nivariate analysis of variance 

5.3. 1 . 1 Descriptions of sward variables 

Evaluations of sward characterist ics were made by two types of measurements 

( 1 ) those gross measurements involving height, mass, bulk density and so on 
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(Sections 3.2.4. 1 ,  3.2.6. 1 ,  3.2.6.3 and 3.2.6.5) ,  and (2) point-quadrat measurements 

(Section 3.2.4.2). They are presented in the fol lowing two separate sections. 

5.3. 1 . 1 . 1 Gross structural variables 

Under this section, attention is concentrated on the first type of measurement. 

The major structural characteristics for three main effects (an imal species, 

forage and stage) are given in Table 5 .3. As indicated earlier (Section 3.2.4. 1 ) , stem 

height and hence leaf layer depth were not available in Lotus comiculatus. 

Table 5.3 Descriptions of sward variables for main effects (animal species, forages and stages) , 
least squares means with the same letters are not significantly different (LSD P<O.05). 

Main Level Top Stem Leaf Mass bulk Mass bulk Mass in Herbage 
effect surface height layer density of density of grazed mass 

height (em) depth grazed entire stratum (gOM/nr) 
(em) (em) stratum sward (gOM/nr) 

(mgOWcm') (mgowarr') 

Animal sheep 42.8 1 7.7 1 1 .3 1 .31 1 .58 1 45 420 

species goats 43.2 1 7.8 1 1 .0 1 .63 1 .52 1 1 0 395 

s.e. 0.6 0.4 0.4 0.21 0.03 4.6 9.7 
test] ns ns ns ns ns ... ns 

Forages ryegrass 55.5 c 1 9.9 b 1 1 .7 c 0.65 c 1 .00 e 1 25 c 331 e 

browntop 50.9 d 25. 1 a 9.3 d 0.98 be 1 .72 c 1 70 a 593 a 

cocksfoot 60.3 b 25.7 a 1 1 .6 c 0.71 c 0.86 e 1 55 ab 350 de 

prairiegrass 44.3 e 1 5.0 c 1 7.9  b 0.58 c 0.97 e 1 05 cd 377 cde 

phalaris 70.4 a 26.0 a 1 9.3 a 0.56 c 0.85 e 1 73 a 441 b 

Tahora 1 8. 1  h 1 1 .3 e 1 .9 e 2.01 ab 2.82 a 95 d 404 bcd 

Kopu 1 9.6 h 1 3.4 cd 2. 1 e 3. 1 1  a 2.49 b 93 d 406 bed 

redclover 36.6 f 1 9. 1  b 2.3 e 3.03 a 1 .85 c 1 30 be 41 0 be 

lotus 31 .6 g 1 .60 be 1 .46 d 1 03 cd 356 cde 

s.e. 1 .2 0.7 0.7 0.45 0.07 9.7 20.5 
te� • •• 

Stages' vegetative 21 .9 1 0.3 1 1 .9 1 .23 1 .70 80 3 1 3  

reproductive 43.0 25. 1 1 0.5 1 .71 1 .41 1 76 502 

s.e. 0.4 0.4 0.4 0.21 0.03 4.6 9.7 
te� ns 

s.e.: standard error of least squares means; 
test,:  F test of AN OVA for the animal species; 
test2: F test of ANOVA for the forages; 
test3: F test of AN OVA for the maturity stages. 

Stem height and hence leaf layer depth were not available in lotus (see Section 3.2.4 . 1  of Chapter 3) . 
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The swards grazed respectively by sheep and goats did not differ significantly. 

with the exception of herbage mass within the grazed stratum (Table 5 .3) .  However. 

sward features varied widely across forages (Table 5 .3) .  As a genera l  t rend, Tahora 

wh ite clover and phalaris appeared to act as the two ends of a spectrum of variation 

in most variables. The five grasses were much taller than the four legumes. but the 

bulk densit ies within the uppermost layer and the complete profi le were generally 

g reater for legumes than grasses. Within the legumes. red clover and lotus were tal ler. 

but less dense than Tahora and Kopu white clovers. The trend in herbage mass was 

not clear-cut. but the mass of browntop was much higher than others because of the 

greater density in the lower parts of the sward (Lucas & Thompson. 1 990). 

Comparison of bulk density between the grazed strata and the whole profiles suggests 

that gradients of bulk density increased from the top to the bottom in grasses, but 

decreased in legumes with the exception of Tahora. 

Contrasts in these variables across the two stages of maturity were also great. 

except for mass bulk density of the grazed stratum (Table 5 .3) . As the swards 

advanced in maturity. substantial increases in most variables and a decrease in leaf 

layer depth (defined as the difference between the surface height and stem height, 

Section 3.2.7.8) and in average mass bulk density of the complete sward occu rred. 

Table 5.4 g ives detai ls of sward variables for the interaction of forage by 

maturity. For each forage. increasing maturity from the vegetative to the reproductive 

phase usual ly brought about increases in top surface height. stem height .  herbage 

mass (both the grazed strata and complete sward). and generally a decrease in 

average mass bu lk density of the complete sward. Overal l ,  the mass bulk density of 

the grazed stratum was not Sign ificantly affected by maturity. However, with the 

progression of maturity, the grazed bulk density decreased in ryegrass. cocksfoot and 

lotus. but increased in browntop. prai riegrass. phalaris and the three clovers. Leaf 

layer depth was decreased in grasses (except browntop) with matur ity, but not in 

legumes. In  vegetative swards. a comparison of bulk density between the grazed 

strata and the complete profiles indicated that gradients of bulk density general ly 

increased (with the exception of red clover) from the top to bottom profi les. In 

reproductive swards, bu lk density increased in grasses, but declined in legumes 

(except for Tahora) from top to bottom of the profiles. 



Table 5.4 Descriptions of sward variables for the first order interaction of forages by maturity stages of growth. 

Variables Stage Ryegrass Browntop Cocksfoot Prairiegrass Phalaris Tahora Kopu Red clover Lotus s.e. 
test 

Top surface veg 24.0 d 2 1 .8 de 27.6 c 32.7  b 35.2 a 1 1 .3 g 1 4. 1  f 1 1 . 1 g 1 9 .7 e 1 .2 

height LSD • • • • • • • • • 

(cm) rep 55.5 C 50.9 0 60.3 B 44.3 E 70.4 A 1 8. 1  H 1 9 .6 H 36.6 F 31 .6 G ... 

Stem veg 7.4 d 1 3.0  a 1 0.2 b 9.4 bc 1 2. 1  a 9.7 bc 1 2.2 a 8.6 c 1 .0 
height LSD • • • * • • ns 
(cm) rep 32.4 C 37. 1  B 41 .1  A 20.5 0 39.9 AB 1 2.9 E 1 4.5 E 29.6 C ••• 

Leaf layer veg 1 6.7 b 8.7 c 1 7.4 b 23.3 a 23.1  a 1 .5 d 1 .9 d 2.5 d 1 .0 
depth LSD • ns • * • ns ns ns 
(cm) rep 6.7 CD 9.8 BC 5.8 D 1 2.5 AB 1 5.5 A 2 .2  E 2.2 E 2.0 E ••• 

Mass bulk veg 0.79 0.95 0.78 0.38 0.54 1 .94 1 .68 2.27 1 .71  0.63 
density of rep 0.51 1 .02 0.63 0.78 0.59 2 .09 4.54 3.79 1 .49 ns 
grazed stratum 
(mgDMlcm3) 

Mass bulk veg 1 .37 e 1 .85 cd 1 .00 f 0.85 f 0.88 f 2 .93 a 2.58 b 2.09 c 1 .73 d 0.10 
density of LSD • (.) • ns ns ns ns 
entire sward rep 0.63 F 1 .58 C 0.72 F 1 .09 D E  0.81 EF 2.71 A 2.39 B 1 .60 C 1 . 1 9 0 ••• 

(mgDMlcm3) 

Mass in grazed veg 82 abc 77 bc 98 a 58 d 94 ab 65 cd 73 cd 66 cd 99 a 13.7 

stratum LSD • • • • • • • ns 
(gDMlm2) rep 1 69 CDE 265 A 212  Be 1 52 UI::. t- Lol AIj � ?6 EF 1 1 3 F 1 92 CD 1 08 F ••• 

Herbage veg 320 bc 396 a 269 de 278 cde 308 bed 322 bc 354 ab 233 e 337 b 21 .0 

mass (gDMlm2) LSD ns • • • • • ns 
rep 343 F 791 A 433 DEF 475 CDE 573 BC 486 BCD 457 DE 589 B 374 E F  ••• 

s.e. and test l isted in the column of the right hand of the table refer to standard error of least squares means and F test of ANOVA for this interaction. 
Lower and upper cases show LSD comparisons across forages within the vegetative stage and within the reproductive stage, respectively. The symbols (., 
or ns) indicate LSD comparisons between the two maturity stages within forages. 

LSD: LsD between the two stages within forage. 
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5.3. 1 . 1 .2. Point-quadrat data 

Among the selected variables from the point-quadrat measurements (Section 

3.2.7.9 of Chapter 3), proportions of leaf and seedhead reflected a Poisson d istr ibution , 

and the proportion of l ive material was binomially d istributed . They were transformed 

by the appropriate functions (Section 5.2.5). Other variables were viewed as having 

a normal d istribution and were not transformed. Table 5.5 presents these variables for 

the three main effects. 

The swards grazed respectively by sheep and goats displayed a h igh simi larity 

in those variables obtained from the complete sward profi le, but differed markedly in 

those derived from the grazed stratum with the exception of the proportion of l ive 

material (Table 5 .5). 

Forages d iffered markedly in terms of the variables measured (Table 5.5) .  For 

the entire sward, average leaf proportion was h igher in grasses than in legumes. 

Legumes general ly had a h igher proportion of seedheads compared to grasses in both 

uppermost and entire layers. The variation in leaf frequency bulk density was smaller 

for the whole sward profile than the grazed stratum . With in the enti re profiles, on 

average, there was not a clear difference in leaf frequency bulk density between 

grasses and legumes, but with in the grazed stratum it was generally h igher for 

legumes than grasses. Legum inous swards generally had h igher seedhead frequency 

compared to gram ineous swards. "Stem" frequency (see Section 3 .2 .4. 1 of Chapter 

3 for defin itions of stem for various herbage categories) was general ly higher for 

legumes than grasses in both grazed and overal l  strata (the reason for this is given in 

Section 5.4.2 of the Discussion) .  Leaf frequency generally increased from the top to 

bottom in grasses, but not in legumes. However, stem frequency substantially 

increased from the top to the bottom in both grasses and legumes. Generally, 

variation in proportion of l ive material was small relative to other variables and legumes 

tended to contain higher percentages of l ive material than grasses in both the upper 

layers and the complete sward. 

Increase in maturity also resulted in a significant decline in the percentage of 

leaf in both complete profile and grazed strata, substantial reductions in the leaf and 

stem frequencies within the complete profile, and in leaf but not stem frequency of the 

grazed horizon, but there was l ittle influence on the percentage of l ive material in both 

the whole sward and the grazed horizon. 
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Table 5.5 Descriptions of the point-quadrat data of swards for main effects (animal species, forages and stages) . 

Main Level Leaf % Seedhead Leaf Stem Seedhead Uve % of Leaf % of Seedhead Leaf Stem Seedhead Uve % of 
effect of whole % of whole frequency frequency frequency whole grazed % of frequency frequency frequency grazed 

sward sward of whole of whole of whole sward stratum g razed of grazed of grazed of grazed stratum 
sward sward sward stratum stratum stratum stratum 

(hitst2 em) (hits12 em) (hitst2 em )  (hits12 em )  (hits12 em) (hitsl2em) 

Animal Sheep 0.58 0. 1 2  2.37 1 .31  0.37 0.79 0.66 0 .28 2.07 0.34 0.71 0.97 
species Goats 0.58 0. 12 2.37 1 .28 0.43 0.79 0.87 0.44 1 .8 1  0.25 0.92 0.98 

s.e 0.005 0.008 0.05 0.03 0.02 0.003 0.01 0.02 0.07 0.03 0.07 0.002 
test, ns ns ns ns ns ns ns 

Forages ryegrass 0.67 b 0. 16 ab 2.48 b 0.77 d 0.37 d 0.77 e 0.59 cde 0.44 ab 1 .46 de 0.25 c 0.71 b 0.96 be 
browntop 0.69 b 0.08 e 2.78 a 1 . 1 2  c 0.20 ef 0.68 f 0.83 a 0. 1 5  c 2.27 b 0.01 d 0.35 be 0.91 d 
cocksfoot 0.74 a 0.04 f 2.54 b 0.67 d 0 . 1 0  f 0.72 f 0.77 ab 0. 1 7  c 2.03 c 0.D1 d 0.23 c 0.95 c 
prairiegrass 0.74 a 0. 14 be 2.09 cd 0.40 e 0.30 ed 0.78 de 0.63 cd 0.49 a 1 .06 ef 0.05 d 0 .46 be 0.98 ab 
phalaris 0.67 b 0.09 de 2.04 d 0.61 d 0 . 1 9  ef 0.78 de 0.53 de 0.30 b 0.78 f 0.23 c 0.32 be 0.98 ab 
Tahora 0.37 e 0. 1 9  a 2.36 be 2.78 a 0.91 a 0.81 cd 0.52 e 0.48 a 2.56 b 0.75 a 1 . 58  a 0.99 a 
Kopu 0.42 d 0. 1 5  ab 2.06 d 1 .97 b 0.71 b 0.84 be 0.59 cde 0.40 ab 2.08 c 0.51 b 1 . 1 6 a 1 .00 a 
red clover 0.55 c 0. 1 1  cd 3.00 a 1 .94 b 0.34 d 0.85 ab 0.67 be 0.36 ab 3. 1 9  a 0.23 c 1 .2 1  a 1 .00 a 
lotus 0.46 d 0. 1 3  be 2.01 d 1 .37 c 0.51 c 0.88 a 0.55 de 0.50 a 1 .86 cd 0.62 ab 1 .30 a 1 .00 a 

s.e 0.01 0.01 0. 1 1  0.06 0.04 0.006 0.02 0.05 0. 1 5  0.05 0. 1 5  0.004 
test2 

Stages vegetative 0.80 3.23 1 .57 0.79 0.96 3.00 0.29 0.98 
reproductive 0.72 0.34 1 .52 1 .02 0.41 0.79 0.62 0.60 0.88 0.30 0.83 0.97 

s.e 0.01 0.006 0.05 0.03 0.01 0.003 0.01 0.02 0.07 0.03 0.05 0.002 
tes� ns ns ns 

Proportions of leaf, seedhead and live materials were transformed by the appropriate functions (see Section 5.2.5 of the text). The levels of significance and standard errors of means were analyzed in 
a transformed scale, but the least squares means presented in the table were obtained from the back-transformed data. These notes also refer to Table 5.6. 

test,: F test of ANOVA for animal species; tes4: F test of ANOVA for forages; tes�: F test of AN OVA for stages of maturity. Letters indicate LSD test among forages for each variable. 
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The interaction of forage by stage in these variables is i l lustrated in Table 5.6. 

Table 5.6 Descriptions of the point-quadrat data of swards for the first order 
interaction between forages and maturity stages. 

Variables Stage Ryegrass Browntop Cocksfoot Prairiegrass Phalaris Tahora Kopu Red clover Lotus s.e. 
test 

Leaf % of whole vag 0.81 a 0.71 b 0.81 a 0.87 a 0.83 a 0.40 e 0.46 d 0.56 c 0.48 d 0.0 1 4  
swam LSD ns 

rep 0.53 B 0.62 A 0.67 A 

Leaf frequency vag 
(hits12 cm) of LSD 

3.68 bc 4. 1 0  ab 3.56 c 

0.62 A 

2.82 de 

whole swam rep 1 .27 CD 1 .46 BCD 1 .52 ABC 1 .35 CD 

Stem frequency vag 0.82 e 1 .58 d 0.71 e 0.37 f 
(hits12 cm) of LSD ns ns ns 
whole swam rep 0.73 0 0.65 0 0.63 DE 0.42 E 

ns ns ns ns 
0.55 B 0.35 0 0.38 CD 0.53 B 0.45 C 

2.91 d 3.00 d 2.40 ef 4.32 a 2.26 f 0. 1 5  

1 . 1 6 0 1 .72 A 1 .72 AB 1 .67 A B  1 .76 A 

0.58 ef 3.41 a 2. 1 8  c 2.86 b 1 .61  d 0.09 
ns ns 

0.65 0 2. 1 4 A 1 .78 B 1 .03 C 1 . 1 4 C 

Live % of whole vag 0.77 dc 0.75 d 0.70 e 0.94 cd 0.80 bc 0.79 cd 0.84 ab 0.83 ab 0.87 a 0.009 
swam LSD ns ns ns ns ns ns ns ns ns 

rep 0.76 D E  0.62 F 0.73 E 0.79 CD 0.76 DE 0.84 BC 0.84 AB 0.88 AB 0.89 A 

Leaf % of grazed vag 0.98 ab 0.98 a 1 .00 a 1 .00 a 1 .00 a 0.83 c 0.87 c 0.92 b 0.76 d 0.03 
stratum LSD ns 

rep 0.30 CD 0.61 A 0.58 A 0.33 BC 0.21 0 0.27 CD 0.40 BC 0.45 AB 0.37 BC 

Leaf frequency of veg 2.38 de 3.28 c 3.27 c 1 .67 e 1 .67 e 4.01 b 2.91 cd 5 . 1 9  a 2.68 cd 0.2 
grazed stratum LSD 
(hits12 cm) rep 0.55 CD 1 .27 A 0.80 BC 0.44 CD 0.28 0 1 . 1 2  AB 1 .24 A 1 . 1 9  A 1 .04 AB 

Stem frequency vag 0.09 c 0.004 c 0 c 
of grazed stratum LSD 
(hits12 cm) rep 0.42 B 0,01 C 0.02 C 

0.02 c 

0.08 C 

o c 0.82 a 0.47 b 0.35 b 0.84 a 0.07 
ns 

0.46 B 0.67 A 0.55 AB 0. 1 0  C 0.39 B 

Live % of grazed vag 0.96 cd 0.96 bed 0.94 d 0.98 abe 0.97 abed 0.99 ab 0.99 a 1 .00 a 1 .00 a 0.006 
stratum LSD ns ns ns ns ns ns ns ns ns 

rep 0.96 AB 0.86 C 0.96 B 0.98 AB 0.99 AB 0.99 AB 0.99 AB 1 .00 A 1 .00 A 

s.e. and test listed in the column of the right hand of the table refer to standard errors and F test of ANOVA for the 
interaction forage by stage. veg: vegetative stage; rep: reproductive stage. 

LSD: LSD between the two stages within forage, denoted by the symbols. Lowercase letters indicate LSD across 
forages within vegetative stage. Uppercase letters indicate LSD across forages within reproductive stage. 

Four variables involving seedhead (seedhead % and seedhead frequency in both whole swam and grazed stratum) were 
excluded from this table because they had the same values as in the main effect, forage, which are given in Table 5.5. 

This interaction was observed to exert a significant effect on each variable. 

With advancing maturity, legumes maintained the leaf proportion compared with 

grasses where leaf content fel l .  The graphs in Appendix 5 . 1  i l lustrate the canopy 

structures of swards for eighteen combinations of th is interaction using these data. 
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5.3.1 .2 Descriptions of animal variables 

Table 5.7 shows details of least squares mean values of animal measurements 

for both sheep and goats during the period of grazing the nine forages. The l iveweight 

of sheep was twice that of goats, and the mouth dimensions also d iffered sign ificantly, 

goats having smaller dimensions for al l measurements. The variation in incisor 

breadth of six sheep and six goats was not sign ificant over this experimental period 

(from 6 December 1 989 to 1 8  April 1 990) .  

Table 5.7 Descriptions of an imal parameters. 

Animal Live Incisor Mouth Dentition Maximum Lip 
species weight breadth width width open size length 

(kg) (cm) (cm) (cm) (cm) (cm) 

Sheep 53.2 2.87 3.3 3.2 6.5 5.7 

Goats 26.2 2.37 2.3 2.6 5.5 5.3 

s.e 0.5 0.03 0.02 0.01 0.03 0.03 
test *** *** *** *** *** *** 

s.e. : standard error of least squares means; test: F test of ANOVA for animal species. 

5.3.1 .3 

5.3. 1 .3. 1 

Descriptions of ingestive behaviour variables 

Main effects (animal species, forages and maturity stages) 

The main effects are shown in Table 5.8. 

Average values of bite weight in absolute terms across eighteen swards (9 

forages x 2 stages) were simi lar for the two animal species in both fresh (bite weight 

1 )  and d ry (bite weight 2) matter terms. Bite rate and intake rate 2 were sign ificantly 

g reater for sheep than goats. However, when they were scaled to l iveweight, goats had 

a greater bite weight (bite weight 3) and intake rate (intake rate 3) than sheep. Sheep 

had a greater bite depth, bigger bite area, and consequently greater bite volume than 

goats. 

The forage effect was found to be h ighly significant for all variables. Animals 

had the least bite weight 1 on phalaris and on prairie grass, and the greatest on Kopu . 

I n  terms of bite weight 2 ,  phalaris sti l l  lay at the bottom of the range of variation , but 

browntop and cocksfoot were at the top of the range because they had h igher dry 



Table 5.8 Ingestive behaviour variables for main effects (animal species, forages and stages) 

Main Level Bite Bite Bite Bite Intake Intake rate 3 Bite Bite Bite 
effects weight 1 weight 2 weight 3 rate rate 2 (mg DMlLW"'75/mln) depth area volume 

(mg FM) (mg OM) (mg OMILW"'75) (btteslmln) (mg OM/min) (em) (eof) (em') 

Animal Sheep 1 1 20 266 1 3.6 27 6446 333.7 1 5.8 1 1 .8 1 77 
species 

Goats 1098 279 23.8 24 5396 470.6 1 4.2 1 0.9  1 50 

s.e. 37 9 0.6 0.8 204 1 3.6 0.4 0.3 7 
test1 ns ns • • •  • •  • • •  . . .  • •  • • •  

Forages Ryegrass 940 cd 275 be 1 8.5 be 22 cd 481 0 c 333.6 ed 2 1 .9 b 1 2.2 ab 250 ab 

Browntop 1 098 be 366 a 24.6 a 26 abe 6539 a 434.5 ab 1 7.3 c 1 0.2 cd 1 63 d 

Cocksfoot 1 2 1 7  ab 327 ab 22.1 ab 18 d 4900 c 318.4 e 23.4 b 1 0.2 cd 221 be 

Prairiegrass 858 d 231 cd 1 6.5 cd 24 be 5081 be 353.3 cde 1 7.7 c 1 2.4 ab 207 c 

Phalaris 856 d 221 d 1 5 .6 d 27 abe 5247 be 385.4 cde 30.4 a 9.4 d 284 a 

Tahora 1 1 20 be 238 cd 1 5.6 d 29 a 6497 a 413.8 bed 4.9 e 1 1 .3 be 64 e 

Kopu 1 343 a 271 cd 1 8.2 d 27 ab 6900 a 457.5 ab 5.8 de 1 1 .2 bed 68 e 

Red clover 1256 ab 251 cd 1 7.7 cd 28 ab 6207 ab 423.5 abe 6.2 de 1 3.7 a 81 e 

Lotus 1 292 ab 269 cd 1 9 .4 be 27 ab 71 1 0  a 499.5 a 7.6 d 1 1 . 8 be 93 e 

s.e. 79 1 9  1 .3 2 433 28.6 0.9 0.6 1 4  
test2 

••• • • •  • • •  • • •  • • •  . .  . • • •  • • •  • • •  

Stages Vegetative 920 1 91 1 3.2 33 61 06 41 6.6 9.1 1 1 .5 1 04 

Reproductive 1297 353 24.2 18  5736 387.7 20.9 1 1 .2 222 

s.s. 37 9 0.6 204 1 3.5 0.4 0.3 7 
test3 

• • •  • • •  • • •  • •• ns ns . .. ns . .. 

s.e.: standard error of least squares means. test1 : F test of ANOVA between animal species; test2: F test of ANOVA across forages; test3: F test of ANOVA 
between stages. Least squares means with the same letters are not significantly different (LSD). 



1 32 

matter content than other forages. Bite rate tended to be the slowest on cocksfoot and 

the fastest on Tahora. An imals displayed the shal lowest bite depth on Tahora and 

deepest on phalaris, and accordingly the smal lest bite volume on Tahora and the 

greatest on phalaris. 

Stage of maturity exercised a highly sign ificant effect on some variables, but had 

l itt le impact upon others. As swards developed in maturity, animals tended to increase 

bite weights substantially, but decreased bit ing rate greatly and, as a result, intake 

rates remained constant. There was also a substantial ly greater response across the 

stages of matu rity in bite depth wh ich resu lted in a marked rise in bite volumes, 

whereas bite area was l itt le affected. 

5.3.1 .3.2 The first order interactions 

Tables 5.9 - 5 . 1 1  summarize details of the three fi rst order interactions. 

The interaction for maturity stage by animal species (Table 5.9) was found to 

be sign ificant for bite weights and intake rates, but l itt le effect was detected for biting 

rate and bite dimensions. On vegetat ive swards, sheep tended to have greater 

mouthfu ls of herbage than goats in both fresh and dry matter terms and intake rate 2 

was greater. However, in contrast to the vegetative swards, on reproductive swards 

bite weight in both fresh and dry matter terms were smaller for sheep than goats, but 

the two an imal species did not d iffer in intake rate 2. 

When the comparisons were made across the two stages with in animal species, 

it appeared that sheep and goats responded qu ite d ifferently to increasing maturity in 

bite weights, bite rate and hence intake rates. Both sheep and goats tended to 

increase their bite weights when grazing the reproductive swards as compared to 

vegetative swards, but the increments for sheep were relatively smal l .  B ite rate 

decreased for both species, but the fal l  was smaller for goats than for sheep. 

Consequently, as a combination of the variation in bite weight and bite rate, the intake 

rates decreased sign ificantly in sheep, but sl ightly increased in goats. 

There was a substantially greater variation across the two maturity stages in bite 

depth and bite volume than in bite area for the two animal species though the 

interactions were not sign ificantly different, implying that magn itudes of increases were 

paral lel between sheep and goats. 
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Table 5.9 I ngestive behaviour  variables for the first order interaction of maturity 
stage by animal species. 

Animal Stages s.e. 
Variables species test 

Vegetative LSD2 Reproductive 

Bite weight 1 sheep 1 007 * 1 233 
(mgFM) LSD, * (*) 

goat 834 * 1 362 53 ** 

Bite weight 2 sheep 207 * 323 
(mgDM) LSD,  

(*) * 
goat 1 75 * 383 1 3  *** 

Bite weight 3 sheep 1 0.8 * 1 6.3 
(mgDM/LW·75) LSD,  * * 

goat 1 5.5 * 32. 1 0.9 *** 

Bite rate sheep 36 1 9  
(bites/min) 

goat 3 1  1 7  1 ns 

I ntake rate 2 sheep 7074 * 581 9 
(mgDM/min) LSD, * ns 

goat 51 39 ns 5653 288 **  

I ntake rate 3 sheep 375 .3 * 292 . 1  
(mgDMlLW·75/min) LSD,  * * 

goat 457.8 ns 483.4 1 9. 1  ** 

Bite depth (cm) sheep 9.8 2 1 .7 

goat 8.4 20. 1 0.6 ns 

Bite ar�a (cm
2
) sheep 1 1 .8 1 1 .8 

goat 1 1 .3 1 0.6 0 .4 ns 

Bite volume (cm3) sheep 1 1 6 238 

goat 94 206 1 0  ns 

s.e. and test listed in the column of the right hand of the table refer to standard errors of the 
least squares means and F test of ANOVA for this interaction. 

LSD , :  comparison between sheep and goats within stage; LSD2: comparison between the 
vegetative and reproductive stages within animal species. 
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The two animal species responded quite d ifferently to the forages (Table 5 . 1 0) 

in terms of the components of intake rate (bite weights, biting rate and intake rates), 

but s imi larly in terms of bite dimensions. The two animal species tended to obtain 

s im i lar bite weight in both fresh and dry matter terms on some forages, but sheep had 

h igher bite weight than goats on Tahora and Kopu and lower bite weight on browntop 

and cocksfoot. The two stock classes appeared to have simi lar herbage intake rate 

2 when grazing most forages, but it was far greater for sheep than goats on the two 

wh ite clovers. 

When the comparisons were made across the forages within an imal species, 

it appeared that the forages wh ich al lowed the an imals to maxim ize bite weights, 

bit ing rate and hence intake rates were quite different between sheep and goats. 

However, both sheep and goats displayed greatest bite depth on phalaris, and the 

smal lest bite depth on legumes. 

As each forage progressed from the vegetative to the reproductive stage, all 

behaviou r variables were significantly affected (Table 5. 1 1 ) . An imals greatly increased 

their bite weights with increasing maturity on some forages in fresh matter terms, but 

not on others. However, the bite weights in dry matter terms were sign ificantly greater 

for reproduct ive than vegetative stages in al l forages but lotus because of higher dry 

matter content of the reproductive growth. An imals bit herbage faster on the 

vegetative swards than reproductive swards, except for lotus. Consequently, intake 

rate 2 changed l ittle across the stages for most forages with the exception of ryegrass 

and phalaris where it decl ined. Amongst components of bite dimensions, bite area 

was constant across the stages of maturity for most forages, but apart from on white 

clover bite depth was increased substantial ly. Consequently, for most forages bite 

volume was substant ial ly enlarged with advancing maturity. Forages wh ich cou ld al low 

animals to exhibit their potential in bite variables at the vegetative stages did not 

necessarily do so at the reproductive stages. Th is indicated that the sward structural 

characterist ics which changed greatly as the forages matu red exerted more influence 

than forage species per 5e on the behaviour variables, even though the forage species 

played an important role in affecting the ingestive behaviour. 



Table 5.1 0 Ingestive behaviour variables for the first order interaction of forage by animal species. 

Variables Animal Ryegrass Browntop Cocksfoot Prairiegrass Phalaris Tahora Kopu Red clover Lotus s.e. 
species test 

B�e sheep 820 e 903 de 1 057 cde 789 9 1 7  de 1 444 ab 1 603 a 1 348 abe 1 1 98 bcd 1 12 
weight 1 LSD ns ns ns ns ns 
(mgFM) goats 1 060 BCD 1 293 AB 1 378 A 928 CD 794 D 796 D 1 083 ABCD 1 1 64 ABC 1 386 A 

B�e sheep 238 abc 295 ab 2n abc 2 1 4  c 235 bc 299 ab 3 1 3  a 267 abc 253 abe 27 
weight 2 LSD ns ns ns ns 
(mgDM) goats 3 1 2  BC 438 A 378 AB 249 CDE 206 E 1 n  E 229 DE 235 DE 286 CD 

B�e sheep 1 1 .7  ab 1 4.4 a 1 3.6 a 1 0. 9  b 1 2.3 a 1 5.5 a 1 6.3 a 1 4.5  a 1 3.2 a 1 .8 
weight 3 LSD ns ns 
(mgDM/L W·75) goats 25.4 C 34.8 A 30.6 AB 22. 1 CD 1 9.0 DE 1 5.6  E 20.2 DE 20.8 CD 25.5 BC 

B�e sheep 20 d 3 1  a 22 cd 27 abc 24 bed 33 a 29 ab 30 ab 28abc 2 
rate LSD (*) ns ns ns 
(bites/min) goats 25 AB 2 1  BC 1 5  C 21 BC 30 A 25 AB 25 AB 27 AB 26 AB 

Intake sheep 4247 e 671 4 b 5441 bcd 5 1 84 cde 4978 de 891 9 a 861 6 a 6693 bc 7225 ab 613  
rate 2 LSD ns ns ns ns ns ns ns 
(mgDM/min) goats 5373 ABC 6363 AB 4359 C 4978 BC 551 6 ABC 4074 D 5 1 85 BC 5722 ABC 6994 A 

Intake sheep 208.2 d 340.1  bc 273.9 bcd 266.4 bcd 257.4 cd 470.3 a 463.3 a 348.3 bc 375.7 ab 40.6 
rate 3 LSD ns ns 
(mgDM/LW0 75/min) goats 459.0 BC 528.9 AB 362.9 C 440.2 BC 513.4 AB 357.3 C 451 .7 BC 498.9 B 623.3 A 

Bite sheep 23.4 b 1 7.0 c 24.4 b 1 9.0  c 31 .3 a 6.7 d 7.8 d 6.0 d 6.6 d 1 .3 
depth (cm) goats 20.4 BC 1 7.5 CD 22.4 B 1 6.3  D 29.4 A 3.2 F 3.8 F 6.3 EF 8.7 E ns 

Bite sheep 1 2.5 ab 1 0.3 bc 9.8 c 1 2.8 ab 1 0.5 bc 1 1 .6 bc 1 2.4 ab 1 4.7 a 1 1 . 5  bc 0.8 
area (cm2) goats 1 1 .9 ABC 1 0. 1  BCD 1 0.5 ABCD 1 2 . 1  AB 8.3 D 1 1 .0 ABC 9.9 CD 1 2.6  A 1 2. 1  ABC ns 

Bite sheep 227 b 1 73 c 208 bc 223 b 331 a 93 d 1 00 d 89 d 78 d 20 
volume (cm3) goats 247 A 1 78 C  232 AB 1 9 1  BC 247 AB 35 E 37 E 73 D E  1 09 D ns 

s.e. and test listed in the column of the right hand of the table refer to standard errors of least square means and F test of ANOVA for this interaction. Lower and upper cases indicate LSD 
comparisons across forages within sheep and w�hin goats, respectively. The symbols i l lustrate the comparisons between the two animal species within forage. 



Table 5.1 1 Ingestive behaviour variables for the first order interaction of forage by maturity stage. 

Variable Stage Ryegrass Browntop Cocksfoot Prairiegrass Phalaris Tahora Kopu Red clover Lotus s.e. 
test 

Bite veg 672 c 638 c 923 c 708 c 950 bc 936 c 1 257 ab 885 c 1 31 3  a 1 1 2 weight 1 LSD (*) ns ns ns 
(mgFM) rep 1 208 CD 1 558 AB 1 51 2  ABC 1 008 DE 761 E 1 304 BCD 1 429 ABC 1 627 A 1 270 BCD 

Bite veg 1 82 bc 1 82 bc 223 ab 1 59 bc 1 83 abc 1 67 bc 231 ab 1 44 c 250 a 27 weight 2 LSD ns 
(mgDM) rep 368 BC 551 A 432 B 303 CDE 258 E 309 CDE 3 1 0  CDE 358 BCD 288 DE 

B ite veg 1 2. 4  bc 1 3.0 bc 1 5.6  ab 1 1 .3 bc 1 3.6 bc 1 0.5 bc 1 4.8 bc 9 .8 c 1 7.5  a weight 3 1 .8 LSD ns ns (mgDMI rep 24.6 BC 36. 1 A 28.7 B 2 1 .8 CD 1 7.7 0 20.6 CD 2 1 .7 CD 25.5 BC 2 1 .2 CD LWO·75) 

Bite veg 33 abcd 41 a 25 e 30 cde 39 a 36 abc 31 bcde 36 ab 27 de 2 
rate (bites Imin) LSD ns 

rep 1 1  0 1 2 0 1 1  0 1 8  BC 1 5  CD 22 AB 23 AB 20 BC 27 A 

Intake vag 581 7 abc 6956 ab 5324 bc 4424 c 6924 ab 6075 abc 71 06 a 5562 bc 6761 ab 612  
rate 2 LSD ns ns ns ns ns ns ns 
(mgDM/min) rep 3803 0 6 1 1 2  ABC 4476 C D  5738 BC 3570 E 691 8 AB 6694 AB 6853 AB 7458 A 

Intake rate 3 veg 4 1 7.4 abcd 478.4 ab 357.3 de 299.2 e 51 8.0 a 378.7 bcde 456.9 abcd 366.0 cde 477.3 abc 40.6 (mgDM/L'lf 751 LSD ns ns (*) ns ns ns 
min) rep 249.7 E 390.6 C 285. 4  0 407.4 BC 252.8 DE 448.9 ABC 458. 1 ABC 481 .0  AB 521 .6 A 

Bite veg 1 0.2 cd 8.0 de 1 3. 1  bc 1 5.0 ab 1 7.5 a 3.4 f 4.8 f 3.2 f 6.5 ef 1 .3 
depth (cm) LSD ns ns ns 

rep 33.5 B 26.5 C 33.7 B 20.3 0 43.2 A 6.5 E 6.8 E 9.2 E 8.8 E 

Bite 1 2. 2  bc 1 0.3 cd 1 0.3 cd 1 5.5 a 9.4 d 1 1 .8 cd 1 0.3 cd 1 4. 5  ab 9.7 d veg ns 0.9 
area LSD ns ns ns ns ns ns 1 2. 8  AB (cm2) rep 1 2.2 ABC 1 0. 1  CDE 1 0. 1  CDE 9.3 E 9.4 DE 1 0.9 BCDE 1 2. 1  ABCD 1 3.9  A 

B ite veg 1 27 b 8 1  c 1 31 b 234 a 1 66 b 40 c 52 c 45 c 64 c 20 
volume (cm3) LSD ns ns ns 

rep 397 A 272 C 331 B 1 80 0 426 A 87 E 85 E 1 1 7 E 1 23 DE 

s .e .  and test listed in the colu mn of the  right hand of the table refer to standard errors of  the least square means and F test o f  ANOVA for this interaction. Lower and upper case 
letters illustrate LSD comparisons across forages within the vegetative stage, and within the reproductive stage, respectively. The symbols give LSD between the two stages 
within a forage. veg: vegetative; rep: reproductive. 



1 37 

5.3.1 .3.3 The second order interaction 

The second order interaction between animal species, forages and stages of 

maturity is i l lustrated in Table 5. 1 2. This h igher order interaction was found to exert 

sign ificant effects on some variables, but had l ittle effects on others. 

When grazing vegetative swards, sheep and goats tended to obtain s im i lar bite 

weights in both fresh and dry matter terms on most of forages, but sheep had greater 

bite weights on Tahora and Kopu than did goats. However, when reproductive swards 

were presented, bite weights in both terms were larger for goats than sheep on al l 

g rasses with the exception of phalaris. 

When comparisons are made along the horizontal d i rection in the table, 

representing the comparisons across two stages of each forage within an imal species, 

it can be seen that as the forages advanced in maturity, sheep usual ly increased or 

maintained bite weight, whereas goats tended to increase bite weight on all forages 

but phalaris, indicating that goats grazed reproductive swards more readi ly. B ite rate 

was usual ly s lower at the reproductive stage than the vegetative stage for both sheep 

and goats. 

In this h igher order interaction , as swards progressed from the vegetative to the 

reproductive stage, sheep and goats tended to have approximately paral lel increases 

in bite depth , but remained constant in bite area when grazing each forage, leading to 

consistent increases of bite volume. 

5.3.2 Univariate analysis of variance of behaviour variables by combining 

the nine forages into the two herbage categories (grasses vs 

legumes) 

The above analysis in which the n ine forages were assessed ind ividually 

showed a relative clear-cut d istinction between grass forages and legume forages. 

Therefore it is appropriate to examine and to compare the overal l  response patterns 

of sheep and goats to gram ineous and legum inous swards at the two stages of 

maturity. Th is was ach ieved by combining and reparameterizing the nine forages into 

two herbage categories, grasses (5 forages) and legumes (4 forages), and then 

analyzing by ANOVA. 



Table 5.1 2 Ingestive behaviour variables for the second order interaction between forages, maturity stages and animal species. 

BW, 

BW. 

BW3 

BR 

IR. 

IR3 

BD 

BA 

BV 

veg 

Ryegrass 

LSD. rep veg 

Brownlop 

LSD. rep veg 

Cocksfoot 

LSD. rep veg 

Pralnegrass 

LSD. rep veg 

Phalarls 

LSD. rep veg 

Tahora 

LSD. rep veg 

Kopu 

LSD. rep veg 

Red clover 

LSD. rep veg 

Lotus 

LSD. rep 

s.e. 

test 

sh 769 

lsd, ns 

go 575 

sh 209 
lsd, ns 

go 1 56 

sh 10.7 

lsd, ns 

go 14.2 

sh 28 

lsd, • 

go 39 

sh 5718 

ns 

ns 

ns 

go 5917 ns 

sh 294.5 

lsd, • 

go 540.4 

sh 1 1 .9 

go 8.5 

sh 12.5 

go 1 1 .9 

sh 1 54  

go 1 00  

ns 

ns 

871 626 

ns 

1545 651 

268 174 

ns 

1 1 80 956 

ns 

1 936 890 

4 1 5  227 

ns 

ns 

(") 

1 1 59 630 

ns 

1 865 786 

327 145 

ns 

ns 947 

ns 

ns 1069 

282 

ns 

950 ns 885 

ns ns 

951 ns 637 

1 80 290 
ns ns 

1 224 

648 

2 1 9  

1663 

ns 944 

379 

1658 ns 

856 

1 549 

ns 

1 309 

303 ns 322 
ns 

967 

ns 

804 

1 59 

ns 

468 189 687 2 1 9  536 173 325 1 86 ns 227 

(*) 
1 1 5 240 1 59 298 1 29 

12.7 9.1 

36.5 16.9 

1 2  49 

ns 

1 0  3 1  

2776 8171 

19.7 1 1 .8 ns 15.5 

52.6 1 9.4 4 1 .9 

14 30 14 

ns ns 

1 1  20 9 

7.2 14.7 

15.3 28.8 

35 20 

ns 

25 17 

9.7 ns 

1 7.5 ns 

36 

ns 

42 

5256 6346 ns 4537 4713 ns 5656 6533 

4829 5759 ns 6968 4302 ns 4416 4 1 35 ns 5821 7313 

1 2 1 .8 432,1 248.0 332.8 ns 214.9 234.5 ns 298.3 349.4 

ns ns ns ns 

377.6 524.7 ns 533.1 381.7 ns 344.1 363.8 (*) 

34.9 

32.2 

12.6 

1 1 .8 

400 

393 

8.9 

7,1 

1 1 .0 

9.6 

95 

68 

25.0 

28.0 

ns 9.6 

ns 10.6 

252 

288 

1 3.9 

12.3 

9.9 

1 0.7 

1 35 

1 26 

ns 

34.9 

32.5 

ns 9.8 

ns 10.4 

ns 320 
ns 338 

15.2 (") 
14.8 

1 5.7 

15.3 

243 

226 

516.5 686.5 • 

22.8 

17.7 

9.9 

8.9 

204 
156 

18.2 

16.9 

10.0 ns 

8.8 

1 83 

148 

ns 

14.9 

ns 

20.4 

1 1  

ns 

1 8  

3423 

1 1 .3 1 9.7 

ns ns 

9.8 2 1 .5 

41 25 

ns 

31 20 

16.0 

ns 

1 3.5 

33 

ns 

29 

ns 16.5 

26.9 

25 

ns 

(") 22 

8706 ns 9 1 32 9776 (*) 7456 

3718 3444 ns 4704 4437 ns 5933 

8.3 

ns 

1 1 .3 

43 

31 

7060 ns 

4064 

165.3 464.7 ns 475.8 539.9 n 386.7 375.1 ns 

ns ns 

340.3 292.6 ns 421 .9 374.0 (") 529.4 356.9 

44.5 

42.0 

1 1 .0 

7.8 

479 

345 

4.3 

2.6 

ns 9 . 1  

ns 3.9 

1 1 .5 ns 1 1 .7 

1 0.1 1 2.0 

50 

31 

ns 

ns 137 

ns 38 

6.3 

3.4 

1 1 .2 

9.3 

72 

3 1  

ns 9.3 

ns 4.2 

ns 

ns 

ns 

1 3.6 

10.6 

1 27 

ns 43 

3.9 

3.3 

1 5.2 

1 3.9 

47 

44 

ns 

ns 

ns 

ns 

ns 

ns 

1 730 1 281 

ns ns 

ns 1 1 1 5  

ns 1 59 

1523 1 346 ns 1426 (*) 

375 253 

ns ns 

34 1  248 

20.7 1 3.5 

30.3 2 1 .5 

1 8  26 
ns ns 

22 28 

6326 6641 

ns 253 

ns 

ns 323 

ns 12.9 

29.6 

ns 31 

(*) 
ns 24 

38 

2.6 

3 

(*) 

ns 7810 866 
7308 6882 ns 7 1 06  ns 

321.5 355.1 ns 396.3 

57.4 

640.6 599.5 ns 647.0 (") 

9.0 

9.4 

14.3 

1 1 .4 

1 39 

103 

6.6 

6.4 

9.0 

10.5 

60 
69 

ns 

ns 

6.6 

1 1 .0 

14.1  

13.7 

ns 96 

149 

1 .8 

ns 

1 .2 

ns 

28 

ns 

s.e. and test listed In the column of the right hand of the table refer to the standard errors of the least squares means and F test of ANOVA for this Interaction. sh: sheep, go: goats; veg: vegetative, rep: reproductive. 
LSD, and LSD, Indicate eOrT'4lansons between sheep and goats within the stage of maturity of each 10rage, and eOr11lansons between stages 01 each 10rage within animal species, respectively. BW, :  bite weight 1 (mgFMlblle); BW.: bne weight 2 
(mgDMlbHe); BW,: bHe weight 3 (mgDMILW""); BR: bHe rate (biles/min); IR.: Intake rate 2 (mgDM/mln); IR3: Intake rate 3 (mgDMILW""/mln); BD: bHe depth (em); SA: bite area (em'); BV: bile volume (em'). 
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Average bite weight 1 was 2 1 %  greater on legum inous than on gram ineous 

swards (Table 5. 1 3) ,  but bite weight 2 and bite weight 3 were 1 1  % and 1 0% smal ler. 

Th is was because dry matter content is usually h igher for grasses than legumes. 

Animals had faster biting rates, and consequently substant ially greater intake rates on 

legumes than grasses. Compared to legumes, animals had a far deeper penetration 

of the mouth into grass swards, but relatively smaller bite area. However, b ite volumes 

were substantial ly larger on grasses than legumes. The interaction of herbage category 

by animal species (Table 5 . 1 4) showed substantial effects on the bite weights and 

intake rates, but had l ittle impact on biting rate and bite dimensions. Sheep had larger 

average bite weights than goats on legum inous swards, but they had smaller average 

bite weights on gram ineous swards. The two stock classes exhibited sim i lar intake 

rates on grasses, but intake rates were greater for sheep than goats on legumes. 

Sheep had a substantially greater fresh bite weight on legumes than on g rasses, 

but this difference completely d isappeared in dry matter terms; whereas goats had a 

sim i lar fresh bite weight when grazing grasses and legumes, but in dry matter terms, 

Table 5.1 3 Comparison of ingestive behaviour variables of animals grazing the gramineous 
and leguminous swards 

Herbage Bite Bite Bite Bite Intake Intake Bite Bite Bite 
category weight 1 weight 2 weight 3 rate rate 2 rate 3 depth area volume 

(mgFM) (mgDM) (mgDMI (bites! (mgDMI (mgDMI (cm) (cm2) (cm3) 
LWO·75) min) min) LW0 75) 

Grasses 994 284 1 9 .5 24 5314  365 22.1 1 0 .9 232.3 

Legumes 1 253 257 1 7.7 28 6679 449 6. 1 1 2 .0 76.7 

s.e. 41  10 0.7 1 21 1 1 4.5 0.6 0.3 8 
test . . *  (*) (*) * * *  * * *  * * *  * * *  * * * .  

s.e. and test l isted at the bottom row of the table refer to standard errors of least square means 
and F test of ANOVA for animal species. 
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bite weight was much h igher on grasses than on legumes. Sheep obtained 

substantial ly greater intake rate 2 and intake rate 3 on legumes than on grasses, but 

these two variables did not d iffer sign ificantly between grasses and legumes for goats. 

The interaction of herbage category with stage of maturity exerted a significant 

effect on some variables, but had l ittle impact upon others (Table 5. 1 5) .  The increases 

in bite weight 1 and bite weight 3 with developing maturity were approximately parallel 

between grasses and legumes, but the increment for bite weight 2 was greater on 

grasses than legumes. Biting rate was reduced in both grasses and legumes as a 

consequence of increasing maturity. As pasture matured, animals tended to decrease 

intake rate 2 and intake rate 3 sign ificantly when grazing grasses, but increased 

sl ightly when grazing legumes. In both grasses and legumes, bite depth responded 

much more sensitively than did bite area to the increase in maturity, leading to a 

substantial increase in bite volume. However, the increases across the two stages of 

maturity in bite depth and bite volume were greater for grasses than legumes. In 

grasses, bite area decreased significantly with maturity, but l itt le variation was detected 

for legum inous swards. 

I n  vegetative swards, there was l ittle difference in bite weight 2 between grasses 

and legum es, but this difference was appreciable in reprod uctive swards. Animals did 

not d iffer significantly in bite rate when grazing vegetative swards of grasses and 

legumes, but they bit much faster on legumes than on grasses when grazing 

reproductive swards. There was no sign ificant d ifference in intake rate 2 and intake 

rate 3 between grasses and legumes when vegetative swards were grazed, but these 

two variables were substantially greater on legumes than grasses when reproductive 

swards were grazed. Bite depth was greater in grasses than in legumes,  particularly 

in the reproduct ive swards. Bite area did not d iffer between vegetative grasses and 

vegetative legumes, but on reproductive swards it was greater on legumes than on 

grasses. B ite vol ume was only one third that on grasses for both stages of legumes. 
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Table 5.1 4  I ngestive behaviour variables for the interaction between herbage 
category and animal species. 

Variables Animal Grass s.e· 1 LSD2 Legume s.e·2 Test 
species 

Bite weight 1 sheep 897 * 1 398 
(mgFM) LSD1 * * 

goat 1 091 58 ns 1 1 07 65 *** 

Bite weight 2 sheep 252 ns 283 
(mgDM) LSD1 * * 

goat 3 1 7 1 5  * 232 1 7  *** 

B ite weight 3 sheep 1 2.6 ns 1 4.9 
(mgDM/L y...f.75) LSD1 * * 

goat 26.4 1 .0 * 20.5 1 . 1 *** 

Bite rate sheep 25 30 
(bites/m in) goat 22 1 .2 26 1 .4 ns 

Intake rate 2 sheep 5309 * 7863 
(mgDM/m in) LSD1 ns * 

goat 531 8 296 ns 5494 331 *** 

Intake rate 3 sheep 269. 1 * 41 4.4 
(mgDM/LWO.75 LSD1 * * 

Im in) goat 460.9 20.3 ns 482.8 22.7 *** 

Bite depth sheep 23.0 6.8 
(cm) goat 2 1 .2 0.8 5 .5 0 .9 ns 

B ite area sheep 1 1 .2 1 2.6  
(cm2) goat 1 0.6 0.4 1 1 .4 0.5 ns 

B ite volume sheep 248.7 90.9 
(cm3) goat 2 1 5.9 1 1 .7 63.4 1 2.6  ns 

. s.e. 1 :  standard error of means for grasses; s.e.2: standard error of means for legumes; test listed 
in the column of the right hand of the table refers to F test of ANOVA for this interaction; LSD1 : Isd 
comparison between sheep and goats within herbage category; LSD2: Isd comparison between grasses 
and legumes within animal species. 
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Table 5.15 I ngestive behaviour variables for the interaction between herbage category and 
maturity stage 

Variables Stages Grass s.e. , LSD2 Legume s.e·2 Test 

Bite weight 1 vegetative 778 1 098 
(mgFM) reproductive 1 209 58 1 407 65 ns 

Bite weight 2 vegetative 1 86 ns 1 98 
(mgDM) LSD, * * 

reproductive 383 1 5  * 31 6 1 7  * 

Bite weight 3 vegetative 1 3.2 1 3.2 
(mgDMlLW·75) reproductive 25.8 1 .0 22.3 1 . 1 ns 

Bite rate vegetative 33 ns 33 
(bites/min) LSD, * * 

reproductive 1 4  1 .2 * 23 1 .4 *** 

I ntake rate 2 vegetative 589 1 ns 6376 
(mgDM/min) LSD, * ns 

reproductive 4736 299 * 6981 331 *** 

I ntake rate 3 vegetative 4 1 4. 1  ns 4 1 9.7 
(mgDMlLW·75 LSD, * (*) 
/min) reproductive 31 5.9 20.5 * 477.4  22.7 *** 

Bite depth vegetative 1 2.8 * 4.5 
(cm) LSD, • * 

reproductive 3 1 .4  0.8 * 7.9 0.9 *** 

Bite area vegetative 1 1 .5 ns 1 1 .6 
(cm

2
) LSD, * ns 

reproductive 1 0.3 0.4 * 1 2.4 0.5 * 

Bite volume vegetative 1 47.8 * 50.5 
(cm3) LSD, • * 

reproductive 31 6.7 1 1 .3 * 1 02 .9 1 2.6 * * *  

s.e. , :  standard error of means for grasses; s.e.2: standard error of means for legumes; test l isted in  the 
column of the right hand of the table refers to F test of ANOVA for this interaction; LSD, :  LSD 
comparison between the two stages within herbage category; LSD2: LSD comparison between grasses 
and legumes within maturity stage. 
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The h igh order interaction (Table 5. 1 6) was found to have sign ificant effects on 

bite weights and bite dimensions, but l ittle effect on bite rate and intake rates. In 

grasses, sheep and goats had sim ilar bite weight 1 when grazing vegetative swards; 

but when grazing reproductive swards, goats had a sign ificantly greater bite weight 1 

than sheep. On legumes, sheep obtained larger bite weight 1 than goats irrespective 

of stages. As the swards progressed from the vegetative to the reproduct ive stage, 

both sheep and goats tended to increase bite weight 1 ;  on legumes the two animal 

species had approximately parallel increases, but on grasses the magnitude of 

increase for sheep was substant ially smaller than that in goats. B ite weight 2 

reinforced the trend d isplayed in bite weight 1 except for the fact that goats had a 

simi lar dry matter bite weight to sheep on the reproductive swards of legumes. On 

legumes, bite depth and bite volume were consistently greater for sheep than goats, 

but bite area was only greater at the reproductive stage. For vegetative grass swards, 

sheep had a sim i lar bite area to goats, but greater bite depth and consequently greater 

bite volume; on reproduct ive grass swards, the two animal species did not exh ibit 

sign ificant differences in bite depth and bite area, despite sign ificantly l ighter bite 

weights for sheep compared to goats. 

5.3.3 Multivariate analysis of variance (MANOVA) and multiple 

discriminant function (MDF) 

The data sets were evaluated, using MANOVA and MDF, to overview the gross 

response patterns of the variat ions in sward variables and in behaviour  variables, 

respectively. 

The calcu lated scores of the different treatments are presented in Appendix 5.2. 

The truncation probabi l it ies for clusters are given in Appendix 5 .4. Appendix 5.3 

i l l ustrates dendrograms showing cluster hierarchy of d iscrim inant scores. 

As mentioned before (Section 5.2.3) ,  in the current study the two mu lt iple 

d iscrim inant functions usually cou ld reach a 70-80% cumulative proportion , a 

suggested satisfactory parsimonious criterion in this study. I n  th is case, for the set of 

sward variables, a histogram for the first d iscrim inant function (MDF 1 ) and a scatter 

plot for the combinat ion of both the first and second d iscrim inant functions (MDF1 and 



Table 5.1 6 Ingestive behaviour variables for the second order interaction between herbage category, maturity stage and animal species. 

Variables Animal Grass Legume Test 
species 

vegetative LSD1 reproductive s.e·1 vegetative LSD2 reproductive s.e·2 

Bite weight 1 sheep 786 (*) 1 008 1 282 (*) 1 51 4  

(mgFM) LSD3 ns * (*) (*) 
goat 771 

* 
1 4 1 0  82 9 1 4  

* 
1 301 92 (*) 

Bite weight 2 sheep 1 87 
* 

3 1 7  234 
* 

332 

(mgDM) LSD3 ns * * ns 
goat 1 85 

* 
449 2 1  1 63 

* 
301 23 

* 
Bite weight 3 sheep 9.7 1 5.5 1 2.3 1 7.4 

(mgDMlL W075) goat 1 6.7 36. 1  1 .4 1 4.0 27. 1 1 .6 ns 

Bite rate sheep 35 1 4  36 25 

(bites/min) goat 31 1 3  1 .7 30 22 1 .9 ns 

Intake rate 2 sheep 6296 4322 8046 7681 

(mgDMlmin) goat 5485 5 1 50 4 1 9 4707 6281 468 ns 

Intake rate 3 sheep 329 
* 

2 1 0  434 ns 395 

(mgDMlLW0 75/m LSD3 
* * ns * 

in) goat 499 (*) 422 28 406 560 32 (*) 
Bite depth sheep 1 3.6 

* 
32. 1  5. 1 8.5 

(cm) LSD3 
* ns * (*) 

goat 1 1 .6 
* 

30.9 0.6 3.9 7 . 1  0.7 

Bite area sheep 1 1 .8 ns 1 0.6 1 1 .7 1 3.4 

(cm2) LSD3 ns ns ns * (*) 
goat 1 1 .2 ns 1 0.0 0.6 1 1 .4 1 1 .4 0.7 

Bite volume sheep 1 62.0 
* 

340.3 57.3 1 22.7 

(cm3) LSD3 
* (*) * * 

goat 1 33.7 
* 

309 . 1  1 2.0 43.6 83.2 1 3.0 (*) 
s.e. 1 :  standard error of means for grasses; s.e.2: standard error of means for legumes; test l isted in the column of the right hand of the table refers to 
F test of ANOVA for this interaction; LSD 1: LSD comparison between the two stages within grass category; LSD2: LSD comparison between the two stages 
within legume category; LSD3: LSD comparison between sheep and goats within herbage category. 
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MDF2) are presented. For the set of ingestive behaviour variables, where appropriate 

two histograms for MDF1 and MDF2 separately, and a scatter plot using both MDF1 

and MDF2 are presented. 

5.3.3. 1 Set of sward variables 

For un ivariate val idity, the variables of the same data set entering into 

m ultivariate analysis should not be highly correlated (Cooley & Lohnes, 1 97 1 ; Morrison , 

1 976) . If the inter-dependence approaches a correlation of 1 ,  the matrix also 

approaches reduced rank, and the solut ion becomes unstable (Searle, 1 966; Morrison, 

1 976). 

In  un ivariate analysis of the sward attributes, twelve variables derived from the 

point-quadrat measurements and eight variables of other measu rements (gross 

structural characteristics) entered into the analysis. In the mu lt ivariate analysis, these 

variables were classified into two groups: the variables of the complete sward profile 

( 1 2  variables), and the variables of the grazed stratum (8 variables) . Because of the 

above reasons, these variables were screened. 

Among the twelve variables of the complete sward profi le, seven variables were 

selected, top surface height, mass bulk density (mg D M/cm3) ,  herbage mass (g 

DM/m2) ,  leaf percentage, leaf frequency bulk density (number of leaf h its per 2 cm 

band), stem frequency bulk density (number of stem h its per 2 cm band) and 

percentage of l ive material .  Other variables were either ignored or combined into the 

selected variables. Leaf layer depth was om itted because it was derived from the 

d ifference between leaf surface height and stem height, and stem height was also 

om itted because of m issing values in some treatments (Section 3.2.7.8). The 

seed head frequency bulk density (number of seedhead h its per 2 cm band) was 

amalgamated into stem frequency bulk density, becoming stem + seedhead frequency 

bulk density. Because the summation of seed head proportion , stem proportion and 

leaf proportion is unity after the leaf proportion was taken into account, stem + 

seed head proport ion could be discarded . 

Simi lar integration was applied to the variables of the grazed strata. Six 

variables were entered: mass bulk density of the grazed stratum,  herbage mass in the 

grazed stratum, leaf percentage of the grazed stratum, leaf frequency bulk density of 
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the grazed stratum, stem frequency bulk density of the g razed stratum and l ive 

material percentage of the grazed stratum. 

5.3.3. 1 . 1  The variables of the complete sward profile 

As expected, for this set of attributes there were no sign ificant effects of animal 

species or of any interactions with this main effect. 

Table 5. 1 7  i l lustrates details of the discrim inant functions and summarizes the 

important statistics of the corresponding functions at levels of the main effects of 

forage and stage of growth and the interaction between them . 

There was a h ighly significant difference between the two stages of maturity 

(Table 5 . 1 7). Th is function was named as "height determ inerN , reflecting ( 1 )  a 

prevai l ing positive contribution of the sward surface height, and (2) a moderate 

negative contribut ion of the leaf frequency bulk density to the score. The score of the 

reproductive stage was much higher than that of the vegetative stage (309.01 vs. 

1 .09). Th is indicates that sward height substantially increased, whereas leaf frequency 

bulk density substantially decreased, with advancing maturity of forages. 

The forage species effect was highly significant (Table 5. 1 7). 

M DF1  (Table 5. 1 7) was named as "height determiner" , indicating that the 

surface height of the sward was the dom inant effect, and the stem + seedhead 

frequency bulk density and mass bulk density also made s ign ificant negative loading 

to the score. 

The pattern shown in Fig. 5.1 A principally reflects the variat ion in sward height 

( increasing with scores), and in mass bulk density and stem + seedhead frequency 

bu lk density (decreasing with scores). The legum inous swards were generally shorter, 

but denser than gramineous swards. Tahora and phalaris d istributed at opposite ends 

of this spectrum and represented the two extremes of the variation. 

MDF2 (Table 5. 1 7) was named as Uheight-density determiner", reinforcing the 

importance of the variables reflected in MDF1 though there were opposite signs for 

some variables. Fig. 5. 1 B displays an ordination with a clear d istinction between 

legumes and grasses. The n ine forages cou ld be classified into the three clusters 

(Fig. 5 . 1  B, Fig. 1 of Appendix 5.3 and Table 1 of Appendix 5 .4) .  
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Table 5.1 7 Structural coefficients (correlations), standardised coefficients and summary of important statistics of the multiple discriminant functions 
(MDF) at various levels of the treatments for sward variables of entire profi le. 

Main effect and i nteraction Forages Stages Forages x Stages 

Function MDF1 MDF2 MDF1 MDF1 MDF2 

Coefficient correlation standardised correlation standardised standardised correlation standardised correlation standardised 

Top height (cm) 0.986 3.377 0. 133 4.526 4.371 0.963 6.077 0.259 -0.951 

Mass bulk density -0.948 -0.821 0.206 2.781 0.007 -0.222 1 .738 -0.205 - 1 .906 
(mgDMlcm3) 

mass of turf (gDMlm2) 0.020 0. 1 29 0. 151 - 1 .830 -0.080 0. 1 45 -1 .544 0.8 13  1 .792 

Leaf % 0.940 0.448 -0.040 1 .204 0.2 1 0  -0.627 0.0 1 9  0.547 0.787 

Leaf frequency bulk density -0.052 -0. 1 33 0.068 -0.755 - 1 . 1 45 -0.643 -0.532 -0.659 - 1 . 1 58 
(hitsl2 cm band) 

Stem+seedhead frequency -0.968 -1 .2 1 2  0.214  2 .241 0.21 1 0. 1 20 0.461 -0.959 - 1 .300 
bulk density (hitsl2cm band) 

Live material % -0.582 -0.272 -0.362 -0.500 -0.1 49 -0.344 -0.204 -0.369 -0.393 

Eigen value 24. 1 74 2 .022 1 3.867 4.344 2 .099 

Discriminatory power 0.832 0.070 1 0.596 0.288 

Significant test of the *** *** * * *  * * *  * * *  

discriminant function 

Cumulative discriminatory 0.901 1 0.885 
power 

Wilks' Lambda Test * * *  * * *  * * *  

MDF1 and MDF2: discriminant functions one and two. Because there were only two levels in maturity stage, one discriminant function could account for 1 00% of 
dispersion, and al l  the correlation coefficients are +1 or - 1 . Therefore, only standardized coefficients are shown in this table for maturity stage. 
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Fig 5.1 Scores of nine forages for sward attributes of entire profiles 
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The interaction of forage with stage of maturity was also found to be highly 

sign ificant (Table 5. 1 7) .  As for the forage main effect, MDF1 is a "height determ iner" .  

The pattern shown in Fig. 5 .2A was characterized by (1 ) vegetative swards of legumes 

and reproductive swards of grasses distributed at opposite ends of the spectrum,  and 

(2) reproductive swards of legumes overlapped with vegetative swards of grasses. 

Th is reflects an increasing trend in height from vegetative legumes, vegetative grasses 

and reproductive legumes and reproduct ive grasses. In terms of the scores of th is 

function, vegetative browntop (Vbr) was more sim i lar to reproductive Tahora (Rth) and 

Kopu (Rkp) than to other vegetative grasses, reflecting the fact that vegetative 

browntop was a very short pasture compared to other vegetative grasses. The 

positions of reproduct ive swards of lotus (Rlt) and red clover (Rrc) in the ordination on 

the X axis reflected that they were relatively tal l  swards compared to other legumes, 

and even taller than some of vegetative grasses. 

In th is forage x stage interaction, MDF2 is a "mass determ iner" ,  showing a 

contrast between bulk densities ( irrespective of mass bulk density or frequency bulk 

density) and herbage mass. In MDF2 (Fig. 5.28) , the general trend along the Y axis 

was sim ilar to that in MDF1 . This trend reflects a spectrum of increasing mass and 

decreasing bulk density of the whole profi les with the rise in scores from vegetative 

legumes to reproductive grasses. Vegetative Tahora was at one end due to the 

h ighest density (Table 5.4) ,  and reproductive browntop was at the other end due to the 

h igh herbage mass (Table 5.4). 

Classification of the eighteen forage x stage combinat ions into s ix clusters was 

appropriate (Fig. 5.28, Fig. 2 of Appendix 5 .3 and Table 2 of Appendix 5.4) .  In 

F ig .  5 .28,  vegetative browntop fell into the cluster which was composed principally of 

vegetative and reproduct ive legumes. Reproduct ive red clover and lotus were 

separated from the other legumes, together with two other vegetat ive grasses, forming 

one cluster due to a simi lar MDF1 score, reflecting a sim ilar height of these swards 

despite a variation in herbage mass and densities. Reproduct ive phalaris was isolated 

from the others because of the h igh MDF1 score reflect ing extreme height. 

5.3.3. 1 .2 The variables of the grazed strata 

Although this set of variables were found to be Significantly affected by al l  main 

effects and their fi rst and second order interactions, it would only be sensible to 
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Fig 5.2 Scores of forage x stage for sward attributes of entire profiles 
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exam ine them at the levels of the two main effects (forages and stages) , and their 

interaction because the variation in this set of variables for the main effect, animal 

species (e.g the swards respectively grazed by sheep and goats) only represented a 

d ifference in the grazed depth between the two animal species, rather than the sward 

characteristics per 5e. Therefore, the animal species effect and any interactions with 

th is effect were ignored in presenting this set of variables. 

There was a h ighly significant difference in th is set of attributes between the two 

stages of maturity (Table 5 . 1 8) .  This function was named as "mass/leaf contrast" , 

determ ined as a contrast between a summation of leaf percentage and leaf frequency 

bulk density, and herbage mass of the grazed stratum. The score of the reproduct ive 

stage was far h igher than that of the vegetative stage (97 . 33 vs. 0.67) , as was the 

case for the whole sward. Th is showed that herbage mass of the grazed stratum 

substantial ly increased, whereas the leaf proportion and leaf frequency bulk density in 

the grazed stratum substantially decreased, as forages matured. 

The forage effect was highly sign ificant (Table 5 . 1 8) .  The MDF1 was named 

as "stem+seedhead frequency bulk denSity/mass contrast" (Table 5 . 1 8) ,  interpreted as 

a contrast between a summation of stem+seedhead frequency bulk density and l ive 

material percentage, and herbage mass of th is stratum. F ig .  5.3A shows a clear 

pattern with legumes having higher scores than grasses in MDF1 , contrary to MDF1 

of the entire profi le (Section 5.3.3. 1 . 1 ) . Th is indicates that in the grazed stratum, the 

leguminous swards usually had h igher stem+seedhead frequency bulk density and l ive 

material percentage than gram ineous swards (the reason for this is given in section 

5 .4.2 of "Discussion") ,  whereas gramineous swards had more herbage mass than 

leguminous swards in the grazed stratum. 



Table 5.1 8 Structural coefficients (correlations) ,  standardised coefficients and summary of important statistics of the multiple discriminant functions 
(MDF) at various levels of the treatments for sward variables of grazed stratum. 

Main effect and i nteraction Forage Stage Forage x Stage 

Function MDF1 MDF2 MDF1 MDFl MDF2 

Coefficient correlation standardised correlation standardised standardised correlation standardised correlation standardised 

Mass bulk density of grazed 0.757 0.254 0.460 0.282 -0.054 0.443 0. 1 79 -0.027 -0.046 

stratum (mg DM'cm3) 

Herbage mass in grazed -0.848 -0.927 0.236 0.2 1 7 0.944 -0.674 - 1 . 1 00 -0.604 -0.714 

stratum (g DM'm2) 

Leaf % grazed stratum -0.61 6  0.331 0.642 -0.065 - 1 .024 0.368 1 .665 -0.666 -0.902 

Leaf frequency bulk density 0.454 0.369 0.882 1 .938 - 1 . 1 46 -0.605 -1 .501 0.587 1 .304 

of grazed stratum (hitS/2 cm 
band) 

Stem+seedhead frequency 0.960 1 .453 -0.009 -0.306 0.380 0.634 1 .368 0.378 0 .071 

bulk density of grazed 
stratum (hitS/2 cm band) 

Live material % of grazed 0.740 0.6 1 5  -0.445 -0.554 -0. 1 93 0.335 0.453 0.781 0 .853 

stratum 

Eigen value 2.738 1 . 1 01 6.843 1 .043 0.75 9  

Discriminatory power 0.620 0.249 1 0.448 0.326 

Significant test of the *** *** *"* *"* " "" 

discriminant function 

Cumulative discriminatory 0.869 1 0. 773 

power 

Wilks' Lambda Test *"" *"" *** 

MDF1 and MDF2: discriminant functions one and two. Because there were only two levels in maturity stage, one discriminant function could account for 1 00% of 
dispersion,  and al l  the correlation coefficients are +1 or  -1 . Therefore, only standardized coefficients are shown in this table for maturity stage. 
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MDF2 was named as " leaf frequency bulk density determiner" reflect ing a 

positive dom inant effect of leaf frequency bulk density (Table 5. 1 8 ) .  The nine forages 

cou ld be classified into fou r  clusters (Fig. 5.38, Fig. 3 of Appendix 5.3 and Table 3 of 

Appendix 5 .4) . I n  Fig. 5 .38, exclusion of red clover from other legumes, and of 

b rowntop and cocksfoot from other g rasses, was because of their h igh scores in 

MDF2, reflected h igh leaf frequency bu lk dens ity. The ordination of the scores in 

M DF2 (Fig. 5.38) indicates that leaf frequency bu lk dens it ies were the lowest in 

phalaris and prairiegrass, but the h ighest in red clover, browntop, cocksfoot. Tahora 

and Kopu. 

There was a h igh ly s ignificant interaction between forage and stage of maturity 

(Table 5 . 1 8). MDF1 was named as "stem+seedhead frequency bu lk  density/herbage 

mass contrast", indicating a contrast between a summation of leaf percentage and 

stem+seedhead frequency bulk density, and a summation of herbage mass and leaf 

frequency bulk density. The pattern of the scores in th is M DF (Fig. 5.4A) was erratic, 

reflecting the fact that there were no clear contrasts between grasses and legumes in 

the grazed horizon at d ifferent stages of maturity. 

MDF2 was named as "mass+leaf%/l ive%+leaf frequency contrast" (Table 5 . 1 8), 

indicating a contrast between a summation of leaf frequency bu lk density and l ive 

material percentage and a summation of leaf percentage and herbage mass (Table 

5. 1 8). The eighteen treatments of this interaction cou ld be classified into six clusters 

(Fig. 5.48, Fig. 4 of Appendix 5.3 and Table 4 of Appendix 5 .4). I n  Fig. 5 .48, the high 

score of vegetative red clover in MDF2 and low scores of reproduct ive browntop in 

both MDFs gave rise to separations from other forages. Vegetative red clover had 

h igh leaf frequency bulk density in the upper layer of the sward, and reproduct ive 

browntop had h igh herbage mass in the grazed horizon. 

5.3.3.2 Set of behaviour variables 

Among the nine ingestive behaviour variables exam ined in the univariate 

analyses, some were the primary variables (bite weight 1 ,  b ite rate, bite depth and bite 

area) which were directly measured (Section 3.2.7) from the experiment, and others 

were the secondary (first order) variables (bite weight 3, intake rate 2 ,  intake rate 3 

and b ite volume) which were algebraical ly derived from the direct measurements 

(Section 3.2.7) .  The fou r  primary variables were preferred to work with in m ultivariate 
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Fig 5.4 Scores of forage x stage for sward attributes of the grazed strata 

A Histogram in MOFl 

t 
• legumes 
• grasses 

8 25 

t 
"0 

] 

0 ---- .... .... - - - - "- .... - - - - - "- "- "- '--
RbIRphVrcRckVckVbIRpgVthRryRrcVkpVryVltVphRthRlsRkpVpg .-----..... 

Combinations of forages and stages �� �;:� 

B Plot in 2 MOFs (see Fig.4 of Appendix 5 .3 and Table 4 of 
Appendix 5.4 for clustering) 

kp kopu wc 
It lotus 
ph phalaris 
pg prairiegrass 
rc red clover 
ry ryegrass 
th tahora wc 

50 ,...------....... --------------....... --...... V vegetative 
j t:rC'l R reproductive 

1 45 V 
·f 40 
-8 
] 35 

r 30 

1 25 
l 
� 20 � 

11 1

1

0

5 

....., 

* reproductive grasses 
* re�uctive legutnes 

§ 5 • vegetative grasses 

� br • vegetative legutnes 
O �*��-----------------��--------------� 

5 10 15 20 25 30 
MDP! (str:m+seedhead frequency bulk dcnsity/mass cootrast) 



1 56 

analysis because of the fol lowing facts. ( 1 ) Logical ly, a l l  the information in the 

secondary variables were contained in the primary variables, and the common use of 

the secondary variables in some studies was because of an attem pt to tackle a 

m ultivariate problem by using an univariate approach. And (2) as stated before, the 

combination of primary and secondary variables into one dispersion matrix may resu lt 

in an i ll -conditioned matrix, making it impossible to solve the eigenstructure 

(Searle, 1 966). 

However, in this m ultivariate analysis, it is appropriate to take both bite weight 

1 and bite weight 2 into account because of the fol lowing reasons. A lthough bite 

weight 2 was a secondary variable, obtained by mu lt iplying bite weight 1 by the 

corresponding dry matter per cent (Section 3.2.7 of Chapter 3), there was not 

necessari ly a paral lel pattern between the two terms of b ite weight across all swards 

due to a great variation in dry matter content across forages and across stages of 

maturity within forage. That is, there was not necessarily a d irect causal ity in bite 

weight between fresh and dry matter terms across forages and across stages. Thus, 

care should be taken to define clearly what term is being referred to in assessing bite 

weight. A lgebraically, this procedure was valid because of the fact that the overal l  

s imple correlation ( r) between bite weights 1 and 2 was 0.7 1  (Table 1 of  Appendix 5.5) , 

leading to l ittle r isk of increasing " i l l-condition" of the dispersion matrix. 

In this case, there were five behaviour  variables in total (four  primary variables 

and bite weight 2) entering into the analysis. Table 5 . 1 9  gives detai ls of the 

d iscrim inant functions for the treatments at the various levels (main effects and 

interactions) and summarizes the important statistics of the corresponding functions. 

5.3.3.2.1 Main effects 

There were h ighly significant d ifferences between the treatments for the main 

effects, animal species, forage and stage of maturity (Table 5. 1 9) .  

For animal species, MDF1 was named as  "fresh/dry contrast" (Table 5 . 1 9) ,  

interpreted a s  ( 1 )  a contrast (opposite sign) between bite weight 1 and bite weight 2, 

and (2) bite depth also was an important attribute in making a significant loading to the 

score. Feature one impl ies that the animals tending to harvest herbage in a larger 
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Table 5.1 9  Structural coefficients (correlations), standardised coefficients and summary of i mportant statistics of the discriminant functions at various levels o f  the treatments for behavioural 
variables. 

Effect and Animal Forages Stages Forages x Stages Forages x Animals Animals Second order interaction 
interaction species x Sages 

Function MDF1 MDF1 MDF2 MDF1 MDF1 MDF2 MDF1 MDF2 MDF1 MDF1 MDF2 

Coefficient stand- corre- stand- corre- stand- stand- corre- stand- corre- stand- corre- stand- corre- stand- stand- cone- stand- corre- stand-
ardized lation ardized lation ardized ardized lation ardized lation ardized lation ardized lation ardized ardized lation ardized lation ardized 

Bite weight 1 3 .31 8  -0.686 -2.956 -0. 1 51 3.374 -2.975 0. 1 99 -2.21 1  -0.677 1 .848 0.866 2.387 0.491 -0. 1 1 9 - 1 .879 0.860 - 1 .835 0.227 - 1 . 1 92 
(mgFMlbite) 

Bite weight 2 -3.984 0.351 3.057 -0.731 -4.666 3.594 0.473 2 .260 -0.720 -3.408 0.787 - 1 .444 0.565 0.767 3.653 0.896 3.045 0.3 1 0  2.292 
(mgDMlbite) 

Bite rate 0.661 -0.598 -0.270 0.01 9  -0. 1 99 -0.558 -0.809 -0. 5 1 9  0.398 0.090 0.584 0.958 -0.796 - 1 .066 0.807 -0.587 -0.506 0.754 1 .359 
(bites/min) 

Bite depth (cm) 1 . 1 38 0.965 2.8 1 3  0.258 1 .801 2.262 0.982 2.985 0. 1 23 1 .2 1 3  0.641 0. 1 83 0. 1 44 0. 1 23 -0.443 0.753 1 .375 -0.226 -0.823 

Bite area (cm� 0.561 -0.558 -0. 1 3 1  0.033 0.304 -0.203 -0.064 -0.065 0.674 0.835 0.302 -0.051 0.7 1 1 0.277 -0.602 0.455 -0. 1 26 0.795 0. 1 58 

Eigen value 0.237 1 1 .069 1 .743 6.809 2.83 1 0.626 0.309 0. 1 1 5 0. 1 60 0. 1 1 4 0.091 

Discriminatory power 0.837 0. 1 32 0.733 0. 1 62 0.540 0.201 0.428 0.341 

Significant test of the * .. (*) (*) 
discriminant function 

Cumulative 0.969 0.895 0.740 1 0.769 

discriminatory power 

Wilks' Lambda Test (*) 

MDF 1 and MOF2: multiple discriminant functions one and two. Because animal species and maturity stage are two-level effects. and degree of freedom of the interaction between animal species 
and stage is 1 ,  one discriminant function could account for 1 00% of dispersion. and all the correlation coefficients are positive or n egative one. Therefore. the correlation coefficients are not shown in  

this table for  these effects. 
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fresh matter bite weight (bite weight 1 )  had h igh scores, and vice versa, whereas the 

animals tending to harvest herbage in a large bite weight of dry matter (bite weight 2) 

had low scores (because its coefficients had a negative sign) ,  and vice versa. Feature 

two implies that the animals attempting deep bites obtained a high score, and vice 

versa. The score was much h igher for sheep than goats ( 1 5 .53 vs. 0.48). This 

indicates that when a wide range of swards (9 forages x 2 stages) were provided, 

sheep usual ly obtained a large bite weight through penetrat ing very deeply into swards 

with low dry matter content (succulent herbages). Conversely, goats usual ly obtained 

large bite weights through shallow browsing in swards with high d ry matter content 

( less succu lent herbages). 

For the stage of maturity (Table 5. 1 9) ,  MDF1 was named as "dry+depth/fresh 

contrast" ,  interpreted as ( 1 )  a contrast between bite weight 1 and a summation of bite 

weight 2 and bite depth, (2) bite rate also made some contribution to the scores. This 

impl ies that the stage of maturity a llowing animals to have large fresh matter b ites and 

fast b ite rate had low scores, whereas the maturity stage a l lowing  an imals to have 

large dry matter bites and deep bites had high scores. The score for the reproduct ive 

stage was far h igher than that for the vegetative stage ( 1 29.31 vs. 5.48). Th is 

indicates that on the vegetative swards, animals could usually obtain large bite weights 

in fresh matter terms (though not necessarily in d ry matter terms),  and harvest herbage 

at a fast rate as a consequence of less t ime spent manipulating and chewing the 

harvested herbage. On reproduct ive swards animals usual ly could obtain deep bites 

and large bite weights in d ry matter terms, and had to spend more t ime manipu lating 

and processing the harvested herbage, resu lt ing in a slow biting rate. 

For the main effect, forage, the scores were calculated for both funct ions (Table 

1 of Appendix 5.2) .  The h istogram and scatter plot are shown in Fig. 5.5. 

The first d iscrim inant function (MDF1 ) was named as "depth determiner" 

characterized by two aspects. The first aspect was determined as a contrast (opposite 

sign of the standardised coefficients, implying opposite loading to the scores of the 

n ine forages) between a summation of bite depth and bite weight 2 ,  and bite weight 1 ,  

even though the importance of each attribute being reflected by the absolute value of 

its coefficient was not equal . The second aspect emphasized that bite depth was a 

dominant variable of th is funct ion (high values in both sets of coefficients) .  The first 

characteristic indicates that the forages enabling animals to have deep penetration and 
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containing h igh percentage of dry matter content had h igh scores, and those al lowing 

animals  to harvest a great fresh matter intake per bite had low scores. The second 

characteristic showed that bite depth was a prevai l ing attribute among the five selected 

attributes in d iscrim inating the n ine forages, in terms of their scores. 

Fig. 5 .5A d isplays a clear pattern in terms of the scores of the n ine  forages in 

MDF1 . Legumes and grasses were d istributed at opposite ends of the spectrum of 

score variation with Tahora and phalaris placed at the two extremes. Th is 

demonstrates that on gramineous swards animals general ly had a deep bite and the 

herbage harvested usual ly had a h igh dry matter content, whereas on legum inous 

swards animals usual ly had large fresh matter intake per bite with low dry matter 

content, and shal low bite depth. Animals had the deepest and shal lowest bites on 

phalaris and on Tahora, respectively. 

The second d iscriminant function (MDF2) was named "dry matter determ iner" 

(Table 5 . 1 9) ,  interpreted as ( 1 ) a contrast between bite weight 1 and bite weight 2 ,  and 

(2) bite depth also had a significant loading to the score. Feature one impl ies that the 

herbages allowing  animals to harvest fresh matter intake in large mouthfu ls, led to high 

scores; conversely, those al lowing an imals to obtain a great bite in d ry matter terms 

led to low scores. Feature two means that the penetration of the mouth into swards 

also played a significant role in d iscriminating among the n ine forages. 

In Fig. 5 .58, a general  separation of legumes from the grasses with the 

exception of browntop was a reflection of the variation in bite depth across them , being 

shallow on legumes (low score) and deep on grasses (high score). 8rowntop obtained 

the lowest score in MDF2 because it allowed animals to harvest a large bite weight of 

d ry matter (Table 5.8). 

Fig. 5 of Appendix 5 .3 and Table 5 of Appendix 5.4 showed that the n ine 

forages could be classified into four  clusters shown in Fig. 5 .5C. Table 5.20 

summarizes details of each cluster, and the associated information . The score of 

MDF1  decreased from cluster 1 to cluster 4, and the score of M DF2 generally 

decreased from cluster 1 to cluster 3, but increased from cluster 3 to cluster 4. 

Cluster 1 mainly reflects that phalaris allowed animals to have a extremely deep 
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Table 5.20 Summary of behaviour variables for each cluster and the associated information 
of four clusters for main effect, forages. 

Clusters Components Scores of 
of clusters discriminant Means of variables for each cluster 

functions 

1 2 SW1 SW2 SR SO SA OM% 

1 Phalaris 77.43 48.81 892 226 28 29.9 9.5 25.34 
b b ab a c 

s.e. 1 07 30 2 .7 1 .8 0.7 

2 Ryegrass 5 1 . 63 26.81  1 004 276 22 1 9.9  1 1 .6 27.49 
Cocksfoot b b b b ab 
Prairiegrass 
s.e. 6 1  1 7  1 .5 1 .0 0.4 

3 Srowntop 50.77 5.90 1 08 1  359 28 1 5.9 1 0.2 33.21 
ab a ab b bc 

S.e. 1 09 3 1  2 .7  1 .8 0.7 

4 Tahora 2.83 1 2.53 1 253 257 29 6. 1 1 2.0  20.51  
Kopu a b a c a 
Red clover 
Lotus 
s.e. 51 1 4  1 .3 0.8 0.3 

F of ANOVA * *  * " "** ** 

s.e. : standard error of means; F of AN OVA: F test of ANOVA among clusters; means with 
the same letters within each variable are not significant for this variable across four  clusters. 
DM%: ratio of BW2 to BW1 with in each cluster. 

BW1 : bite weight 1 (mg fresh matter/bite) ; SW2: bite weight 2 (mg dry matter/bite); SR:  bite 
rate (bites/min) ;  SO: bite depth (cm); BA: bite area (cm2) . 

The above notes also apply for Tables 5.21 - 5.23 .  

penetration of the head into the swards. However, only smal l  mouthfuls were obtained 

in th is forage, in  both fresh and dry matter terms.  Because the swards of th is forage 

were extremely tal l  (Table 5.4) and pseudostems and stalks were very wel l  developed 

and hence very stiff and rigid at the t ime when they were g razed, animals selectively 

defol iated leafy components and left the stemmy parts ungrazed with in  the defined 

g razed strata, leading to a l im ited herbage intake per bite in spite of deep penet ration. 

Animals grazed the swards of cluster 2 in a fash ion characterized by a moderate b ite 
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depth ,  and a moderate fresh matter per mouthful with a median dry matter content. 

The small score of cluster 3 in MDF2 was a consequence of the fact that when grazing 

browntop animals could harvest very heavy bite weights in dry matter terms,  a lthough 

this was not necessarily very large in fresh matter terms. I t  is indicated in cluster 4 

that penetration of the mouth when animals grazed these forages was very shal low 

due to proxim ity to soil surface, and animals achieved very large mouthfu ls of fresh 

m atter, but only moderate dry matter loading because of the succu lent characteristic 

of these forages. 

5.3.3.2.2 The first order interactions 

The interaction of forage by stage of maturity was h ighly sign ificant (Table 5 . 1 9) .  

MDF1  is a "bite depth determiner" (Table 5 . 1 9) ,  interpreted as a contrast 

between a summation of bite depth and bite weight 2, and a summation of bite weight 

1 and bit ing rate,  and (2) a paramount determinant of bite depth. These features 

indicate that large bite weight 2 and deep bites led to a h igh score, and vice versa; on 

the other hand, heavy fresh matter intake per bite and fast biting rate led to a low 

score, and vice versa; among these, bite depth m ade the most significant loading to 

the score. 

I n  Fig. 5 .6A, vegetative swards of legumes (VL) and reproductive swards of 

g rasses (RG) were separately distributed at the two ends of the spectrum (with the 

exception of vegetative browntop (Vbr)) , and there was a cont inuum between these 

two extremes, being basically sequenced as VL (vegetative swards of legumes) , RL 

(reproduct ive swards of  legumes), VG (vegetative swards of g rasses) and RG 

( reproductive grasses) with increasing score. On VL, animals d isplayed a very shal low 

bite depth due to proxim ity to the soil surface and harvested herbage at a fast rate. 

On RG, they exh ibited a very deep bite with slower biting rate; animals also could 

obtain h igh d ry matter intake per bite, even though this was not necessari ly the case 

in fresh matter terms .  Animals responded to RL and VG in an intermediate manner. 

They dealt with vegetative brown top in a fashion characterized by relatively shallow 

b ites and very fast biting rate (Table 5 . 1 1 ) , which is more simi lar to behaviour on 

legumes than other grasses. I n  this interaction, the d iscrim inat ion is reflected first by 

a clear-cut d istinction between legumes and grasses, and then by a further dist inct ion 

between the two stages of maturity within grasses and within legumes. 
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MDF2 is a "dry matter determ iner" (Table 5 . 1 9) ,  interpreted as ( 1 ) a contrast 

between a summation of b ite weight 1 and b ite depth, and b ite weight 2 ,  and (2) a 

paramount determinant of b ite weight 2 .  These features indicate that the swards 

a l lowing an imals to obtain heavy fresh matter intake per b ite through deep penetration 

gave rise to a h igh score, whereas the swards al lowing animals to obtain heavy b ites 

in d ry matter terms gave rise to a low score; also b ite weight 2 made the h ighest 

contribution to the score. 

The d istribution pattern of MDF2 with respect to the e ighteen combinations 

(Fig. 5 .68) was characterized general ly by a d istinct ion between legumes (low score) 

and grass (high score) , and by a lower score for reproductive than vegetative stages 

within legumes and a m ixture of the two stages within grasses. The fact that animals 

obtained largest d ry matter intake per bite (Table 5. 1 1 ) when grazing reproductive 

swards of browntop, brought about a very low score of reproductive browntop in MDF2. 

For the reproductive phalaris, the h igh score reflected extremely deep b ites and 

extremely low b ite weight in both fresh and dry matter terms .  

D ivision of the eighteen treatments (9 forages x 2 stages comb inations) into s ix 

clusters (Fig . 5 .6C) was appropriate (Fig. 5 .6C, see Fig. 6 of Appendix 5 .3 and Table 

6 of Appendix 5 .4 for clustering). Table 5.2 1 g ives detai ls of the informat ion on these 

s ix clusters. 

Cluster 1 comprises herbages which were handled by moderately large fresh 

m atter intake per b ite. I n  c luster 2 ,  the lowest MDF2 score was a net consequence 

of counterbalancing from three variables: relatively shallow b ite depth wh ich led to low 

score, relatively great b ite weight 1 which led to h igh score, and moderate bite weight 

2 which led to low score. Cluster 3 had a moderately low MDF1 score and a 

moderately h igh MDF2 score. Exclusion of reproductive prair iegrass (cluster 4) from 

cluster ' 5 was attributable mainly to shallow b ite depth, compared with other 

reproductive grasses of cluster 5, because some animals were keen to eat the 

seedheads of reproductive prairiegrass. Cluster 5 had a relatively h igh MDF1 score 

and a moderate MDF2 score. A separation of reproductive phalaris (cluster 6) from 

other reproductive grasses was ascribable principal ly to extremely deep b ites, leading 

to the h ighest MDF1 score. Forage dry matter percentage increased from cluster 1 

to cluster 6. 
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Table 5.21 Summary of behaviour variables for each cluster and the associated information 
of six clusters for the interaction between forage and stage. 

Clusters Components Scores of 
of clusters discriminant Means of variables for each cluster 

functions 

1 2 SW1 SW2 SR SO SA OM% 

1 V Tahora 5.39 1 8.07 1 098 1 98 33 4.5 1 1 .6 1 8.03 
V Kopu bc c a f ab 
V Red clover 
V lotus 

s.e. 68 1 6  1 .5 0 .58 0.48 

2 R Tahora 2 1 .54 1 2.98 1 254 290 27 7.8 1 2. 0  23. 1 3  
R Kopu ab b b e a 
R Red clover 
R lotus 
V Srowntop 

s.e. 6 1  1 4  1 .3 0.53 0.43 

3 V Ryegrass 37.97 26. 1 2  8 1 3  1 87 32 1 4.0 1 1 .8 23.00 
V Cocksfoot d c ab d a 
V Prairiegrass 
V Phalaris 

s.e. 68 1 6  1 .5 0.58 0 .48 

4 R Prairiegrass 65. 1 8  1 8.88 1 008 303 1 8  20.3 9 .4 30.06 
abc b c c c 

s.e. 1 36 32 2 .9 1 . 1 8  0.96 

5 R Ryegrass 1 00.64 1 8.63 1 502 473 1 1  30.6 1 0.8  3 1 .49 
R Cocksfoot a a d b abc 
R Srowntop 

s.e. 87 2 1  1 .9 0.76 0.62 

6 R Phalaris 1 37 .57 47.79 822 277 1 5  44.7 9 .7 33.70 
cd b cd a be 

s.e. 1 48 35 3 .2 1 .3 1 . 1 

F of ANOVA .. .. ..  ...... * .. * *** (*) 
V: vegetative; R: reproductive. 
Other notes are referred to Table 5.20. 
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The interaction of forage with animal species was also h igh ly significant 

(Table 5 . 1 9). 

MDF1 was named as "fresh matter determiner" (Table 5 . 1 9) ,  characterized by 

( 1 )  a contrast between a summation of bite weight 1 and bite rate, and bite weight 2 ;  

and (2) bite weight 1 as a dominant variable. 

I n  Fig. 5 .7  A, general ly, grasses had lower scores than legumes, reinforcing the 

indication that animals tended to obtain more herbage intake per bite in fresh matter 

terms and harvest herbage at a faster biting rate on legumes than grasses (Section 

5 .3.2) .  However, except for Src, Sth and Skp being d istributed at the right hand of the 

X axis, there was no clear d istinction between animal species across the cont inuum, 

corroborating the view that the two animal species did not d iffer significantly in  overall 

b ite weight and biting rate across a wide range of forages (Section 5 .3. 1 .3. 1 ) . Sheep 

usual ly had larger bites than goats on some swards, whereas goats obtained larger 

bites than sheep on others. On the other hand, there was usually a substantial 

variation in the score between the two stock classes when they grazed the same 

forage, suggesting that sheep and goats behaved quite d ifferently with regard to bite 

weight and bite rate when a particular forage was offered. The h ighest score was 

obtained when sheep grazed the three clovers, indicat ing that sheep were able to 

obtain very large bite weights of fresh matter on these swards. The lowest score was 

obtained when goats grazed browntop and prairiegrass and when sheep grazed 

ryegrass, reflecting the fact that the amount of herbage intake per bite in d ry matter 

terms was large in these treatments, even though it was not necessarily the case in 

fresh matter terms. 

MDF2 was named as "bite rate determiner" (Table 5 . 1 9) ,  characterized by ( 1 )  

a contrast between bit ing rate and bite weight 2 ;  and (2) bite rate dominance. 

The pattern of score d istribution of MDF2 (Fig. 5 .78) was characterized by 

h igher scores for grasses than legumes, contrary to MDF 1 . Th is reflected dominant 

contributions from biting rate and bite weight 2 wh ich , as mentioned before , 

substantial ly differed between grasses and legumes. Again ,  there was no apparent 

d istinct ion between sheep and goats in the d istribution of score, reflect ing a lack of 

sign ificant difference in g ross biting rate and bite weight 2 across a wide range of 

swards. The h igh scores showed that goats handled cocksfoot, browntop and rye grass 

in large bites of d ry matter, and consequently had slow biting rates, and this was also 
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the case for sheep handling ryegrass. Bite weight 2 was less for goats g razing 

Tahora, Kopu and phalaris, and this was also the case for sheep grazing Tahora and 

lotus due to the low dry matter content of these herbages. 

E ighteen treatments (9 forages x 2 animal species) fell into five clusters 

(Fig. 5 .7C) according to Fig. 7 of Appendix 5 .3 and Table 7 of Appendix 5 .4. I n  Table 

5 .22, c luster 1 had the lowest MDF1 score and highest MDF2 score, suggesting that 

goats handled these two forages at a very slow biting rate, as a consequence of very 

heavy dry matter intake per bite, even though the fresh matter intake was not 

necessarily large due to the less succulent nature of these forages. Cluster 2 was the 

only cluster, including the treatments involving the same forage (ryegrass) g razed by 

both sheep and goats, with a low score for MDF1 and moderate score for MDF2. 

Cluster 3 indicates that g razing of goats on Tahora was characterized by low bite 

weight 1 wh ich resulted i n  low scores for MDF1 , and by fast biting rate and low bite 

weight 2 (Table 5 . 1 0) which resulted in low scores for MDF2, being more sim i lar to the 

behaviour of sheep grazing browntop and prairiegrass than to other legumes. I n  

cluster 4 ,  as goats had a fast biting rate when dealing with phalaris (Table 5 . 1 0), i t  fell 

i nto this cluster characterized by moderate MDF1  score and the lowest MDF2 scores 

which was an indicator of fast bite rate. Cluster 5 indicates that sheep handled 

succulent clovers in very large mouthfuls, being reflected by the highest MDF1 scores. 

Sheep also defol iated these clovers at a fast rate, being reflected by the lowest MDF2 

scores. Th is was a lso the case for goats grazing  lotus (Table 5. 1 0) .  

The overal l  separation of legumes from grasses was more clear-cut than the 

dist inction between the animal species. 

The interaction of stage of maturity by animal species was h ighly sign ificant also 

(Table 5 . 1 9) .  MDF1 was named as IIdry/fresh contrast", interpreted as a contrast 

between bite weight 1 and bite weight 2, with particular indication that bite weight 2 

was a paramount d iscriminator. This feature shows that the treatments being 

characterized by h igh dry matter intake per bite obtained h igh scores, and vice versa; 

on the other hand, the t reatments being characterized by h igh fresh matter intake per 

b ite obtained low score, and vice versa. 
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Table 5.22 Summary of the behaviour variables for each cluster and the associated 
information of five clusters for the interaction between animal species and 
forages. 

C lusters Components Discriminant 
of clusters functions Means of variables for each cluster 

1 2 BW1 BW2 BR BD BA DM% 

1 G Cocksfoot 2.01 1 1 .45 1 299 393 1 8  1 9.4 1 0.3 30.25 
G Browntop ab a c a b 

s .e. 98 28 2.5 2 . 1  0 .7 

2 S Ryegrass 3.84 6 .47 951 259 23 22.0 1 1 . 4  27.23 
S Cocksfoot cd bc bc a ab 
S Phalaris 
G Ryegrass 
G Prairiegrass 

s .e. 
63 1 8  1 .6 1 .4 0.4 

3 S Browntop 3.78 2 . 1 3  834 227 28 1 2.5 1 1 .5 27.22 
S Prairiegrass d c a b ab 
G Tahora 

s .e. 8 1  23 2 . 1  1 .7 0.6 

4 S Lotus 8.26 1 .68 1 147 244 27 1 0. 1  1 1 .0 2 1 .28 
G Phalaris bc bc ab bc b 
G Kopu 
G Red clover 
G Lotus 

s .e. 
62 1 8  1 .6 1 .3 0.4 

5 S Tahora 1 3.26 2.41 1 465 292 3 1  6.8 1 2.9  1 9.93 
S Kopu a b a c a 
S Red clover 

s .e .  79 23 2.0 1 .7 0.6 

F of ANOVA ""* *"* *** *** * 

G :  goats; S :  sheep. 
Other notes are referred to Table 5 .20. 

The trend shown in Fig. 5.8 clearly demonstrates that goats had smail  bite 

weight 1 when grazing the vegetative swards, and sheep general ly had larger bite 

weight 1 than goats on the vegetative swards; however, on the reproduct ive swards, 

b ite weight was greater for goats than sheep when it was converted into d ry matter 

terms. The magnitude of increase in score was far smaller for sheep than goats when 
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swards progressed in maturity. This  reinforces the observation that sheep showed a 

g reat reluctance to increase bite weight as sward maturity increased, whereas goats 

showed wi l l ingness. 

The variation of score with respect to the four  treatments also reinforced the 

view that the stage of maturity played a more influential role than the animal species 

in the discrim inat ion of this interaction, because the four t reatments were spl it wel l  by 

the stage of growth, rather than by the animal species. 

5.3.3.2.3 The second order interaction 

The second order interaction was significant at the level of P<O. 1 (Table 5 . 1 9) .  

MDF1 was named a s  "weight-depth determiner" (Table 5 . 1 9) ,  considered as a 

contrast between a summation of bite weight 2 and b ite depth, and a summation of 

bite weight 1 and bite rate, and bite weight 2 had a dominant loading in the score. 

This suggests that the treatments (combinations between the three main effects) 

characterized by large bite weight 2 and deep bites, obtained h igh scores; on the 

other hand, the t reatments being characterized by large b ite weight 1 and fast bit ing 

rate obtained low scores. 

MDF2 was named as "depth determiner", considered as ( 1 )  a contrast between 

a summation of b ite weight 1 and bite depth, and a summation of b ite weight 2 and 

b ite rate. The implications of MDF2 suggest that the treatments characterized by large 

b ite weight 2 and fast biting rate obtained high scores, and the treatments 

characterized by large fresh matter intake per b ite or deep bites, led to low scores. 

The distribution pattern in the scatter p lot Fig. 5.9 was characterized by 

apparent separations of grasses from legumes, and of reproduct ive swards from 

vegetative swards along the horizontal d irection (MDF 1 ) . There was also a mixed 

zone of grasses with legumes, and reproductive swards with vegetative swards, 

reflecting a cont inuum of the variation in the g razing behaviour represented by MDF1 . 

However, as before there was no clear distinct ion between animal species in this 

d istribution pattern .  Reproductive swards of grasses clumped at the right hand end of 

MDF1 . These swards generally allowed both sheep and goats to obtain large intake 

per bite in d ry matter terms through deep penetration of incisors into the swards. 

Vegetative clover swards d istributed at the left hand end of MDF 1 . These swards 

usual ly a llowed both sheep and goats to obtain large intake per b ite i n  fresh matter 
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terms,  and to bite at relatively fast rates, but penetrate shal lowly due principally to the 

proximity of the incisors to the soil surface. With in grasses, vegetative swards 

obtained lower scores than reproductive swards, and partially overlapped with 

reproductive legumes in the d istribution. The d ifference in the score between the two 

stages within the grasses was brought about by the disparity in bite weight 2 ,  which 

was smaller for the vegetative than reproductive swards as a consequence of 

shallower bite depth,  and of lower dry matter content for the former than the latter. 

B ite weight 2 was smaller in the vegetative grasses, and therefore the score should be 

lower for vegetative grasses than reproductive legumes, but this low score could be 

compensated for by deeper bite depth on the vegetative grasses, and consequently, 

the score was equal ised. On the other hand, the lower score for reproduct ive legumes 

due to proxim ity of the canopy surface to the soil surface was equalised by heavier bite 

weight 2 than with vegetative grasses. The above two facts led to an overlap between 

the vegetative grasses and the reproductive legumes. Within legumes, reproduct ive 

swards were distributed at the right hand end of the vegetative stage ,  and this 

indicates that with an increase of legume maturity, the animals increased b ite weight 

2 through increasing bite depth. 

Separation along the MDF2 axis between the levels within the three main effects 

was not as clear-cut as along the MDF1 axis.  

Thirty s ix treatments (9 forages x 2 stages x 2 animal species) fell into seven 

clusters (Fig. 5.9) according to Fig. 8 of Appendix 5 .3 and Table 8 of Appendix 5 .4. 

I n  Table 5.23, the ratio of BW2 to BW1 increased from cluster 1 to cluster 7, and was 

reflected in the increase in MDF1 scores. Animals were unable to obtain large bites 

on the swards of cluster 1 because of the l im itation in sward height, and they 

attempted to compensate for with faster bite rates. For the swards of cluster 2 ,  

animals cou ld increase their bite weights, particularly in  dry matter terms,  because of 

g reater sward heights, and were almost able to maintain  their bit ing rate. Animals 

could penetrate into swards of cluster 3 relatively deep compared to the previous 

clusters, resu lting in a s l ight increase in bite weight. Cluster 4 involved the same 
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Table 5.23 Su mmary of the behaviou r  variables f or each clu ster and the associated inf ormation 
of seven clu sters f or the second order interaction 

C lu sters C omponents Scores of 
of clu sters discriminant Means of variables f or each clu ster 

fu nctions 

1 2 BW1 BW2 BR BO BA OM% 

1 S V T ahora 4.07 35.20 900 1 5 6  35 3.3 1 2.4 1 7.33 
S V R ed clover be c a f a 
G V T ahora 
G V Kopu 
G V R ed clover 
s.e. 87 1 9  1 .9 0 .74 0 .60 

2 S V Browntop 1 5.80 35.32 1 05 6  235 3 1  6.5 1 0.9 22.25 
S V Kopu be b ab e ab 
S V Lotu s 
S R Lotu s  
G V R yegrass 
G V Browntop 
G V Lotu s  
G R T ahora 
G R Kopu 
s.e. 65 1 4  1 .4 0.55 0.45 

3 S R T ahora 25.30 29. 63 1 1 52 257 27 1 2. 6  1 2.3 22.31 
S R Kopu b b b d a 
S R R ed clover 
S V R yegrass 
S V C ocksf oot 
S V Phalaris 
S V Prairiegrass 
G R R ed clover 
G R Lotu s  
G V Phalaris 
G V C ocksf oot 
G V Prairiegrass 
S.e. 5 6  1 2  1 .2 0.48 0.39 

4 S R Prairiegrass 45.46 23.57 1 008 303 1 8  20.3 9.4 30.06 
G R Prairiegrass be b e e c 
s.e. 1 36 30 2 .9  1 . 1 8  0.95 

5 S R R yegrass 62.23 1 0.83 1 030 303 1 3  32.5 1 1 .3 29.42 
S R C ocksf oot bc a cd b ab 

s.e. 1 59 35 3.4 1 .36  1 .09 

6 S R Browntop 75.87 25.77 1 71 4  549 1 0  29.8 1 0. 6  32.03 
G R R yegrass a a d b ab 
G R Browntop 
G R C ocksf oot 
s.e. 1 06 24 2.3 0.91 0.73 

7 S R Phalaris 78.35 2 . 1 2  822 277 1 5  44.7 9 .7 33.70 
G R PhaJaris e b cd a b 
5.e. 1 50 33 3.2 1 .29 1 .04 

F of A NOVA *** *** *** *** ** 

S: sheep; G: goats; V: vegetative; R : reprodu ctive. Other notes are ref erred to T able 5.20. 
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forage (pra iriegrass), with moderate scores in both functions. Cluster 5 was the only 

c luster involving on ly one animal species (sheep). In cluster 6 ,  animals obtained 

maximum bite weight in both fresh and dry matter terms at the expense of slowest 

b it ing rate. An imals obtained the greatest bite depth but the smal lest fresh matter 

intake per bite when grazing phalaris (cluster 7) despite the fact that d ry matter intake 

per bite was moderate (h ighest dry matter content). The lowest score in MDF2 was 

a resultant of smal l  bite weight and relatively slow bite rate, being exacerbated by the 

negative loading of bite depth. 

5.3.4 Interrelationships between sward variables and i ngestive behaviour 

variables 

Because th is research focuses on the influences of sward characteristics on the 

ingestive behaviour of the grazing an imals, the set of sward attributes were regarded 

as influential variables and the set of behaviou r  attributes were regarded as response 

variables. 

Response patterns of grazing behaviour to variation in sward structu re were 

explored in two ways, ( 1 ) to overview the joint correlations (canon ical correlations) 

between the two sets of variables through canonical analysis, (2) to exam ine the 

regression relationsh ips of individual behaviou r  variables with the set of sward 

variables by mu ltiple regression . 

5.3.4.1 Can onical analysis between the set of sward variables and the set 

of behaviour variables 

Multiple d iscriminant analysis (Section 5.3.3.2) indicated a clear contrast 

between gramineous and legum inous swards with respect to animal response patterns. 

In this 'section, therefore, the relat ionship between the set of animal response variables 

(behaviour variables) and the set of sward variables was exam ined, and then 

relationships for separate animal species (sheep vs. goats), separate herbage 

categories (grasses vs. legumes) and an imal species x herbage category combinations 

( interaction) were explored. 

Al l  the behaviour  variables (5 variables) and sward variables of the complete 

profi les (7 variables) which were used in MDF were entered into the canon ical analysis. 
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This section deals with the overal l  effect of sward variables on behaviour  

variables without partition ing (subdividing) at any levels of the ma in  effects and their 

interactions. It g ives the "generalll relationship, irrespective of animal species or sward 

categories. 

The first canonical correlation was 0.9532 (Table 5.24), h igher than any simple 

correlation between an individual sward variable and any individual behaviour  variable 

(Appendix 5.5) . The first canonical score for the sward variables was named as 

"height determiner (Table 5.24). I t  was composed of a l inear  function of surface 

height ,  herbage mass, mass bulk density, and l ive material proportion .  The largest 

standardised coefficient was from surface height. The coefficient of th is variable was 

5-6 t imes larger than any others, showing the importance of sward height in affecting 

ingestive behaviour of grazing animals. 

The first canonical score for the behaviour variables was named as "depth 

determiner" (Table 5.24) . It was largely composed of bite depth and b ite weight, with 

the most emphasis on b ite depth, its standardised coefficient being more than twice 

that of bite weight. This indicates that bite depth was the m ost important response 

variable and had the greatest association with the sward characteristics in combination. 

5.3.4.1 .2  Comparison between sheep and goats in responding to sward 

characteristics 

The canonical correlations between the two sets of variables were very h igh for 

both sheep and goats (Table 5.24). There was no sign ificant d ifference (t test) 

between the two animal species in the canonical correlat ion, implying that the degree 

of association between sward and behaviour  sets was sim i lar in the two stock classes. 
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Table 5.24 Canonical correlation coefficients between the set of sward variables and the set of behaviour variables, standardised coefficients, structural 
coefficients and summary of important statistics of the first canonical score at various levels of the treatments. 

Levels of treatment Overall Animal species Herbage category 

Variables No partitioning Sheep Goats Grasses Legumes 

Standardised Correlation Standardised Correlation Standardised Correlation Standardised Correlation Standardised Correlation 

SWARD SET 
Top surface height (cm) 1 . 1 84 0.982 1 . 1 82 0.977 1 .204 0.987 0.990 0.992 0.281 0.86 1 
Mass bulk density (mgDM/cm3) 0.200 -0.661 0 . 1 68 -0.700 0.200 -0.654 0.026 -0,438 -0.374 -0,460 

Herbage m ass (g DM/m2) -0 .2 1 2  0 .365 -0.237 0.321 -0.2 1 5  0.374 -0.039 0.534 0 . 1 99 0 .563 

Leaf proportion ('Yo) -0.045 0.265 -0.077 0.225 -0.032 0.3 1 3  -0. 1 47 -0.725 0 . 1 6 1  -0.285 
Leaf frequency bulk density 
(hits/2 cm) 0.028 -0,494 0.055 -0.505 0.027 -0,468 0.090 -0.804 -0.761 -0.873 
Stem+seedhead frequency bulk 
density ( hits/2 cm) 0.001 -0.589 -0 . 1 1 7  -0.595 0. 1 1 4 -0.591 -0.021 -0.0 1 0  0 .352 -0,469 

Live material ('Yo) -0 . 1 59 -0,462 -0. 1 66 -0.41 1 -0. 1 21 -0.493 -0.090 -0. 1 75 0.057 0.372 

BEHAVIOUR SET 
Bite weight 1 (mg FM/bite) -0.3 1 4  0. 1 25 -0.31 8  -0. 1 86 -0. 1 80 0.437 -0.304 0.482 - 1 .749 0.495 

Bite weight 2 (mg DMlbite) 0.355 0.468 0 .24 1 0 . 1 95 0.307 0.662 0.404 0 .585 2 .057 0.698 

Bite rate ( bites/min) -0.072 -0.545 -0.083 -0.568 -0.034 -0. 5 1 9  -0. 1 1 9  -0.678 -0.221 -0.650 

Bite depth (cm) 0.840 0.987 0 .856 0.989 0.861 0.990 0.832 0 .978 0 ,401 0.7 1 7  

Bite area (cm2) -0.030 -0. 1 8 1  -0.002 -0. 1 8 1  -0.029 -0. 1 72 -0.080 -0. 1 97 -0.052 0.0 1 6  

Canonical correlation 0.9532 0 .9585 0.9522 0.9640 0.7883 

Squared canonical correlation 0.9086 0.91 87 0.9067 0.9293 0.6214  

% of  association 0.9 1 88 0 .9 1 1 0  0.87 1 0  0.9050 0.7875 

Likelihood Ratio 0.0001 0.0001 0.0001 0.0001 0.0001 
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There was a s imi lar general trend in the sequence of importance of sward 

variables between sheep and goats (both were height determiners) ,  the fi rst three 

places being occupied by sward height, herbage mass and mass bulk density for both 

species. However, the importance of sward height relative to herbage mass and to 

mass bulk density was not consistent across sheep and goats because the ratios of 

sward height to these two variables were quite different between the two animal 

species. Height/density (7.04 vs. 6.02) was h igher, but height/mass (4.99 vs. 5.60) 

was lower for sheep than goats, indicating that ,  as compared to mass bu lk density, 

sward height exerted more influence on sheep than on goats, but as compared to 

herbage mass, sward height had less impact upon sheep than upon goats. 

The canonical score based on the set of behaviou r  variables gave a s imi lar 

sequence of importance between sheep and goats (both were depth determiners), with 

predom inance on bite depth (Table 5.24). However, the second important response 

variable was bite weight 1 for sheep, but was bite weight 2 for goats, substantiat ing the 

view that one of major d ifferences between the two animal species in behaviour 

response to variation in sward characteristics was the abi l ity to harvest large bite 

weight in dry matter (goats) or fresh matter (sheep) terms. 

5.3.4.1 .3 Comparison between grasses and legumes in affect ing i ngestive 

behaviour of the animals 

In legumes, the first canonical score contributed 78.75% of the association 

(Table 5 .24) , but the Likelihood Ratio only showed a probabi l ity level of 0.0587 for the 

second canonical score, so no firm conclusion could be drawn from the second 

canonical variable in spite of the relatively low proportion of association accounted for 

by the first canonical score. I n  this case, only the first canon ical score could be 

considered. 

There was a significant difference (t test) between legumes and grasses in 

canonical correlation of the first canonical score (0.964 vs. 0.788, Table 5.24), and this 

suggests that the degree of association between sward characteristics and ingestive 

behaviour was d ifferent when animals grazed grasses and legumes.  

I n  the set of  sward variables, the sequence of importance was d ifferent between 

grasses and legumes (Table 5.24) . The first canon ical scores were named as "height 

determiner" and "bulk density ( i rrespective of mass or frequency) determ iner" for 
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grasses and legumes, respectively (Table 5.24). This  showed that bulk density, with 

part icular emphasis on leaf frequency bulk density, was the most important featu re in 

affecting the ingestive behaviour  of animals grazing leguminous swards, whereas 

sward height was the most important feature in g ramineous swards. I n  addit ion to this, 

herbage mass was more influential in leguminous swards than in  g ramineous swards. 

I n  the set of behaviour variables, the first canonical scores were named as 

"depth determiner" and " dry matter determiner" for g rasses and legumes, respectively 

(Table 5.24). I n  this canonical score, bite depth was m uch more important than bite 

weight 1 and 2 for grasses (Table 5.24) . In contrast, b ite depth was m uch less 

important than b ite weight 2 and bite weight 1 for legumes. This suggests that, when 

grazing grasses, an imals usual ly adjust bite depth in response to variation in sward 

height and, therefore, bite depth was the most important determinant of bite weight. 

However, when legumes were grazed, bite depth became less important, and bite 

weight was the most sensitive variable to a change in bulk density of the sward. Apart 

from that, the importance of bite rate was much greater in legumes than in g rasses. 

5.3.4. 1 .4 Comparison between sheep and goats grazing grasses and legumes 

The canonical correlation was simi lar between sheep and goats grazing grasses, 

and between sheep and goats grazing legumes (Table 5.25). 

The first canon ical scores of the sward set were named as "height determiner" 

for both sheep and goats grazing grasses (Table 5.25). However, compared to other 

sward variables, the sward height was more important for sheep than for goats, though 

it was the m ost important variable for both sheep and goats. The secondary variables 

appeared to be qu ite different between sheep and goats. Leaf percentage and leaf 

frequency bulk density were more influential on sheep than on goats, whereas 

stem+seedhead frequency bulk density was more influential on goats than sheep. 

Therefore, the canonical score was composed of a l inear function of surface height, 

leaf percentage and leaf bu lk density for sheep, but a linear function of su rface height, 

and stem+seedhead frequency bulk density for goats. 

The corresponding canonical scores of the behaviour set are "bite depth 

determiner" for both sheep and goats. The bite depth was the most important 

response variable to sward characteristics in combinat ion , and the canon ical score 



Table 5.25 Canonical correlation coefficients between sets of sward variables and behaviour variables, standardised coefficients and structural coefficients and summary of 
important statistics of the canonical scores at the level of interaction of herbage category (grass vs legume) with animal species. 

Levels of treatment 

Variables 

SWARD SET 
Top surface height (cm) 

Mass bulk density (mgDM/cm3) 
Herbage mass (gDM/m2) 

Leaf proportion (%) 
Leaf frequency bulk density 
(hits/2 cm) 
Stem+seedhead frequency bu lk  
density (hits/2 cm) 

Live material (%) 

BEHAVIOUR SET 
Bite weight 1 (mg FM/bite) 

Bite weight 2 (mg DM/bite) 

Bite rate (bites/min) 

Bite depth (cm) 

Bite area (cm2) 

Canonical correlation 

Squared canonical correlation 

% of association 

Likelihood Ratio 

Grasses 

Sheep Goats 

Standardised Correlation Standardised Correlation 

1 .024 

0. 1 03 

-0.084 

-0.344 

0 .229 

-0. 1 93 
-0.091 

-0.264 

0.294 

-0 . 121  

0.857 

-0.054 

0.9732 

0.9471 

0.9380 

0.0001 

0.989 

-0.434 

0.534 

-0.745 

-0.806 

-0.Q 1 1 
0.301 

0.307 

0.478 

-0.7 1 8  

0.986 

-0. 1 72 

0.866 

-0. 1 76 

0 . 14 1  

0 . 1 69 

-0. 1 1 9  

0.252 
-0.052 

-0. 1 9 1  

0.384 

-0.058 

0.8 1 8  

-0.080 

0.9637 

0.9287 

0.8480 

0.0001 

0.992 

-0.456 

0.5 1 6  
-0.688 

-0.793 

-0. 123 
-0.298 

0.650 

0.704 

-0.633 

0.978 

-0.209 

Legumes 

Sheep Goats 1 Goats 2 

Standardised Correlation Standardised Correlation Standardised Correlation 

-0.436 

-0.8 1 1 
0.623 

0. 1 50 

-0.928 

0.504 
0 . 1 90 

-2. 14 1  

2 . 1 53 

-0.227 

0.539 

-0.063 

0.8340 

0.6956 

0.7620 

0.0002 

0.777 

-0.486 

0.587 
-0.31 6  

-0.853 

-0.472 
0.382 

0.321 

0.5 1 8 

-0.683 

0.777 

0.032 

0 .756 
-0. 1 26 

-0.242 
0.228 

-0.460 

0 . 1 24 
0.039 

-0.464 

1 . 1 82 

0 .201 

0 .493 

0 . 1 1 1  

0.8475 

0.71 83 

0.6040 

0.0001 

0.947 
-0.757 

0. 1 92 

0.029 

-0.632 

-0.642 
0.444 

0.737 
0.838 

-0.383 

0.843 

0 . 1 1 3  

-0.475 

-0.307 
1 .066 

-0. 1 5 1  

-0.288 

0.03 1 
-0.326 

-2.389 
2.951  

0 .278 

-0.662 

-0.399 

0 .7452 

0.5553 

0.2961 

0.0027 

0 . 1 66 

0.537 

0.874 

-0.409 

-0.503 

0.220 
-0.302 

-0.0 1 9  

0 .2 1 9  

-0.285 

-0.332 

-0.421 

All values are from the first canonical score except for legume x goats, in which the first canonical score only accounted for 0.6044 of total association,  a nd the second canonical 
score also showed a highly significant level according to the Likelihood ratio, so the two canonica l  scores were considered for this treatment. Goats 1 :  the first canonical score, and Goats 
2: the second canonical score. 
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was composed of a l inear funct ion of bite depth, bite weight 2 and bite weight 1 for 

both species. However, the ratios of bite depth to other  behaviou r  variables were 

d ifferent between the two stock classes (Table 5.25). B ite weight 2 was more 

emphasized in goats than in sheep, reinforcing the view that goats were better at 

obtaining large mouthfuls  of herbage on the swards with h igh d ry matter  content. 

I n  the case of goats grazing legumes, the f irst canonical score only accounted 

for 0.604 of total association (Table 5.25), and the second canonical score also 

showed a h igh ly significance level according to the Likel ihood Ratio, so the two 

canonical scores were considered for this treatment (Table 5 .25). 

In the case of sheep grazing legumes,  the first canon ical score of the sward set 

is a "bulk density determiner" (Table 5.25), there being much more emphasis on bulk 

density ( leaf frequency bulk density and mass bulk density) than sward height, 

reinforcing the pattern d isplayed in Table 5.24 for the leguminous swards. However, 

in the case of goats grazing legumes,  the two canon ical scores of the sward set are 

"height determiner" and "mass determiner" .  I n  the first canonica l  score, both sward 

height and leaf frequency bulk density were important, with m ore emphasis on sward 

height. The second canonical score emphasized herbage mass, mass bulk density 
and sward height, being more important for mass than bulk dens ity and sward height 

(Table 5 .25). The above featu res indicate that bulk density exerted more influence on 

sheep than goats; and goats' behaviour was largely influenced by sward height and 

herbage mass (Table 5.25). This interaction a lso reinforces the observation that 

herbage mass exerted more influence in legumes for both sheep and goats compared 

with that in g rasses. Al l three corresponding canonical scores of the behaviour  set in 

legumes are "bite weight determiners" (Table 5.25), showing that on legumes,  bite 

weight (based on both d ry and fresh matter terms) showed greater response to sward 

conditions than b ite depth in both sheep and goats. 

5.3.4.2 Multiple regression of individual behaviour variables against the set 

of sward variables 

Canonical analysis showed that there were d ifferences between sheep and 

goats grazing g rasses and legumes in the effects of the set of sward attributes on the 

set of behaviour  attributes. I n  this section, attention is concentrated on deal ing with 
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the regression relat ionships between single behaviou r  variables and the set of sward 

variables involved in this interaction. 

Each separate behaviou r  variable (bite weight 1 .  bite weight 2 ,  bite rate, bite 

depth and bite area) was regressed in turn onto the set of sward variables at an 

unpartitioned level (overal l) ,  for each animal species (sheep vs. goats), each herbage 

category (grasses vs. legumes). and their  combinations (sheep x grasses, goats x 

grasses, sheep x legumes and goats x legumes). using the "Stepwise" approach 

(Draper & Smith. 1 98 1 ) . The mu ltiple regressions showed great variation in 

coefficients of determination (model R2) from one behaviour  variable to another. 

The values of R2 were low for some variables: 0. 1 59-0.387 for bite weight 1 .  

0.266-0.494 for bite rate, and 0.047-0. 1 47 for bite area. The weak funct ional 

relat ionships of bite rate and bite weight with sward variables were a consequence of 

swamping by heterogeneity and lack of independence in sward characteristics being 

produced by a wide range of forages and two maturity stages for each forage, which 

usual ly involved h ighly associated variation (Appendix 5.5). The lack of functional 

relationship between bite area and the set of sward variables resulted from the relative 

consistency of bite area over the wide range of variation across forages and stages of 
matur ity. 

Hence, the results of the relationships of b ite weight 1 .  bite rate and bite area 

with sward variables wi l l  not be considered further. Tables 5 .26 and 5.27 summarize 

the resu lts of m ult iple regressions of bite weight 2 and bite depth. 

The variables of leaf frequency bulk density (h its/2 cm band) and percentage 

of l ive material exerted negative effects on both bite weight 2 and bite depth (Tables 

5 .26 and 5.27), in contrast to the results of Stobbs ( 1 973a & b;  1 975b) . Th is was 

attributable to the confounding effect of reproductive swards. Animals usual ly had 

substantially g reater bite weight 2 and penetrated more deeply on the reproduct ive 

swards compared to the vegetative swards (Section 5.3. 1 .3) ,  but these two sward 

variables were smaller in the reproductive swards than in the vegetative swards 

(Section 5.3. 1 . 1 ) . The reason for the reduct ion in percentage of l ive material with 

increaSing stage of maturity is that, associated with appearance and development of 

inflorescences, there is a major reduction in the rate of t i l lering of grasses and hence 

reduced leaf density (Smetham , 1 990). 
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Table 5.26 Summary of multiple regression for the different treatments, determined by Stepwise procedure. 

Dependent variable: Bite weight 2 (mg OMibite) 

Treatment I ntercept and Slopes Standard Partial Model R2 and Standardised 
independent variables errors R2 residual dJ coefficients 

Overall I ntercept 625.1 89 1 94.49 
( unpartitioned) Sward height 1 .260 0.657 0.232 0 . 1 46 

Herbage mass 2.000 0.6 0.079 0.359 0.251 
Leaf frequency bulk 
density -38. 1 26 9.826 0.037 (r.d.f=202) -0.292 
Live % -438.948 1 90.91 0.01 2 -0. 1 46 

Sheep I ntercept 729.684 260.92 
Herbage mass 3.000 0.7 0.243 0.336 
Leaf % -237.932 1 1 5. 1 9  0.042 0.321 -0.207 
Leaf frequency bulk (r.d.f=98) 
density -20.31 4  1 1 .74 0.01 7 -0.1 82 
Live % -376.459 231 .74 0.01 8 -0. 1 48 

Goats I ntercept 640.20 291 . 1 2  
Sward height 3.684 0.903 0.41 9 0.383 
Herbage mass 2.000 0.8 0.027 0.51 6 0. 1 58 
Leaf frequency bulk (r.d.f:99) 
density -40.350 1 3.29 0.055 -0.273 
Uve % -503.355 286.29 0.01 5 -0. 1 45 

G rasses I ntercept 977.61 246.72 
Sward height 4. 1 80 0.86 0.290 0. 447 0.406 
Herbage mass 2.000 0.8 0. 1 28 (r.d.f:1 07) 0.207 
Uve % - 1 094.79 273.89 0.029 -0.304 

Legumes Intercept 265.61 51 .24 
Sward height 3.93 1 .37 0.062 0.306 0.303 
Leaf frequency bulk (r.d.f=93) -0.320 
density -37.33 1 2.29 0.244 

Sheep x I ntercept 850.Q1 7  267.48 
grasses Sward height 2.509 0.997 0.075 0.396 0.329 

Herbage mass 2.000 0.9 0.249 (r.d.f=51 ) 0.243 
Live % -890.785 301 .44 0.075 -0.340 

Goats x I ntercept 891 . 1 9  409.35 
grasses Sward height 5.683 1 .33 0.408 0.533 0.468 

Herbage mass 3.000 0. 1 0.035 (r.d.f:52) 0.228 
Live % - 1 060. 1 8  447.52 0.089 -0.244 

Sheep x I ntercept 266.68 87.52 
legum�s Herbage mass 2.000 0. 1 0.243 0.299 0.309 

Leaf frequency bulk (r.d.f=45) 
density -34.61 1 8.35 0.056 -0.299 

Goats x I ntercept 1 89.94 52.35 
legumes Sward height 5.744 1 .35 0.460 0.521 0.521 

Leaf frequency bulk (r.d.f=45) 
density -32.61  1 3.63 0.061 -0.293 

Partial R2: coefficient of determination accounted for due to each single sward variable; Model R2: summation of 
partial R2 of all variables included in the equation. Standardised coefficients are used to assess the sequence of 
importance of variables (see Section 5.2.4.2). 

The above notes also apply for Table 5.27. 
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Table 5.27 Summary of multiple regression for the different treatments, determined by Stepwise procedure. 

Dependent variable: Bite depth (cm) 

Treatment I ntercept and Slopes Standard Partial Model R2 and Standardised 
I ndependent variables errors R2 residual d.f coefficients 

Overall I ntercept 8.945 5.69 
(unpartitioned) Sward height 0.848 0.04 0.855 1 .207 

Mass bulk density 3 .908 0.74 0.01 4 0.891 0.266 
Herbage mass -0.2 0.029 0 .01 4 -0.300 
Live % -21 . 1 1 6.01 0.007 -0.087 

Sheep I ntercept 1 4.01 5 7. 1 9  
Sward height 0.864 0.05 0.859 0.903 1 .237 
Mass bulk density 4.520 1 .0 1  0.01 4 (r.d.f=98) 0.300 
Herbage mass -0.2 0.04 0.01 7 -0.308 
Live % -27.504 7.73 0.01 3 -0. 1 1 7  

Goats I ntercept 7.01 9 8.67 
Sward height 0.843 0.055 0.861 0.896 1 .205 
Mass bulk density 3.629 1 .03 0.01 7 ( r.d.f=99) 0.253 
Herbage mass -0.2 0.04 0 .013 -0.31 5  
Live % - 1 8.633 9.043 0.005 -0.074 

G rasses I ntercept -7.587 1 .298 
SWard height 0.737 0.026 0.898 0 .905 1 . 000 
Herbage mass -0.06 0.02 0.005 (r.d.f=1 07) -0.095 
StelTl+seedhead 
frequency bulk density 1 .547 0.96 0.002 0.050 

Legumes I ntercept 8.686 2.647 
Sward height 0. 1 1 9  0.054 0.31 7 0.374 0.283 
Mass bulk density -, .41 6 0.554 0 .029 (r.d.f=92) -0.270 
Leaf frequency bulk 
density -0.81 4  0.397 0.029 -0.2 1 5  

Sheep grasses I ntercept -5.947 1 .2 1 0  0.92 1  
Sward height 0.690 0.028 0.92 1  (r.d.f:53) 0.960 

Goats I ntercept -9. 1 20 1 .92 
grasses Sward height 0.762 0.039 0.89 1  0 .903 1 .01 4 

Herbage mass -0.09 0.04 0.008 (r.d.f=52) -0.1 26 
Seedhead+stem 
frequency bulk density 2.067 1 .404 0.004 0.067 

Sheep I ntercept 1 1 .07 1 .007 0.323 
legumes Leaf frequency bulk -1 .775 0.379 0.323 (r.d.f=46) -0.568 

density 

Goats I ntercept 2.942 1 .245 0.569 
legumes Sward height 0.363 0.048 0.533 (r.d.f=45) 0.825 

Herbage mass -0.1 0.03 0.037 -0.433 

See notes of Table 5.26. 

Among the two tabulated variables (Tables 5 .26 and 5.27), b ite depth showed 

m uch better fit than did bite weight 2, and therefore, attention is concentrated 

principally  on bite depth , whi le b ite weight 2 is only touched on b riefly. 
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B ite depth was fitted very wel l  by sward variables in most cases (Table 5.27) .  

I t  i s  clear that sward height could account for a h igh proportion of the total variation 

in every case (partial R2 of height in Table 5.27). Mass bulk density and herbage 

mass were also emphas ized in most circumstances .  The functional relationships of 

bite depth with respect to sward variables were stronger for grasses than legumes 

grazed by both sheep and goats. The importance of canopy bulk density or herbage 

mass relative to sward height in predicting bite depth was m uch greater for clovers 

than for g rasses, reinforcing the resu lts ascertained by canon ical analysis (Section 

5 .3.4. 1 .3). B ite depths of sheep and goats were predicted by the same independent 

variables with the same important sequences (standardised coefficients in Table 5 .27), 

though the ratio of the standardised coefficient of the most important variable (height) 

to others varied between sheep and goats. This shows that sward characterist ics 

influenced b ite depth in a sim ilar funct ional way between the two animal species; 

however, the intercept differed by a factor of two between the two animal species. On 

grasses, variation in bite depth was predicted principal ly by sward height for sheep, 

whereas for goats, in addit ion to sward height, it was also predicted by seed + stem 

frequency bulk density and herbage mass (Table 5.27), reflect ing the wil l ingness of 

goats to eat these components. 

The above information (Table 5.27) indicated that sward height was the most 

appropriate variable to describe and predict bite depth, and therefore it was worthwhi le 

to investigate the relationship between them further. This  was carried out based on 

grasses only; legumes were not considered because of the weak fits shown in Table 

5 .27. 

Because the l iterature d iscusses a quadratic relationship between bite depth and 

sward height in addition to a l inear relationship (Mitchel l  et al., 1 99 1 ) ,  the regression 

relationship between bite depth and sward height was examined using Proc Reg (SAS 

Inst itute Inc . ,  1 990) by including the single l inear term (H)  (height) only (equation 1 

l isted below), and by including both the l inear term (H) and a quadratic term (H2) 

(equation 2) .  A sequential F-test was made between the l inear and quadratic fits to 

determine an appropriate equation . 

Although in equation 2 both l inear (�1 ) and quadratic terms (�2) were significant, 

the sequent ial F-test (a test of a reduction of residual sum of squares) (Draper & 
Smith, 1 98 1 ) indicated that the inclusion of a quadratic term in the equation did not 
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List of regression equations between sward height and bite depth based 

on grasses 

1 .  B Dgrass = -7.965 (s.e. 0.986) + 0.698 (s.e. 0.023)H 

2.  B Dgrass = 0.626(s.e. 2 .61 ) + 0.287 (s.e. 0. 1 27)H + 0.005 (s.e. 0.001 ) H2 (R2=0.9f') 
3. B Dsheep x grass = -5.947(s.e. 1 .2 1 0) + 0.690(s.e. 0.027)H (R2=0.92"') 
4. B Dgoats x grass = - 1 0.2 1 0(s.e. 1 .483) + 0.71 0{s.e. 0.033)H (R2=0.90·") 

2 ... 
5.  B Dsheep x grass x VegeIative = -0.547(s.e. 1 .931 )  + 0.505(s.e. 0.067)H {R  =0.67 } 

2 ,., 
6. B Dgoats x grass x vegetative = -6.957(s.e. 2.024) + 0.61 0(s.e. 0.070)H (R =0.76 ) 

2 .. "'* 

7. B Dsheep x grass x reproductive = - 1 3.52(s.e. 4. 1 65) + 0.822(s.e. 0.074)H (R =0.84 ) 
2 u. 

8. B Dgoals x grass x reproductive = -22.098(s.e. 5.759) + 0.937 (s.e. 0. 1 02)H (R =0.78 ) 

sign ificantly improve the precis ion of regression fit (Table 5.28). Th is suggests that the 

l inear model is adequate, and on the basis of adopting the simplest adequate model 

(Draper & Smith, 1 98 1 ) the l inear model was used. Th is h ighl ights the often 

contradict ing information wh ich different tests may g ive. I n  the case of the quadratic 

model, both �1 and �2 were significant as indicated by their Hest (Ho: �=O), whi le the 

sequential F-test for inclus ion of �2 was not significant. In cases l ike this, the decision 

should always be conservative, and in any case, the F-test is often regarded as more 

robust than Hest (Draper & Smith, 1 98 1 ), as is evident from the large body of crit icism 

against the LSD procedures (Steel & Torrie, 1 980). 

Even when Hest is used in connection with bui lding regression model ,  it g ives 

confl ict ing information in sequential fits (Draper & Smith, 1 98 1 ). When an additional 

term is added each time, it may be or may not be sign ificant. Furthermore, even 

though it may be significant at one stage, it can become insignificant as a 

consequence of another new term entering the equation (Draper & Sm ith, 1 98 1 ) . Th is 

further emphasizes that a more appropriate criterion to determine this wou ld be the F­

test which indicates the precision of the regression as a whole (Draper & Smith , 1 98 1 ). 

This F procedure is the one reported in Table 5.28. 
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Table 5.28 Sequential F-test of improvement of regression precision after a 

quadratic term was included in the equat ion describing the relat ionship 

between bite depth and sward height on "grasses" 

Equations Residual sum of squares df F value 

1 . Grasses (linear) 1 526.03 1 09 1 .0893 ns 

2 . Grasses (quadratic) 1 388. 1 4  1 08 

1 526.03 / 1 09 
----------------------------- = 1 .0839 = F109•108 

1 388. 1 4 / 1 08 

This l inear relationship was further broken down into several subsets of "animal 

species x g rasses" (equations 3 and 4 in the l ist) , and of "animal species x g rasses x 

maturity stages" (equations 5 - 8 in the l ist). The relationships are i l lustrated in Fig. 
5 . 1 0. 

Another objective was to test whether the subsets reg ression were the same or 
not .  Th is requ i res t-tests between appropriate � statistics. The t-tests are appropriate 
for th is aspect (Draper & Smith ,  1 98 1 ) .  

For equations 3 and 4 ,  the intercepts, but not slopes, were d ifferent at P<0.05.  

However, th is is sufficient to indicate that th is functional relationship is different 
between sheep and goats grazing grasses. 

For the vegetative grasses grazed by sheep and goats (equations 5 and 6) , 

there was a significant difference in intercept (P<0.05) , but not in s lope. For the 
reproductive grasses grazed by sheep and goats (equations 7 and 8), the differences 
were not significant in either slope or intercept. Th is substantiates the earl ier evidence 

that sheep usual ly penetrated more deeply than goats into the vegetative grasses, but 

not when they dealt with the tall reproduct ive grasses. This fact was further shown by 

the convergence of the regression l ines between sheep and goats on the tal ler 
reproductive grasses (Fig. 5 . 1 08). I n  effect, as mentioned earlier, on the tall 

reproductive grass pastures, sheep usual ly pushed into swards to graze leafy 
components, whereas goats severed mouthfuls of herbage from the s ide of the 

experimental turves and folded them into the mouth ,  leading to sim i lar bite depths for 
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the two species on the tall reproductive grasses in spite of there being d ifferences in 

bite weight. 

The above d ifferences between equations suggest that it wou ld be more 

appropriate to establish this functional relationship based on the subsets than at the 

overall level .  

5.4 DISCUSSION 

5.4.1 Over-time effect of incisor breadth covariate 

There was no incisor breadth covariate effect over t ime in th is set of data, in 

contrast to the restricted data set (Chapter 4). In a study involving a comparison of 

ingestive behaviou r  of sheep grazing grass and clover pastures, respectively, over an 
experimental period of approximately 3 months (from 1 3  Ju ly to 1 9  October, 1 989), 

Penn ing  et al. ( 1 99 1 b) fai led to find any relationship between incisor breadth and 

ingestive behaviour. I n  neither the current data set (6 December, 1 989 - 1 8  April ,  

1 990) nor the work of Penn ing et al. ( 1 991 b) was the length of the experimental period 

long enough to produce a significant over-time variation in incisor breadth. The lack 

of an incisor breadth effect over t ime provided a robust basis  for the analysis 
approaches employed in th is study: all analyses were conducted without adjustment 
for th is factor. 

5.4.2 Sward conditions 

The close simi larity in structura l  attributes of the complete profi les of the swards 

grazed by the two an imal species (Sections 5 .3. 1 . 1  and 5.3.3. 1 . 1 )  enabled the 

comparison of responses in ingestive behaviour between sheep and goats to be 

carried out under s imi lar  sward conditions. However, some attr ibutes of the grazed 
strata d iffered significantly between the swards g razed by sheep and by goats (Tables 
5 .3  a�d 5.5) ,  i n  contrast to the characteristics of ent i re swards. This was a 

consequence of the marked difference in bite depth between the two animal species 

(Section 5.3. 1 .3. 1 ) , rather than a reflection of sward differences per se. 

The intention of establ ishing a series of swards offering a substantial range of 

structural variation was achieved in this experiment. The substantial variation in sward 

attr ibutes across forages and stages, and the combinations between forages and 
stages (Sections 5 .3. 1 . 1  and 5 .3.3. 1 )  provided a great contrast in canopy structure, 

which a llowed the animals to exhibit their grazing behaviour over a wide range of 
sward conditions. 



1 89 

I n  the grasses herbage bulk density was greater in the basal layers and 

declined towards the canopy surface, whereas the reverse was the case in the 

legumes (Table 5.3). This was because of the differences in g rowth habit between 
grasses and legumes. The mass is main ly concentrated in the horizontal lam inae at 
the end of the petioles in clovers (Kenney & Black, 1 986) , and in the upper canopy in 

Lotus corniculatus. In grasses, however, the mass is distributed more evenly through 

the sward profi les (Kenney & B lack, 1 986) , or even more in the pseudostem zone than 

in the leafy horizon of the sward (Table 5.3). 

White clovers would normally be expected to have h igher proportions of leaf 
compared with grasses (Waghorn & Barry, 1 987). In the current experiment the 

opposite appears to be the case (Table 5.5) ,  but th is was a consequence of the 
defin it ion of petiole as "stem" for convenience (Section 3.2.4 of Chapter 3). With 

increasing maturity, the leaf proportion was maintained in legumes, but decreased in 

g rasses (Table 5.6). This reflects the fact that legumes differ from grasses in the effect 

of maturity on the proportions of morphological components (Ulyatt et al. ,  1 980). 

The m ultivariate approach demonstrated that sward height was the most 

important variable in d iscriminating with in a set of swards (Section 5 .3.3. 1 ) . I n  this 
experiment, herbage mass and bulk density were also emphasized after sward height 
under certain circumstances (Section 5 .3.3 . 1 . 1 ) . This suggests that the complex of 

sward characteristics could be reduced to height and one or two addit ional components 

(bulk density or mass) . 

5.4.3 Ingestive behaviour 

Although sheep wou ld be expected to have greater bite weights than goats 

because of their greater incisor breadth (Chapter 4), overal l  means of bite weight in 
absolute terms were sim ilar for the two species (Table 5 .8). This was graphical ly 

reflected in MDF where there was no clear distinction between animal species in  MDF1 

(fresh matter determiner) (Fig. 5.7 A and Section 5 .3.3.2.2). I n  effect, the s imi lar val ues 

of bite weight between the two species were a net resu lt of g reater bite weight of 

sheep on legumes ( irrespective of stages of maturity) and vegetative grass swards, 

counterbalanced by l ighter bite weight of sheep on reproductive g rass swards (Table 
5 . 1 6) .  The fact that sheep usually have greater bite weights than goats is consistent 

with the suggestion that large animals appear to meet their h igher energy requ i rement 

for maintenance by having a greater bite weight rather than a h igher bite rate or longer 
g razing time (Penning et al. ,  1 991  b). 
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This experiment also indicated that short term b ite rate was greater for sheep 
than goats (Table 5 .8) . No comparisons of grazing t ime were made between the two 
animal species, but a study involving sheep and goats fed on a chaffed lucerne hay 
diet (Domingue et al. ,  1 99 1 ) showed that sheep spent three hours less eating than 

goats. Com bining this information, it may be inferred that the strategy of sheep to 

m eet their higher energy requirement (due to large body size) is to have greater bite 

weight and b ite rate, but shorter grazing time. Other factors may also be involved in 

the smal ler bite weight of goats grazing legumes and th is will be considered later in 

th is section. 
Goats generally had h igher bite weights relative to l iveweight than sheep, 

whether scaled to LW·75 or LW, in l ine with a general trend that animals of larger body 

s ize have smaller values of bite weight per un it l ive weight (Hodgson, 1 986) . 

B ite depth showed a greater response than did bite area to sward variation in 

forage categories and stages of maturity (Fig. 5. 1 1  A & B). Therefore, bite depth was 

a major spatial component of bite volume, and hence had a dominant influence on bite 

weight, in l ine with the resu lts of Burl ison ( 1 987), Mursan et al. ( 1 989) and Laca et al. 

( 1 992a) . Th is was associated with a very close positive relat ionsh ip between bite 
depth and sward height which generally is the most important sward variable 

influencing ingest ive behaviour. A knowledge of how bite depth varies with sward 
structure and with animal species wou ld enable herbage intake and d iet selection to 

be interpreted and/or predicted and appropriate management systems to be devised 

for single or m ixed species grazing (Hughes, 1 988). 

General ly, b ite depths were markedly different between sheep and goats 
(Section 5.3. 1 .3; P lates 5 . 1 & 5.2). Deeper penetration into the sward canopy by 
sheep on legumes (both stages) and vegetative grasses indicated that sheep showed 

a greater tendency to push into the canopy (Plate 5 . 1 ) , whereas goats were shallow 

graz�rs, and grazed from the top downwards successively on these swards (Plate 5.2). 
However, contrary to the resu lts for vegetative and reproductive clover, and vegetative 

grass swards, when extremely tal l  stemmy reproductive grasses were offered, goats 

modified their behaviour and showed a wi l l ingness to deal with these rigid components, 
leading to s imi lar bite dimensions to sheep (Fig. 5 . 1 0B ;  Fig. 5 . 1 1  A & B), though b ite 
weight was m uch smaller for sheep (Table 5 . 1 6, Fig. 5 . 1 2A) . 
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Plate 5.1  Sheep pushed into the sward canopy to graze deeply. 

Plate 5.2 Goats were shal low grazers and grazed from top downwards. 
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Sheep had sim i lar bite area to goats on these tal l  swards (Fig. 5 . 1 1  B) . Sheep 

appeared to push into tal l  canopies from the top down to g raze leafy components, and 

rejected seedhead and stalk components with in the defined grazed area, whereas 

goats preferred to prehend reproduct ive t i l le rs ,  inflorescences and stalks as wel l  as 

g reen leaf occurring with in the defined grazed area. This may be associated with the 

superior fibre digesting capabil ity of goats compared with sheep (Dom ingue et al. ,  

1 990) and  their greater efficiency in d igest ing the  fibre fraction o f  the d iet (McCal l  & 
Lam bert ,  1 987). Goats had simi lar bite depths to sheep on these ex1remely ta l l  swards 

(Fig. 5. 1 OB), because they severed mouthfu ls of herbage from the side of the 

experimental turves and folded them into the mouth. Thus the two animal species had 

s im i lar bite depths and bite areas on the reproductive g rasses in spite of there being 

differences in bite weights. This behaviour of goats was in accordance with reports of 

their predisposition to browsing and preferring tal ler vegetation (Radcl iffe & Townsend, 

1 988) . 

The above contrasts between sheep and goats in bite depth on reproductive 

grasses indicated the existence of some exceptions to the conventional defin ition of 

bite depth . B ite depth is usual ly defined as the depth to which the open mouth of the 

animal is inserted into the sward (Hughes, 1 988) . Thus, b ite depth is largely 

determ ined by the depth of insertion of the incisors into the sward ( I l l ius & Gordon, 

1 987) . It may be calcu lated from the difference between the pre-g razing sward surface 

he ight and the residual height of the g razed herbage (Burl ison, 1 987; Ungar et al. ,  

1 99 1 ) .  However, th is appears to apply, i n  this study, on ly to those cases of legumes 

(both stages) and vegetative grasses where the animals grazed the herbage from the 

sward surface downwards. It does not cover the situat ion of ex1remely tal l reproduct ive 

g rasses. I n  fact, on the untrimmed swards, the animal's bite d imensions may respond 

to the upper, lower or average surface height of the patch or selected b ite s ite 

(M itchel l ,  1 993). On these tal l  swards the leafy components which were select ively 

severed by sheep pushing into canopies did not reach to the sward su rface. I n  this 

case, the d ifference between pre-grazing and post-g razing heights resu lted in an 

overestimation of b ite depth since the upper l im it to b ite depth actual ly was below the 

sward surface. Goats severed herbage from the side of the turves and folded them 

into the m outh. This indicates that animals can insert the m outh into swards from 

d ifferent angles. In this case, the bite depth estimated by the d ifference between pre­

g razing and post-grazing heights was m uch g reater than the depth to wh ich the long 

axis of the head is perpendicu lar to the ground. This suggests that bite depth is not 

necessari ly l im ited by the dimensions of the buccal cavity when animals g rip leaves 
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and stems on tal l  swards from the side and draw them into the mouth (Hodgson , 

1 98 1 a) .  Thus,  b ite depth defined above (Hughes, 1 988) may not be a concept 

applying for extremely tal l and stemmy swards for either sheep or goats. I n  effect, 

animals are able to vary their methods of harvesting herbage somewhat according to 

the structure of the vegetation encountered (Arnold & Dudzinski, 1 978). Th is f lexib i l ity 

wou ld perm it animals to grip herbages from the side when deal ing with tal l  herbages, 

especial ly for browsers. 

It has been shown (Clark et al. ,  1 982) that goats may avoid white c lover,  in 

contrast to sheep which eat white c lover in proportion to that on offer. Preference of 

sheep for white c lover would be m ore pronounced where avai labi l ity is g reater (N icol 

et a/., 1 987) because the abi l ity of animals to express their preference for individual 

components of the sward is l im ited by both sward structure and the avai labi l ity of each 

component (L'Hu i l l ier et al. ,  1 984) . However, a recent study (Newman et al. ,  1 992) 

proposed that the selection for clover and grass by sheep m ight be related to their 

previous d ietary background; sheep preferred the opposite species to the one they had 

previously g razed. 

Explanations for the lower proportion of wh ite c lover in the diets of goats relative 

to that on offer are sti l l  unclear and d ifficult to interpret unless sward conditions are 

careful ly characterized (Hughes, 1 988). Hughes ( 1 988) argued that it is too s impl istic 

to say that goats actively reject c lover in a l l  g razing situations. However, in  addition 

to the effect of avoidance caused by preference (Clark et al. ,  1 982; 1 984), shal low 

grazing behaviour may help explain th is phenomenon, as outl ined below. 

The depth of penetration at which an imals position their mouths when biting 

(" incisor he ight", Laca et al./ 1 992a) is largely determ ined by sward height, and hence 

composition of the d iet is considered to be c losely related to the composition of the 

swards where the defoliation occurs. Goats usual ly defol iate pastu res from the top 

downwards in successive layers (McCal l  & Lam bert, 1 987) , and hardly penetrate into 

the basal horizon where clover is usual ly more dominant than the remainder of 

canopies in m ixed swards. Therefore, the lower proportion of white clover in  the diet 

of goats relative to that on offer (Clark et al. ,  1 982) m ight partial ly be a consequence 

of poor accessibi l ity of white clover in the upper sward canopies in addition to an active 

avoidance (Clark et al. ,  1 982; 1 984). This suggests that it m ight be reasonable to 

argue that the intake of white c lover by goats is regu lated by both canopy structure 

(spatial d istribution , accessibi l ity and availabi l ity) and del iberate rejection, i n  i nteraction. 

The smaller bite weight of goats than sheep on legumes m ight a lso be 

explained, at least partial ly, by thei r  shal low g razing habit, in  addition to body size 
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effects. Since the swards used in the current experiment were untr immed, they were 

not of a uniform height or of a vertical homogeneity. Few petioles appeared within the 

top strata of the canopy (Figs in Appendix 5 . 1 ) . On these leguminous swards,  goats 

harvested on ly those laminae present at the canopy su rface, and ignored those lower 

in the canopy. In th is case, the amount of c lover mass removed per bite was largely 

regulated by the structure of the uppermost layer (height and m ass density) . 

5.4.4 Influence of sward characteristics on ingestive behaviour 

Plant species may i nfluence intake i n  a variety of ways through the effects of 

sward structu re on ease of prehension , and through d ifferences in the rate of d igestion 

and passage (L'Hu i l l ier et al. , 1 986) . 

Compared with g rasses, legumes resu lted in greater b ite weights of fresh m atter 

though not necessarily of dry matter (Table 5. 1 3) ,  taster b it ing rates, and hence g reater 

intake rate. These trends are clearly shown in MDF analysis (Fig. 5 .5A), and 

reinforced in Fig. 5 .6A. I t  has been shown that sheep have h igher d ry m atte r  i ntake 

for legume d iets than g rasses (Gibb & Treacher, 1 983, 1 984) , leading to superior 

g rowth and lactation performance (Thomson , 1 984). Penning et al. ( 1 991 b) fou nd that 

mean bite weight of sheep g razing clover was 48% h igher than that of sheep g razing 

g rass, but bit ing rate was sim i lar for both swards, leading to a h igher intake rate of 

c lover than g rass; however, dai ly grazing t ime was 42% greater for g rass than for 

c lover, resu lting in sim i lar daily intakes for both swards. Dougherty et al. ( 1 989a) 

found that lucerne swards permitted cattle to prehend larger b ite weights at slower 

rates than did tall fescue swards, leading to higher i ntake rates of lucerne than tal l  

fescue. Kenney and B lack ( 1 986) using a rt ificial swards grazed by sheep showed that 

sheep ate subterranean clover four times faster than g rass swards. Among the above 

studies, Dougherty et al. ( 1 989a) and Kenney and B lack ( 1 986) used short term 

m easurements ( 1  h and 1 5  s ,  respectively) , and G ibb and Treacher ( 1 983, 1 984) and 

Penning et al. ( 1 99 1 b) used relatively long term observations. These f indings 

demonstrate that the an imals are able to obtain greater  intake rates from legumes than 

g rasses. 

The g reater bite weights on legumes may be att ributable to the following facts. 

( 1 ) There is a higher mass concentration with in the g razed horizon for clover 

swards than g rass swards (Tables 5.3 & 5 .4) .  
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(2) Although the tensi le strength was not measured in the p resent 

experiment, it appeared to be less for legumes than g rasses (Penn ing et 

al. ,  1 991 b), so it was m uch easier to sever petiole or stalk of legumes 

than the grass pseudostem or leaf (Kenney & Black, 1 986) . Because of 

these two facts, a smal ler effort is requ i red to obtain a fu l l  mouthfu l of 

legume than g rass. 

(3) The animals removed a g reater proport ion of the herbage encompassed 

by the jaw for clover than grass (Penning et al. ,  1 991  b). Animals usual ly 

harvested nearly a l l  the laminae and petioles occurr ing with in  the area 

encompassed by a bite when g razing legumes. In contrast, for g rasses 

after a bite is taken ,  some plant components occurr ing with in  the a rea 

encompassed by a bite s l ipping out of the teeth and sti l l  remained 

unharvested (Parsons et al. ,  1 99 1 ) . 

Addit ional ly, in a study on ingestive behaviour using sheep continuously stocked 

on wh ite c lover or perennia l  ryegrass swards maintained at a sward height of 6 cm, 

Penning et al. ( 1 99 1 b) attributed the g reater bite weight of legumes to the fact that the 

an imals may have encompassed a g reater volume of l egumes at each bite by opening 

their mouths further or  increasing their depth of biting. Th is was not the case in the 

current experiment because the swards used were much tal ler for g rasses than 

legumes (Tables 5.3 & 5.4), leading to m uch greater b ite volumes of g rasses than 

legumes (Table 5 . 1 3) .  But the reduced b ite volumes on legumes were suffic iently 

compensated for by the greater efficiency of harvesting resu lt ing from the above three 

advantages. 

The faster b iting rate of animals on legumes was a lso a consequence of the 

flexib le nature and low structural strength of the legumes (Kenney & Black, 1 986). 

Apart from this, the lower fibre content and d ifferent morphology of the vascu lar 

bundles of clover (Kenney & B lack, 1 986) can lead to an increase in the rate of particle 

b reakdown during chewing compared with grasses (Mosely & Jones, 1 984), and hence 

reduces the t ime requ i red for chewing  between each mouthful (Kenney & Black, 1 986). 

Animals on grass also spend proportionately more time ruminating than those on 

clover swards because of the lower rate of particle breakdown on g rasses (Penning 

et al. ,  1 99 1 b) .  

I ntake rate is a measure of the combined effect of prehension , chewing and 

swa llowing (Kenney & Black, 1 986) . When there are some d ifficu lt ies for prehension 

because of the sward restrictions imposed by structu ra l  characterist ics, prehension rate 



1 98 

usual ly is the l imit ing component of intake rate, but when prehension is not a problem, 

chewing  and swallowing rates become lim it ing (Kenney & B lack, 1 986). Legumes 

al lowed animals to have both larger mouthfuls of herbage and faster prehension rate, 

so intake rate was much greater on legumes than grasses. 

As pasture matures the h ighly digestible leaf becomes a smal ler fraction of the 

whole plant, and d igestibi l ity declines (Wilman & Agiegba, 1 982). Therefore, daily 

herbage intake usually decl ines with increasing maturity of g razed herbage (Hodgson 

1 977). In the current study both sheep and goats increased their b ite weights as 

swards advanced in maturity, in response to an approximately two-fold increase in 
sward height (Table 5.4) . However, bite weight is only one of the components 

collect ively influencing daily intake. Animals had to spend more t ime chewing and 

processing mouthfu ls of herbage obtained from these tall and mature swards, hence 

bite rate fol lowed the expected patterns of decl ine as bite weight increased with sward 

height (Hodgson, 1 98 1 b) .  Intake rate (mg OM/min) decreased for sheep with 

increasing herbage maturity, but was not significantly affected by maturity for goats, 
a lthough there was a trend to increase intake rate (Table 5 .9) .  

The decl ine in intake rate of  sheep from 7074 mg OM/min on vegetative to 581 7 
m g  OM/m in on reproductive swards was based on an increase in  b ite weight from 207 

m g  OM to 323 mg OM and a decrease in b it ing rate from 36 bites/min  to 1 9  bites/min 

(Table 5.9) .  A s lightly increase in intake rate for goats from vegetative to reproductive 

swards (from 5 1 39 mg OM/min to 5653 mg OM/min ) was associated with a 
substantial ly greater increase in  bite weight from 1 75 mg OM to 383 m g  OM and a 

decrease in  bite rate from 3 1  bites/min to 1 7  bites/min (Table 5.9). This suggests the 
existence of countervai l ing or non-monotonic influences on intake rate. The benefit in 

bite weight of sheep from increasing sward height induced by change from vegetative 

to reproductive sward can be counterbalanced by a penalty of a g reater t ime required 

for manipulating, chewing and processing. As bite weight increases to a h igh level ,  
an imals can no longer process herbage with s imultaneous chew/bites but m ust perform 

exclusive (frequently head-up) chewing jaw movements to process herbage ingested 

during a series of bites (Laca et al., 1 993) . Both plant maturity and sward height, 

which are usual ly confounded in field-grown swards (Hodgson , 1 990) ,  were thought to 
play a role in th is process, as out l ined below. 

The effect of maturity was cons idered to be associated with the particle 
breakdown process (Cosgrove, 1 992). Because the proportion of large particles (>1 .0 

mm) tends to decrease and the proportion of medium particles (0.5 - 1 .0 mm) to 

increase with maturity (Poppi et al. ,  1 98 1 ; U lyatt et al. ,  1 982; Nelson, 1 988) mature 
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forage requ i res more time and very thorough chewing to break into smal l  particles to 

swal low, leading to a reduction in harvesting rate. As swards become tal le r, more jaw 

m ovements are associated with chewing (Laca et al. ,  1 992a) , so the decline of intake 

rate with increasing sward height was assumed also to be attributable to the decl ine 

in the ratio of prehension bites to masticating movements (Penning et al. ,  1 99 1 a) s ince 

manipulative jaw movements and chewing overlap to a variable extent which depends 

on sward height (Laca et al. ,  1 992a). However, for goats, th is penalty was not 
sufficient to offset the benefit from greater bite weight ,  resu lt ing in a g reater intake rate 

of reproduct ive swards. 

The reason for this difference between the two an imal species was not clear; 

two possible explanations may be involved. Firstly, it was assumed that the particle 

s ize required to swallow was larger for goats than for sheep when coarse forages were 

grazed, and hence goats spent less t ime chewing and processing desp ite larger bites 
than sheep. There is a lack of evidence to confirm this. Dom ingue et al. ( 1 99 1 )  

concluded that when chaffed lucerne hay was offered the boli which were chewed 

during eating and then swal lowed conta ined significantly greater percentages of small 
particles (passing 0.5 and 0.25 mm sieves) ,  and smaller percentages of large particles 

( retained on 4.0 mm and 2.0 mm sieves) for goats than for sheep. However, M itchel l  

( 1 985) showed that in the diet of feral goats grazing coarse forages (sh rubs) , the size 

of fractions contained in  boli ranged from >2 mm to >8 mm.  This  suggests that goats 

could swallow large particles of the coarse forages, although unfortunately he d id not 
m ake comparisons with sheep. I n  the current research , the particle s ize of bol i  was 

not measured, but from the data of Table 5.9, it was assumed that goats were able to 
swal low reproductive herbages in relatively large particle s izes compared to sheep, 

because 1 9.6% g reater in bite weight of goats than sheep on the reproduct ive swards 

was on ly accompanied by 1 0.5% lower bite rate. 

Secondly, it was shown that the frequency of chewing during eating (number of 

chews/min) was g reater in goats than in sheep, and hence the effic iency of chewing 
during eating in breaking down feed particles to < 1  mm may have been g reater in 
goats than sheep (Domingue et al. ,  1 991 ) .  The greater number of chews/min during 

eat ing in goats is a major factor explaining their greater efficiency of eating (Domingue 
et al. ,  1 99 1 ) . 

Variation in sward height influenced bite dimensions more,  through its effect on 

b ite depth, and therefore bite weight, than did variation in  bu lk density for both animal 

species, in agreement with the resu lts of M itchel l  et al. ( 1 99 1 ) and Laca et al. ( 1 992a). 

However, canonical analysis (Section 5.3.4. 1 )  showed a g reat contrast in th is aspect 
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between grasses and legumes, and between sheep and goats. The bulk density, with 

particular regard to leaf frequency bulk density, had a substantial ly greater effect on 

the whole set of ingestive behaviour variables than did sward height when the 

leguminous swards were grazed by sheep, in agreement with the results of Kenney 

and B lack ( 1 986). In leguminous swards, because mass is mainly d istributed within 
the upper horizon, the effect of sward height on the herbage m ass which is readi ly 

prehensible is reduced in comparison with gramineous swards (Kenney & Black, 1 986), 
where mass is d istributed more in the lower zone than in the upper horizon. This 

characteristic of legume swards also explains why the effect of bu lk density was 

greater in legumes than in grasses when they were grazed by goats (Table 5.25). 

However, bu lk dens ity of legumes was sti l l  less important than sward height 

when being grazed by goats (Tables 5.24 and 5.25). The reason for th is was that as 

m entioned before, goats m ight confine their defol iation within the uppermost horizon ,  
and ignore short petioles below th is  zone because of  their shal low grazing and greater 

sensit ivity to changing pastu re height than sheep. This m ight have led to a more 

funct ional relationship of ingestive behaviour of goats with sward height than with bulk 

density. Consequently, in leguminous swards height can exert m ore effect than bulk 

density on goats. 

For sheep, bulk density of legumes exerted an important effect not only on the 

whole set of behaviour  variables in combination (canon ical analysis), but also on 
variables individually (multiple regression analysis). This was substantiated in Tables 
5.26 and 5.27,  where bite weight and bite depth of sheep were largely determined by 

bu lk density of legumes. 

Beyond the dominant effect of sward height in grasses and the dominant effect 

of bu lk dens ity in legumes, the effect of herbage mass on grazing behaviour  was 

greater in legumes than in grasses for both sheep and goats (Tables 5 .24 and 5.25). 

This \yas because the dominance of bulk density over other  sward variables in 
legumes was lower than the dom inance of sward height over other  sward variables in 

g rasses (denoted by ratios of the dominant variable, bulk density or height, to others, 
Tables 5.24 and 5.25). This provided an opportunity for the effect of herbage mass 

to emerge in legumes. 

I n  summary, the conclusions about the relat ive importance of a lternative sward 

variables, with particu lar regard to height and density, are critical ly dependent on the 

range of values, the types of swards (grasses or legumes) and animal species adopted 
in specific studies. 
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5.4.5 Comparison of MAN OVA and MDF between the set of sward 

variables (complete profiles) and the set of behaviour variables 

There was an almost identical ordinat ion pattern between the set of sward 

variables (complete profiles) and the set of behaviou r  variables in the d istribut ion of 

scores with respect to the n ine forages (Fig. 5 . 1 A and 8 vs. Fig. S.SA-C). Sward 

height was dom inant in the discrim inant funct ions of the sward set, and bite depth and 

b ite weight were dominant in the discriminant functions of the behaviourial set. The 
h igh comparabil ity in the score pattern reinforced the view that ingestive behaviour of 

the grazing animals was strongly influenced by the characteristics of the sward, and 

sward height had a dom inant impact upon bite depth, and hence bite weight .  

The conformable ordination of the scores with respect to the eighteen 

combinations of forage x stage of maturity (Fig. S.2A and 8 vs. Fig. 5.6A-C) reinforced 

the above relat ionship, with more evidence that herbage mass and density (MDF2) 
exerted some significant effects on ingestive behaviour as wel l .  

5.5 CONCLUSIONS 

1 .  On average mean bite weight over eighteen swards (9 forages x 2 

stages) was s imi lar for sheep and goats. Sheep usual ly obtained heavier 
bites than goats on both vegetative and reproductive clover swards and 

on vegetative grass swards, but goats had substantial ly heavier bites on 
reproductive grass pastures. B ite weight scaled to l iveweight (LW or 
L WO·7S) was greater for goats than sheep. 

2 .  Generally, bite depths were markedly d ifferent between sheep and goats. 

Sheep showed a greater tendency to penetrate into the canopy, whereas 

goats were shallow grazers from the top downwards. Sheep preferred 

to push into the swards and to take deep bites, whereas goats restricted 
their defol iation within the top horizon. 

3 .  When extremely ta l l  stemmy reproduct ive grasses were grazed, goats 

modified their behaviour to deal with these rigid components by grazing 
from the side of the sward, resulting in sim i lar bite dimensions to sheep. 

Sheep appeared to push into tal l  canopies from the top down to graze 



leafy components, and rejected seedhead and stalk components within 
the grazed area, whereas goats were less selective and prehended a 

great mouthful of herbage including most components occurring within 

the defined grazed area. 

4.  Because of the greater capabil ity of goats to handle reproductive swards 

the variation in intake rate in response to increasing sward maturity 
differed between the two animal species. When swards matured, intake 

rate of sheep decreased because an increase in bite weight was 
counterbalanced by a dramatic fall in bit ing rate,  but that of goats 

increased as a resu lt of a dramatic increase in bite weight, and a 

relatively small fal l  in bite rate, compared with sheep. 

5 .  Leguminous swards usual ly resulted in a greater bite weight (especial ly 
on a fresh matter basis) despite a shallower bite depth compared with 

gramineous swards. The reduced bite depth of legumes was sufficient ly 

compensated for by the greater efficiency of harvest ing. Animals also 

obtained a faster bite rate on legumes than on grasses. 

6. The tal ler reproductive swards led to greater bite weights, but lower bite 

rate than did vegetative swards. 

7 .  There was substantially greater variation in bite depth than in bite area 
across forage categories and stages of maturity, and bite depth was a 

major spatial component of bite volume and hence b ite weight. 

8. Sward characterist ics had a strong and substantial impact upon the 
ingestive behaviour components of grazing animals. Sward height 

generally had a m uch more dominant effect than did other sward 
characteristics, and bite depth showed a far greater response than d id 

other behaviou r  components in both animal species. However, the bu lk 

density, with particular regard to leaf frequency bulk density, had a 

substantial ly greater effect on ingestive behaviou r  than did sward height 
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when the leguminous swards were grazed by sheep. The ingestive 

behaviour of goats grazing legumes was sti l l  influenced principally by 

sward height, in spite of the fact that the effect of the bu lk density was 

substantial ly increased compared with that in g rasses. Herbage mass 

had m ore impact in legumes than in grasses for both sheep and goats. 

B ite weight was a more important response variable than bite depth for 

both species grazing legumes. 
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CHAPTER 6 

EXPERIMENT 2 

Effects of Contrasting Sward Heights on Components of 

Ingestive Behaviour of Sheep and Goats 

6.1 INTRODUCTION 

Grazing Grasses and Clovers 
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Experiment 1 (enlarged data set) showed that in general terms height was the 

m ost important sward variable affecting ingestive behaviou r, a lthough there was some 

deviation from th is general trend for leguminous swards g razed by sheep. Experiment 

1 provided evidence on effects of sward height across forages rather than with in 

forages, as the heights were principally contrasted between forages. Therefore, the 

effect of sward height was confounded with variat ions in other plant characteristics (e.g 

g rowth habit) across forages, and also by maturity stage with in a forage. Experiment 

2 was designed to separate the effect of sward height from the above effects by 

producing contrasting heights with in forages, and by restrict ing sampl ing to the 

vegetative phase only. Again, the effect of th is independent variation in height was 

evaluated using clovers and grasses to provide a contrast between the two sward 

categories when they were grazed by sheep and goats. 

6.2 MATERIALS AND METHODS 

6.2.1 Experimental design 

Four  forages comprising two grasses and two clovers (Table 6 . 1 )  were used for 

th is experiment. Height d ifferences within each forage were achieved by mowing plots 

and al lowing d ifferent periods of un interrupted regrowth. F ive heights for each grass, 

three heights for Tahora white clover and two heights for Kopu wh ite clover were 

produced (Table 6. 1 ) .  Emphasis was placed on assessing influences on the 

components of ingestive behaviou r  for two main effects (an imal  species and height 

c lass) and their interactions, within each forage separately. The individuals of each 
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animal species were treated as internal replicat ions of a completely randomized 

design .  

6.2.2 Experimental procedures 

Four 33 month old individuals were chosen from the pool of s ix animals of each 

species used in Experiment 1 to graze the sampled turves. Average l iveweights of 

sheep and goats over the experimental period were 5 1 .2 and 22.9 (s.e: 0.6) kg with 

3.2 and 2.7 cm (s.e: 0.04) adult incisor arcade breadth for sheep and goats, 

respectively. Both species had 4-6 adult teeth per an imal which contributed 

approximately 98% of total incisor arcade breadth .  

Table 6.1 Experimental design 

Factors and reps Levels 

Animal species 

Forages 

Sward heights 
with in a forage 

An imal reps within 
species 

2 

4 

5 heights within each grass, 
3 heights within Tahora, 
2 heights with in Kopu 

4 

Values 

Sheep and goats 

Ryegrass, cocksfoot, Tahora 
and Kopu white clovers * 

Ryegrass (7.8, 1 3.7, 1 6.7, 
1 8.5 ,  and 26.7 cm), 

Cocksfoot (8.0, 1 7.3 ,  22. 1 , 
22.5 and 29.6 cm) , 

Tahora (5.5 ,  5 .8 and 
1 1 . 0  cm) ,  

Kopu (6. 8  and 1 3.7 cm) 

4 sheep 
4 goats 

* .  See Appendix 3. 1 for detailed description of agronomic characterist ics of these 
cultivars. 

Experimental procedures were the same as in Experim ent 1 (Chapter 3) . 

Animals were individually housed in metabolism crates indoors and presented prepared 

sample turves. Animals had been t rained to experimental procedures previously 

( Experiment 1 )  as wel l  as for three weeks immed iately prior to the current experiment. 

Measurements were taken as in Experiment 1 to characterize sward structure and 
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state, and to determine the weight of herbage removed, bite number  and t ime elapsed 

du ring biting. Two sets of variables (sward and ingestive behaviour) were obtained 

either through d i rect measurements or through calcu lations (see Section 3.2.7 of 

Chapter 3) . Components of the funct ional response included bite weight on both fresh 

and dry matter bases, bite rate, bite depth , bite area and bite volume. Characteristics 

of sward structure included surface height (cm) ,  mass with in the grazed stratum 

(g DM/m2) ,  mass bulk density of the grazed stratum (mg DM/cm3) ,  herbage mass of 

the whole turf (g DM/m2) and overal l  mass bulk density (mg DM/cm3) ,  and four others 

derived from the point-quadrat measurements (for details see Sections 3.2.4.2 and 

3.2.7.9 of Chapter 3): leaf frequency bulk density of the grazed stratum (h its/2 cm) , 

leaf proportion of the whole sward profi les ,  leaf frequency bulk density of the whole 

sward profiles (h its/2 cm), and stem frequency bulk density of the whole sward profi les 

(h its/2 cm). 

Turves were extracted from the establ ished plots of Experiment 1 (Chapter 3). 

Forages and height classes of each forage were offered to an imals in a generally 

random sequence influenced by readiness of swards for grazing. At each feeding 

assessment, a l l  animals received the same treatment combination (one height of one 

forage). During the entire experimental period, al l  an imals  received al l  t reatment 

combinations, i .e .  four forages with a total of 1 5  height treatments (Table 6. 1 ) .  

The experiment was conducted between 22 May and 2 4  September of 1 990. 

6.2.3 Statistical analysis 

Because the objective of this experiment was to evaluate height effects with in 

a forage on ingestive behaviour variables in an attempt to avoid confounding effects 

of variation across forages, it was appropriate to conduct statistical analyses within 

forages. However, s ince only two or three heights were sampled for Kopu and Tahora 

clovers (Table 6. 1 ) , it was more appropriate to analyze the clovers by combining the 

two cultivars in o rder to produce a wider range of height variation with in white clover. 

Variat ion in sward characteristics with increasing height was overviewed by 

MANOV A to examine the general patterns, whereas ingestive behaviou r  variables were 

evaluated by ANOVA, in which the model was composed of two main effects ( height 

c lasses and animal species) and their interaction. 
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The correlations amongst sward variables, amongst bite variables, and between 

sward and bite variables were exam ined. Further, functional relationsh ips between 

sward and bite variables were establ ished by regression analysis. 

Final ly, a pooled analysis was conducted to examine the response patterns of 

the two animal species to variation in sward height across forage species (sward 

types). The pooled analysis involved th ree main effects: forage species (3: including 

2 grasses separately and 2 clovers combined),  height classes (5 heights for each 

forage species) and animal species (sheep and goats) ,  and their interactions. 

6.3 RESULTS 

6.3. 1 Sward conditions 

MANOVA assessment (Table 6.2) indicated that for all three forage species, 

surface height and average mass bulk density of the overal l  sward profiles were much 

more important (higher standardized coefficients) than other variables, and herbage 

mass was also emphasized, in discrim inating the variation of the set of sward attributes 

brought about by increases of sward height. Sward height and average bulk density 

were further exam ined and were used as bite-related variables, whereas grazed bulk 

density was used as a comparison with average bulk density where necessary, and 

leaf layer depth was also quoted in describing sward characteristics (Table 6.3). 

Clover swards (Table 6.3 and Fig. 6.1 A1.3) were much denser than grass 

swards in both uppermost layers and whole sward profi les. The lowest densit ies 

obtained with clovers were greater than the highest bulk densities measured in the 

grasses. A comparison of bulk density between grazed strata and whole profiles 

indicated that general ly, the gradients of bulk density down the vertical profi les of the 

canopy were opposite for grasses and clovers; increasing from the top to the bottom 

in the canopies of grasses, whereas decreasing in clover canopies (except for height 

2 of Tahora). Because the height of pet iole in clovers was measured as "stem" for 

convenience (see Sect ion 3.2.4. 1 of Chapter 3), the leaf layer depth (difference 

between surface height and "stem" height, see Section 3.2.7.8 of Chapter 3) was much 

smaller for clovers than grasses. Leaf layer depth increased with increasing sward 

height in both grasses and clovers. The proportion of leaf layer depth to surface height 

increased with sward height in grasses, but varied errat ically in clovers. 
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Fig 6.1 Diagrams (AI - G3) of bulk density of grazed stratum, bite weight, 
bite rate, bite depth, bite area and bite volume against sward height for three types 
of sward (ryegrass, cocksfoot and clovers).  Vertical bars indicate standard errors of 
least square means. Because standard errors based on the least squares means are 
the same for all means of the same line, only one bar is indicated for each line. 
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Table 6.2 Standardized coefficients of sward variables for the discriminant functions. This 
MANOVA was assessed using height classes as treatments to evaluate the overall 
variation of the set of sward variables with increase of sward height for two grasses 
individually, and for two clovers combined. 

Forages 

Variables 

Surface height (cm) 

Mass of grazed horizon 
(g DM/m') 

Mass bulk density of grazed 
horizon (mg DMlcm3) 

Herbage mass (g DMlm� 
Mass bulk density of overall 
profile (mg DMlcm3) 

Leaf frequency bulk density of 
grazed horizon (hitS/2 cm) 

Leaf % of overall profile 

Leaf frequency bulk density of 
overall profile (hitS/2 cm) 

Stem frequency bulk density 
of overall profile (hitS/2 cm) 

Proportion of variation 
accounted for by the function 

Wilks' Lambda 

Ryegrass 

Standardised 
coefficients of 

function 1 

6.42 

-0.02 

0.08 

-2.60 

2.43 

-0.42 

0.62 

0.36 

0. 1 6  

0.80 

* * *  

Cocksfoot 

Standardised 
coefficients of 

function 1 

5.54 

0.58 

0.94 

-0.80 

- 1 .87 

-0.56 

1 . 1 5  

1 . 1 1  

-0.31 

0.83 

* * *  

Clovers 

Standardised coefficients 

function 1 

1 .9 1  

-0.01 

-0.31 

1 .5 1  

-0.67 

0.55 

0. 1 2  

-0.30 

- 1 .01 

0.59 

function 2 

2 .26 

0.39 

0.69 

- 1 .09 

3.76 

0. 1 3  

-0.09 

-0. 1 3  

-0.58 

0.27 

For combined clovers, because the first function only accounted for 59% of total 
dispersion, the second function was also taken into account, contributing 84% of total 
dispersion collectively. 

6.3.2 Ingestive behaviour variables 

Tables 6.4-6.6 present detai ls of bite variables for the interaction between sward 
, 

he ight and animal species for each forage speCies. F ig .  6 . 1 8-G i l l ustrate diagrams 

of all b ite variables against sward height for ryegrass, cocksfoot and c lovers 

separately. 

Contrary to the case in Experiment 1 (Chapter 5), there was a s imi lar pattern 

of response in b ite weight in fresh (FM) and d ry matter (OM) terms to variation in  

sward height (Fig. 6. 1 81_3 and Cl_3) . Therefore, on ly b ite weight based on FM is 

considered further. 
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Table 6.3 Descriptions of sward conditions for ryegrass, cocksfoot and clovers at different 
heights. 

Forages Ryegrus Cocksfoot Clovers 

Height Surface Leaf Grazed Overall Surface Leaf Grazed Overall S urface Leaf Grazed Overall 
classes height layer bulk bulk height layer bulk bulk height layer bulk bulk 

(cm) depth density density (cm) depth density density (cm) depth density density 
(cm) (mgDM (mgDMI (cm) (cm) 

cm3) cm3) 

7.8 e 4.3 e 0.47 c 0.59 c 8.0 d 4. 1 d 0.47 b 0.77 a 5 .5 d 0.6 e 3.52 a 2.32 a 

2 1 3. 7  d 7.9 d 0.48 c 0.50 d 1 7.3 c 1 1 .3 c 0.39 c 0.40 e 5 .8 d 1 . 1  d 1 .72 b 2. 1 2  b 

3 1 6.7 e 1 1 .4 c 0.63 b 0.62 e 22.1 b 1 4.0 b 0.45 be 0.48 e 6.8 c 1 .5 e 1 .29 be 1 . 1 1  d 

4 1 8.4 b 1 2.3 b 0.78 a 0.91 a 22.2 b 1 4.5 b 0.58 a 0.74 a 1 1 .0 b 1 .9 b 1 .53 be 1 .34 e 

5 26.7 a 1 8.4 a 0.62 b 0.81 b 29.6 a 1 8.9 a 0.50 b 0.59 b 1 3.7 a 2.4 a 1 .24 c 1 .02 d 

s.e. 0.45 0.30 0.03 0.03 0.49 0.28 0.03 0.03 0.32 0. 1 0. 1 6  0.06 
test *** *** *** *** *** *** *** *** *** *** *** ... 

For clovers, heights 1 ,  2 and 4 were Tahora, and heights 3 and 5 were Kopu (see Table 6. 1 ) . 

6.3.2. 1 Bite weight 

Animals increased their bite weights with increasing sward height in al l  three 

forage species (Fig. 6. 1 81 -3) , 8ite weight increased more rapidly with increasing sward 

height in clovers than in ryegrass (91 .8  mg FM/cm vs. 45.2 mg FM/cm), which in turn 

was greater than in eoeksfoot (24.0 mg FM/em). 8 ite weights obtained on the shortest 

clover swards (5.5 cm) were two to th ree t imes greater than those obtained on the 

shortest ryegrass (7.8 em) and eoeksfoot (8.0 cm) swards (Fig. 6 . 1  81-3 and Tables 6.4-

6.6) ,  respect ively. 

8 ite weight d iffered sign ificantly between sheep and goats for ryeg rass (Table 

6.4) and clovers (Table 6.6), but differed only at P<0. 1 level for cocksfoot (Table 6.5). 

Compared to goats, sheep had 75% greater bite weight on clovers (Table 6.6),  and 

67% g reater on ryegrass (Table 6.4), but on ly 1 8% greater on cocksfoot (Table 6.5). 

The response pattern in bite weight to variation in sward height d id not differ 

sign ificantly between sheep and goats (no sign ificant interaction) grazing  cocksfoot 

(Table 6.5 and Fig. 6. 1 82) or  clovers (Table 6.6 and Fig. 6. 1 83) ,  but differed 

sign ificantly between the two an imal species grazing ryegrass (Table 6 .4 and Fig. 6. 1 

81) , 
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Table 6.4 Means of ingestive behaviou r  variables on ryegrass for interaction between height and an imal species. 

Height classes Bite weight 1 (mg fresh Bite weight 2(mg dry Bite rate Bite depth (cm) Bite area (cm2) Bite volume (cm3) 
matteribite) matter/bite) (bites/min) 

Sheep LSD Goats Sheep LSD Goats Sheep LSD Goats Sheep LSD Goats Sheep LSD Goats Sheep LSD Goats 

Height 1 (7.8) 2 1 2  d ns 1 55 c 39 d ns 29 c 90 a ns 1 07 a 4.6 d ns 3.7 c 1 1 .4 ab 9.0 b 52 c ns 33 c 

Height 2 (1 3.7) 625 c 329 bc 1 24 c • 67 bc 59 b ns 74 b 8.6 c • 6.2 b 1 2.5  a ns 1 2.4 a 1 08 b 76 b 

Height 3 (1 6.7) 706 bc ns 559 ab 1 35 c ns 1 1 2 ab 48 b ns 59 bc 9.8 bc • 7.4 b 1 1 .4 ab ns 1 0.8 ab 1 1 0  b ns 80 b 

Height 4 ( 1 8.5) 940 b ns 691 a 202 b ns 1 50 a 50 b ns 40 c 1 0.6 b ns 1 0.6 a 1 0 . 1  b 6 . 1  c 1 07 b • 65 b 

Height 5 (26.7) 1 454 a - 621 ab 275 a - 1 1 9 ab 43 b ns 53 bc 1 7.6 a - 1 1 .8 a 1 2.6  a 1 0. 1  ab 223 a 1 1 9 a 

s.e. and test1 1 03 _ .  1 9  .- 8 ns 0.6 --- 0.8 ns 1 1  .-

Mean and tes� 788 _. *  471 1 55 . .  - 95 58 (.) 67 1 0.2 8.0 1 1 .6 9.7 1 20 75 

(s.e.) (46) (46) (9) (9) (3) (3) (0.3) (0.3) (0.4) (0.4) (5) (5) 

Significance levels between sheep column and goats column show LSD test between sheep and goats within each height class. The lowercase letters following sheep column 
indicate LSD between height classes within sheep. The lowercase letters following goats column show LSD between height classes within goats. s.e and test1 indicate standard e rrors 
and F test of ANOVA for each behaviour variable at the level of interaction between height and animal species. Mean and test2 refer to average values of sheep and goats, and F 
test of ANOVA for each behaviour variable at the level of animal species effect. (s.e): standard errors of average values of sheep and goats. 

The above notes also apply for Tables 6.5 and 6.6. 
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Table 6.5 Means of ingestive behaviou r  variables on cocksfoot for interaction between height and animal species. 

Height classes Bite weight 1 (mg fresh Bite weight 2(mg dry Bite rate Bite depth (cm) Bite area (em2) Bite volume (em3) 
matter/bite) matteribite) (bites/min) 

Sheep LSD Goats Sheep LSD Goats Sheep LSD Goats Sheep LSD Goats Sheep LSD Goats Sheep LSD Goats 

Height 1 (8.0) 298 e ns 3 1 1 e 57 d ns 64 e 66 a ns 66 a 4. 1 e ns 4.0 e 1 2.5 ab 9.5 ab 52 e ns 37 e 

Height 2 ( 1 7.3) 765 ab 486 be 1 43 be • 89 be 54 ab ns 42 be 1 1 .4 b 9 . 1  b 1 3.3 ab ns 1 1 .9 a 1 52 b 1 08\9 b 

Height 3 (22. 1 )  643 b ns 594 ab 1 4 1  e ns 1 42 ab 50 b ns 49 b 1 1 . 1  b ns 1 0. 1  b 1 0.9 b ns 9.4 ab 1 21 b ns 94 b 

Height 4 (22.5) 905 a ns 826 a 205 a ns 1 85 a 42 be ns 38 be 12.1  b 1 4.6 a 1 2.5  ab 8.6 b 1 52 b ns 1 25 b 

Height 5 (29.6) 898 ab ns 747 a 202 ab ns 1 77 a 35 e ns 31 e 1 8.5 a 1 5.6 a 1 4.5  a 1 0.9 ab 270 a 1 68 a 

s.e. and test1 90 ns 21 ns 7 ns 0.6 .. 0.9 os 1 5  • 

Mean and tes� 700 (*) 593 1 50 ns 1 3 1  49 ns 45 1 1 .4 (*) 45 1 2.8 1 0.0 1 49 1 07 

(s.e.) (40) (40) (9) (9) (2) (2) (0.2) (0.2) (0.4) (0.4) (6) (6) 

See Table 6.4 for notes used to interpret this table. 
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Table 6.6 Means of ingestive behaviou r  variables on clovers for interaction between height and animal species. 

Height classes Bite weight 1 (mg fresh Bite weight 2(mg dry Bite rate Bite depth (em) Bite area (em2) Bite volume (em3) 
matter/bite) matter/bite) (bites/min) 

Sheep LSD Goats Sheep LSD Goats Sheep LSD Goats Sheep LSD Goats Sheep LSD Goats Sheep LSD Goats 

Height 1 (5.5) 698 b ns 480 b 1 25 b ns 86 b 57 be ns 66 ab 2.7 e 1 .3 d 1 1 .5 ab ns 8.8 a 3 1  e * 1 1  e 

Height 2 (5.8) 731 b ns 455 b 1 47 b ns 91 b 82 a ns 74 a 2.9 e ns 2.6 e 1 1 . 1  b ns 9.9 a 32 e ns 25 be 

Height 3 (6.8) 889 b 400 b 149 b * 70 b 63 ab ns 68 ab 4.4 b ns 3.0 be 1 2. 1  ab ns 9 .4 a 53 be 29 be 

Height 4 ( 1 1 .0) 1 051  b ns 563 b 1 75 b * 98 ab 47 be ns 46 be 6.5 a 3.8 b 1 1 .2 ab ns 9.5 a 74 b * 36 b 

Height 5 ( 1 3.7) 1 692 a 993 a 253 a 1 54 a 38 e ns 35 e 7.3 a 6 . 1  a 14.7 a ns 9.6 a 1 07 a 59 a 

s.e. and test1 1 28 ns 21 ns 7 ns 0 .4 (*) 1 . 1 ns 7 (.) 

Mean and tes� 1 01 2  578 1 70 97 57 ns 58 4.8 ... 3.3 12 . 1  ... 9.4 60 32 

($.e.) (58) (58) (9) (9) (3) (3) (0.2) (0.2) (0.5) (0.5) (3) (3) 

See Table 6 .4 for notes used to interpret this table. 
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6.3.2.2 Bite rate 

B ite rate (Fig. 6. 1 °1-3) generally decl ined in relation to increasing height in al l 

th ree forage species. The decline was more rapid in ryegrass when swards were 

under 1 6.7  cm. I n  cocksfoot, this decline was slow (Fig. 6. 1 02) '  In clover fol lowing 

an in it ia l increase, bite rate afterwards decl ined with height at a relative constant rate 

(Fig. 6. 1 03) '  

Goats had on average a 1 6% faster bite rate than sheep on ryegrass (Table 

6.4) ,  but a s imi lar  rate on cocksfoot and clovers (Tables 6.5-6.6) .  There was no 

significant difference in response patterns to  variation in sward height between sheep 

and goats in  cocksfoot and clover swards, but there was a s l ight d ifference in ryegrass 

(P<O. 1 )  (Tables 6.4-6.6 and Fig. 6. 1 °1-3) ,  

6.3.2.3 Bite depth 

B ite depth (Fig. 6. 1 El-3) increased significantly with increasing sward height in 

al l  three forage species, and animals increased bite depth with increasing sward height 

at s im i lar  rate (sim ilar s lope in Fig. 6 . 1  E'_3) ' On average. b ite depth expressed as a 

proport ion of sward height was 55% for the two grass species. and 47% for clover 

(Tables 6.4-6.6). The depths animals penetrated into swards were sim i lar on ryegrass 

and on cocksfoot, but m uch less on clovers (Fig. 6 . 1  El-3) . 
I n  general, sheep penetrated more deeply than goats in a l l  types of sward 

(Tables 6.4-6.6). The l inear phase of increase in  bite depth for sheep continued over 

the ful l  range of sward heights used i n  this experiment, whereas a plateau appeared 

in ryegrass and cocksfoot for goats (Fig. 6. 1 El-2) . On average. sheep removed 6 1  % 

of the ryegrass height, 56% of the cocksfoot height and 55% of the clover height. The 

corresponding val ues for goats were 48%, 53% and 39%, respectively. The response 

patterns of bite depth to variation in sward height d iffered s ign ificantly between animal 

species on the two grasses (Tables 6.4 and 6.5), but to a less extent (P<O. 1 )  on 
clovers (Table 6.6). 

6.3.2.4  Bite area 

Bite area (Fig. 6. 1 Fl-3) showed erratic tendencies with increasing sward height. 

B ite area differed significantly (P<O.001 )  between sheep and goats (Tables 6.4-

6 .6) in each forage species. B ite areas averaged over sheep and goats were similar 
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across forage species (Tables 6.4-6 .6) despite d ifferences in sward height and density 

between the three types of sward (Table 6.3). 

Responses in b ite area to variation in sward height were not significantly 

d ifferent between the two animal species (Tables 6.4-6.6). 

6.3.2.5 Bite volume 

B ite volume increased with increasing sward height (Fig. 6 . 1 G1-3) .  However, 

responses differed across forage species (Fig. 6. 1 G1_3) ;  as sward height increased, 

increases of bite volume were s lower on short swards than on long swards for 

ryegrass and cocks foot (or even s l ightly diminished when height varied from 1 6.7  to 

1 8.5  cm on ryegrass, and from 1 7.3 to 22. 1 cm on cocksfoot), but on clovers, bite 

volume increased continuously with increasing sward height (Fig. 6 . 1 G3) .  

Sheep had much greater bite volumes than goats when grazing a l l  three forage 

species (Tables 6.4-6.6). The rate of increase with increasing sward height was 

g reater in sheep than in goats on ryegrass and cocksfoot (Tables 6.4-6.5), but 

d ifferences were smaller (P<O. 1 )  for the clovers (Table 6.6). 

6.3.3 Correlation and regression relationships between sward and behaviour 

variables with in  forages 

Table 6.7 shows the correlation matrices for the three sward variables and five 

b ite variables based on three types of sward separately; Surface height was relatively 

independent of bu lk density in cocksfoot, but was confounded to some extent by bulk 

density in ryegrass and clovers. With increasing sward height, bulk density increased 

in ryegrass (positive correlat ion) , but decreased in clovers (negat ive correlation) (Table 

6 .3) .  Of the sward variables tabulated, surface height in a" three types of sward was 

m ost strongly and positively correlated with bite weight, bite depth and bite volume, 

and h igh ly and negat ively correlated with bite rate, but generally weakly correlated with 

b ite area. In general, there were sim ilar corre lations for the b ite variables with grazed 

stratum bulk density and with overall bulk density. Grazed stratum bulk density and 

overal l  bu lk dens ity were both moderately (although in some cases not sign ificantly) 

correlated with b ite weight, bite rate, bite depth and bite volume in ryegrass and 
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Table 6.7 Overall correlation matrices for the relationships between three sward variables and five 
ingestive behaviour variables based on ryegrass, cocksfoot and clovers, separately. 

Surface Grazed Overall Bite Bite Bite Bite 
height bulk bulk weight rate depth area 
(cm) density density (mg fresh >bites (cm) (cm2) 

$g �mg matter) min) 
o cm3) o fcm3) 

Ryegrass Grazed bulk 
density 0 .41 ** 

(n=40) 
Overall bulk 
density 0 .50*** 0 .72*** 

Bite weight 0. 74*** 0.53*** 0.49*** 

Bite rate -0 .67*** 
-0 .65*** 

-0 .46*** 
-0.66*** 

Bite depth 0.90*** 0.48*" 0 .55**" 0 .89*** 
-0 .68*** 

Bite area 0.04 -0.32* -0.41 *** 0.20 0.03 0.08 

Bite volume 0 .79*** 0.23 0.29(*) 0.85*** 
-0 .52*** 0 .90*** 0.49** 

Cocksfoot Grazed bulk 
density 0. 1 7  

(n=40) 
Overall bulk 
density -0.22 0 .64*** 

Bite weight 0 .68*** 0 .29(*) 0.02 

Bite rate -0 .76"** -0.26 0.1 1 -0.59*** 

Bite depth 0 .94*** 0.20 -0. 1 2  0 .82*** 
-0 .72*** 

Bite area 0.06 -0. 1 8  -0.04 0.21 0.01 0. 1 9  

Bite volume 0. 76*** 0.05 -0. 1 3  0. 74*** 
-0 .54*** 0 .87*** 0.61 *** 

Clovers Grazed bulk 
density -0 .45** 

(n=40) 
Overall bulk 
density -0 .49** 0 .69*** 

Bite weight 0.69*** 
-0 .30(*) -0.32* 

Bite rate -0 .69*** 0.25 0.35* 
-0 .53*** 

Bite depth 0. 89*** 
-0.59*** 

-0.54*** 0 . 76*** 
-0 .56*** 

Bite area 0.32* -0.22 -0.22 0.68*** -0.09 0 .43** 

Bite volume 0 .81 * *" 
-0.51 **" 

-0.49** 0 .87*** 
-0.50** 0.93**" 0 .70*** 

c lovers, but not in cocksfoot where independent variation in sward h eight and bulk 

density was achieved. 

The regression relationsh ips between sward and bite variables were further 

exam ined. General ly, sward surface height was considered to provide best-fit 

regressions with b ite variables. However, because of the correlations between surface 
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height and bulk densities i n  ryegrass and clovers (Table 6.7) ,  incl usion of terms for 

bulk density (0) (overal l  bulk density) , and interaction between surface height and bulk 

density (HO) in  the regressions of bite weight, b ite rate, bite depth and bite volume on 

surface height (H) was expected to give some improvements of fit for these two forage 

species, though the improvement possibly was not always sign ificant. A parsimonious 

m odel from these three terms (H, 0 and HO) was determined for the four bite variables 

(bite weight, bite rate, bite depth and bite volume) by the Stepwise option of Proc Reg 

(SAS, SAS Institute 1 990). Because of the poor correlation of bulk density with bite 

variables (Table 6.7) in cocksfoot, where the variations in surface height and bulk 

density were dissociated, the four bite variables were on ly fitted to surface height for 

th is species. 

Un l ike the other bite variables, bite area was only moderately correlated with 

bulk density in ryegrass, and moderately correlated with surface height in clovers 

(Table 6.7). Hence, bite area was regressed with only a single variable in ryegrass 

(bulk dens ity) and in clovers (surface height), and no attempt was made to relate bite 

area to any sward variables for cocksfoot because of the weak correlations observed 

(Table 6.7). 

Major regression equations are summarized in Tables 6.8-6. 1 0. Among the 

equations shown in Tables 6.8 (ryegrass) and 6. 1 0  (clovers) , those models contain ing 

sign ificant effects of both height and density, i rrespective of independent or interaction 

terms, were selected (4 equations from Table 6.8 and 2 equations from Table 6 . 1 0) 

to show response surfaces of bite variables to variation in both height and bulk density 

(Figs. 6.2 and 6.3) .  

For ryegrass (Table 6.8) , the models describing effects of sward height and bulk 

density on bite weight, b ite rate, bite depth and bite volume were markedly d ifferent 

between sheep and goats. The models for sheep contained a sward height term (H) 

alone; but for goats, they involved both sward height and bulk density. Thus, bulk 

dens ity was more important in goats than in sheep. However, sward height was sti l l  

more important than bulk density for goats, because sward height contributed the 

majority of the model R2 values of these equations (proportion of height R2 to model 

R2 in Table 6.8). Therefore, for goats grazing ryegrass, height and bulk density 

affected bite weight, bite rate, bite depth and bite volume interactively (Fig. 6.2) ,  rather 
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Fig. 6.2 Response surfaces of bite variables to sward height (H) 

and bu lk density (0) for goats g razing ryegrass 

18 

16 

14 

A B ite weight (BW) 

BW= 1 61 .6(s.e 64.0) + 27. 1 (s.e 4.8)HD 
(R2 = 0.64) 

c Bite depth (BD) 

BD = 4.8(S.9 0.8) + 0.6(S.9 0.07)HD • 4.6D 
(R2 ", 0.88) 

120 

B B ite rate ( B R) 

BR == 96.0(s.e 8.5) • 2.6 (s.e 0.6)HD 
(R2 == 0.48) 

D Bite volume (BV) 

BV == 88.4(s.9 1 1 .9) + 7.0(s.e 1 . 1 )HD . 1 41 .8(s.e 29.6)D 
(R2 == 0 .73) 



Fig. 6.3 Response surfaces of bite variables to sward height (H) 

and bulk density (D) for sheep grazi ng clovers 

A Bite depth (BO) 

80=0.2(s.e 0.07) + 0.6(s .e  0.07)H • 0.2(s.e 0.01 )HO 
(R2 = 0.94) 

B Bite volume (BV) 

BV = -8. 1 (s.a 8.5) + 1 0.2(s.a 1 . 1 )H • 1 .6(s.a 0.8)HO 
(R2 = 0.89) 

220 



221 

Table 6.8 Summary of regression equations for ryegrass. Among them, bite weight, bite rate, 
bite depth and bite volume were regressed on height (H), bulk density (D) and 
interaction term (HD), and parsimonious models were determined by Stepwise 
procedures, whereas bite area was only fitted to a single variable, bulk density (D). 

Variables Intercept and Regression Standard Partial R2 of Proportion of 
independent coefficients errors individual term, height R2 to 

variables model R2 and model R2 
residual d.f 

Bite weitt Sheep Intercept -299.9 1 48.8 0.77*** 1 00% 
(mg tres 
matter) H 63.7 8.2 (r.d.f=1 8) 

Goats Intercept 1 6 1 .6 64.0 0.64""" 77% 

HD 27.1 4.8 (r.d.f= 1 8) 
Bite rate Sheep Intercept 97.0 1 1 . 1 0.44*** 1 00% 
(bites/min) 

H -2.3 0.6 (r.d.f=1 8) 
Goats Intercept 96.0 8.5 0.48*** 98% 

HD -2.6 0.6 (r.d.f=1 8) 
Bite depth Sheep Intercept - 1 .2 0.8 
(cm) 0.94*** 1 00% 

H 0.7 0.04 (r.d.f=1 8) 

Goats Intercept 4.8 0.8 
90% 

HD 0.6 0.07 0.85 

D -4.6 1 .0 0.03 
0.88*** 

(r.d.f=1 7) 
Bite area Sheep Intercept 1 2 . 1  1 .4 0.006 ns 
(cm2) 

D -0.7 2 . 1  (r.d.f=1 8) 
Goats Intercept 1 3.8 1 .4 0.35** 

D -6.2 2.0 (r.dJ::::1 8) 
Bite volume Sheep Intercept -26.2 1 6.5 0.83*** 1 00% 
(cm3) 

H 8.6 0.9 (r.d.f= 1 8) 
Goats Intercept 88.4 1 1 .9 

HD 7.0 1 . 1 0 .69 89% 

D - 141 .8 29.6 0.04 
0.73*** 

(r.d.f=1 7) 

- Partial R2 of individual term: proportion of variation accounted for by each term included in the 
equation. Model R2: proportion of variation accounted by the model (summation of partial R2 of each 
term). Proportion of height partial R2 to model R2 indicates the proportion of R2 contributed by height 
itself to the model R2. 
- The above notes also apply for Tables 6.9 and 6. 1 0. 

than independently and additively, whereas for sheep, these fou r  bite variables were 

on ly influenced and determined by sward height independently. The funct ional 

relationship between bite area and bulk density was very weak for both animal species, 

and this was particularly the case for sheep (Table 6.8). 
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Table 6.9 Summary of regression equations for cocksfoot. These fou r  bite 
variables were only fitted to a single variable, sward height, whereas bite 
area was ignored due to poor correlation with height and bulk density. 

Variables 

Bite wei�ht Sheep 
(mg fres 
matter) 

Goats 

Bite rate Sheep 
(bites/min) 

Goats 

Bite depth Sheep 
(cm) 

Goats 

Bite volume Sheep 
(cm3) 

Goats 

Intercept and 
independent variables 

Intercept 

H 

Intercept 

H 

Intercept 

H 

Intercept 

H 

Intercept 

H 

Intercept 

H 

Intercept 

H 

Intercept 

H 

Regression 
coefficients 

1 76.4 

26.6 

1 30.0 

23.1 

77.9 

-1 .4 

73.9 

-1 .4 

-0.7 

0.6 

0.3 

0.6 

-25.7  

8.9 

-0.3 

5.3 

See Table 6.8 for notes used to interpret this table. 

Standard 
errors 

1 32.6 

6.3 

1 1 9 .6 

5.9 

6.4 

0.3 

5.6 

0.3 

0.8 

0.04 

1 .2 

0.06 

29.5 

1 .4 

1 6 . 1  

0.8 

Model R2 and 
residual d.f 

0.50*** 

(r.d.f=1 8) 

0.49*** 

(r.d.f=1 8) 

0.55*** 

(r.d.f=1 8) 

0.62*** 

(r.d.f=1 8) 

0.94*** 

(r.s.f=1 8) 

0.84*** 

(r.d.f=1 8) 

0.69*** 

(r.d.f=1 8) 

0.73*** 

(r.d.f=1 8) 

In cocksfoot (Table 6.9), a l l  four  bite variables were wel l  predicted by linear 

terms of height for both sheep and goats. 

In clovers (Table 6. 1 0), effects of sward height and bulk density were only 

markedly different between sheep and goats for bite depth and bite volume. The 

interactio effect between height and bulk density was more significant for sheep than 

for goats in determining bite depths and bite volumes, or alternatively, the effect of bulk 

density was more important in sheep than in goats in th is process. However, sward 

height sti l l  had a more dom inant effect than did bulk density on bite depths and bite 

volumes f sheep despite the sign ificant effect of the interaction term in the models, 

because sward height itself contributed the majority of the model R2 values (Table 

6 . 1 0) .  B ite weight and bite rate could be reasonably predicted by a l inear term of 

height for both sheep and goats. However, bite area showed a very weak functional 

relationsh ip with sward height. 
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Table 6.10 Summary of regression equations for clovers. Among them, bite weight, bite rate , bite 
depth and bite volume were regressed on height (H), bulk density (0) and interaction 
term (HO) , and parsimonious models were determined by Stepwise procedures, 
whereas bite area was only fitted to a single variable, sward height (H) . 

Variables Intercept and Regression Standard Partial R2 of Proportion 
independent coefficients errors each individual of height 

variables term, model R2 R2 to 
and residual d .f model R2 

Bite weight Sheep Intercept 1 1 8.7 1 97.5 0.58*** 1 00% 
(mg fresh 
matter) H 99.1 20.4 (r.d.f=1 8) 

Goats Intercept 1 1 1 .4 1 07.0 0.55*** 1 00% 

H 57.8 1 2 .5 (r.d.f=1 8) 

Bite rate Sheep Intercept 90.4 9.3 0.45 ** 1 00% 
(bites/min) 

H -3.7 0.9 (r.d.f=1 8) 

Goats Intercept 94.4 8.3 0.53*** 1 00% 

H -4.6 1 .0 (r.d.f::1 8) 

Bite depth Sheep Intercept 0.2 0.07 
(cm) 

H 0.6 0.07 0.89 95% 

HO -0.2 0.01 0.05 
0.94*** 
(r.d.f=1 7) 

Goats I ntercept -0.5 0.5 0.72*** 1 00% 

H 0.5 0.06 (r.d.f=1 8) 

Bite area Sheep Intercept 9 . 1  1 .3 0.24* 
(cm2) 

H 0.3 0. 1 (r.s.d=1 8) 

Goats Intercept 9.5 1 . 1 0.00006 

H -0.004 0. 1 (r.d.f=1 8) 

Bite Sheep Intercept -8. 1 8.5 
volume. 
(cm3) H 1 0 .2 1 . 1 0.86 97% 

HO - 1 .6 0.8 0.03 
0.89*** 
(r.d.f=1 7) 

Goats Intercept -4.2 7.7 0.58*** 1 00% 

H 4.5 0.9 (r.d.f=1 8) 

See Table 6.8 for notes used to interpret this table. 
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Table 6.1 1 Significance levels of the pooled analysis for the m ain effects and their 
interact ions in each bite variable. 

Main effects and Degree of Bite weight Bite rate Bite depth Bite area Bite volume 
interactions freedom (mg FM) (bites/min) (cm) (cm2) (cm3) 

Animal spE:cies (AS) 1 0.0001 0.5328 0.0001 0.0001 0.0001 

Forage spf;cies (FS) 2 0.001 4 0.0001 0.0001 0. 1 650 0.0001 

Height classes (He) 4 0.0001 0.0001 0.000 1  0.0001  0.0001 

AS * FS 2 0.0041 0. 1 030 0.0 1 43 0.582 1 0. 1 82 1  

AS " He 4 0.0065 0.4292 0.0001 0.0642 0.0001 

FS * He 8 0.0024 0.0001 0.0001 0.071 9 0.0001 

FS * He * AS 8 0.3644 0.8090 0.0002 0.7882 0.501 4 

I n  summarizing the interrelationships between sward variables and bite 

variables, Fig. 6 .4 i l lustrates the strength of the simple correlations between surface 

height and bulk density, and between bite variables and sward he ight and bulk density 

for each forage species. For comparative purpose, resu lts for the two animal species 

are shown separately. 

6.3.4 Comparison of response patterns of ingestive behaviour to variation in 

sward height across forage species (pooled analysis) 

Table 6. 1 1  g ives sign ificant levels (P=F) of the pooled analysis across three 

forage species for three main effects and their  interactions. 

On average, sheep had substantially greater bite weight and b ite d imensions 

than goats across three forage species (Tables 6.4-6.6,  6 . 1 1 ) .  An imals usual ly had 

greater bite weights, but smaller bite dimensions on clovers than on grasses (Tables 

6 .4-6.6, 6. 1 1 ) .  Tal ler swards usually resu lted i n  g reater bite weights and bite 

d imensions, but s lower biting rate (Tables 6 .4-6.6, 6. 1 1 ) . 
As a consequence of the substantial effects of forage species on most bite 

variables,  some interactions were found to have significant effects on some variables 

across three forage species (Tables 6 . 1 1 ) , in contrast to the patterns with in forage 



F ig .  6.4. Diagra ms showing the simple c orrelations betwee n  sward 
height and bulk density, and between bite varia b les and 
sward height, a n d  bulk  density for a n imal species x forage 
species. 

f\ Sheep x ryegrass 

Sward height 

A 2 Goats x ryeg rass 

Sward height 

Bulk density 

Notes : Pale arrows Indicate correlations which are not significa nt at P<O.05 
Narrow dark a rrows Indicate correlations sign ifica nt at P<O.05 or P<O.Ol 
Thick dark arrows Indicate correlations Significant at P<O.OOl 
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B 1  Sheep x cocksfoot 

Sward height 

Bulk density 

B2 Goats x coc ksfoot 

Sward height 

Bulk density 
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C1  Sheep x clovers 

Sward height 

Bulk density 

C2 Goats x clovers 

Sward height 

Bulk density 
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species (Tables 6.4-6.6) .  However, sim i lar to the pattern with in forage species (Tables 

6 .4-6. 6) ,  bite a rea was not affected by either forage species or its interact ion with other 

factors. 

6.4 DISCUSSION 

Attention is concentrated here principal ly on the current experiment, and 

comparison with Experiments 1 and 3 wi l l  be made in the General Discussion 

(Chapter 8) . 

6.4. 1 Sward cond itions 

MANOVA explained the greater importance of su rface height and mass bu lk 

density of the overal l  sward profi le than of other variables. This suggests that height 

and bu lk  density a re two key variables in establ ishing sward contrasts (Table 6.2) .  

Th is experiment was intended to isolate the effects of variation in  p lant g rowth 

form across various forage species, and the effects of stage of g rowth, from the effect 

of sward h eight. Th is was achieved by analyzing the data with in forage species 

( ryeg rass, cocksfoot and clovers separately) ,  and by sampl ing contrasting swards 

with in the vegetative phase. The data were combined for Tahora and Kopu white 

clovers, because patterns of g razing behaviour on the two clover cultivars in 

Experiment 1 were sim i lar (Chapter 5). However, the association between bu lk  density 

and height, wh ich is a common phenomenon in g razed pastu res (Hodgson , 1 990) , sti l l  

occurred i n  ryegrass and clover swards though not in  cocksfoot (Table 6 .7) .  

6.4.2 I ngestive behaviour variables 

The ranges of values for bite weight, b ite rate, b ite depth ,  a rea and volume for 

sheep were broadly sim i lar to those quoted in ,  summarized in ,  or derived from , 

p revious publ ications (Black & Kenney, 1 984; Hodgson ,  1 986; Burl ison et al., 1 99 1 ; 

M itche l l  et al. ,  1 99 1 ;  Laca et al. ,  1 992a; Mitche l l ,  1 993), but there is no comparable 

information avai lable for goats. 
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This study focused on ranges of sward height and mass bu lk density for grass 

and clover forages over wh ich the responses of bite weight, bite rate and bite 

d imension s  were observed to vary l inearly in most cases (Fig. 6. 1 ). Superficially, 

several responses in Fig. 6. 1 (bite weight of goats on ryegrass, b ite weight on 

cocksfoot for both sheep and goats, bite rate on ryegrass for both sheep and goats) 

appeared to deviate from recti l ineality, but no attempt was made to fit quadratic 

funct ions because of l im itations of data-set s ize. 

General ly, the absolute values of the bite variables (except for b ite rate) 

obtained from the wide ranges of height and bulk density variation tested were 

substantial ly g reater for sheep than goats with in each forage species (Tables 6.4-6.6). 

Th is d ifference may have been attributable to the larger incisor arcade and greater 

l iveweight of sheep. 

Animals usually obtained greater bite weights, but smaller bite dimensions on 

clover swards than on grasses (Tables 6.4-6.6), reinforcing the resu lts of Experiment 

1 (Chapter 5) .  

That the interaction between animal species and sward height with in forage 

species was only statistical ly sign ificant in few cases (Tab/es 6 .4-6.6) indicated that 

there were some general parallel trends of bite variables to the variation in sward 

height between sheep and goats when they grazed the same forage species, for 

example, both sheep and goats usually increased bite weight and decreased b it ing rate 

with increasing sward height. 

The relative effects of sward variables in influencing ingestive behaviour were 

different between the two animal species, with particular regard to variat ion in height 

and density with in forage species. 

Ungar et e/. ( 1 99 1 ) suggested that increasing herbage bu lk density tended to 

reduce both bite depth and bite area on taller swards (>1 0 cm) ,  but there was no 

apparent effect at heights less than 1 0  cm (Laca, 1 990, quoted by Ungar et al. ,  1 991 ) .  

I n  the present study bulk density has no detectable negative effect on b ite dimensions 

over the range of sward heights studied (8.0-29.6 cm) for either sheep or goats grazing 

cocksfoot (Tables 6.7 and 6.9), where the variation of bulk density was isolated from 

the variation of height (Table 6.7). However, the effect of bu lk density emerged in the 

goats grazing ryegrass (Table 6.8 ,  Fig. 6.2), where the two key sward variables were 

confounded to some extent (Table 6.7). The reasons for th is wi l l  be discussed in more 
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detai l  in Section 6.4.2.4. The effect of bulk density on bite depth , and hence bite 

volume was also detected in sheep grazing clovers (Table 6. 1 0  and Fig. 6 .3) ,  where 

an association between height and density a lso concealed the effects of independent 

variat ion in height (Table 6.7). This reinforced the conclusions drawn in Chapter 5 that 

bu lk density was more significant in influencing ingestive behaviour in clover swards 

than in grass swards, particularly in the case of sheep. 

6.4.2.1 B ite depth 

A very strong positive relationship between sward height and b ite depth was 

demonstrated in this study for both sheep and goats in a l l  three forage species (Fig. 

6 . 1 El -3) .  Sim i lar results were obtained by M ilne et al. ( 1 982) ;  Wade ( 1 99 1 ) ;  Forbes 

( 1 982) ;  Black & Kenney ( 1 984); M itchel l et al. ( 1 99 1 ) ;  Burl ison et al. ( 1 99 1 )  and Laca 

et al. ( 1 992a) .  No plateau was observed in bite depth for sheep as surface height of 

cocksfoot increased up to 29.6 cm , the maximum height used in th is study (Fig. 6. 1 

E2) .  There may of course be a plateau beyond this height. But there seemed to be 

a plateau for goats within  the range between 1 8.5-26.7 cm for ryegrass (Fig. 6. 1 E1 ) ,  

and within the range of 22.5-29.6 cm for cocksfoot (Fig. 6. 1 E2) '  Because goats are 

shal lower grazers (McCal l  & Lambert, 1 987), the critical height beyond which there was 

no further increase in bite depth with increasing sward height was smaller for goats 

than for sheep. 

Burl ison et al. ( 1 99 1 ) pOinted out that some characteristics of field-grown grass 

swards m ight inh ibit bite depth compared with artificial grass swards employed by 

Black and Kenney ( 1 984), because the proportion of herbage length removed by sheep 

was greater on the art ificial swards than on the field-grown swards at sim i lar pre­

grazing height. In the current study, the average proportion of herbage length removed 

by she'ep was 6 1  % and 55% on ryegrass and cocksfoot, respectively, sim i lar to that 

in artificial swards (50-60%), but the bulk density of the artificial swards was 4.23 mg 

DM/cm3 (Black & Kenney, 1 984), in comparison with less than 1 .00 mg DM/cm3 in the 

current experiment (Table 6.3). This suggests that bulk density exerted only a small 

negative effect on bite depth in sheep. This view is substantiated by the fact that the 

funct ional relat ionship between bu lk density and bite depth in th is study was not 

stat istically detectable for sheep grazing grasses (Tables 6 .8 and 6 .9) , in contrast to 

the resu lts from h ighly controlled swards (Black & Kenney, 1 984; M itchell et al. ,  1 991 ) .  
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When goats g razed grasses, the effect of bu lk density on b ite depth was 

sign ificant when the variations in height and density were confounded ( in ryegrass 

swards,  Table 6 .8) ,  but was negligible when height and density were d issociated (in 

cocksfoot swards, Table 6.9) .  

I n  th is study sward height was found to be the most important attribute 

determining b ite depth. Barthram and Grant ( 1 984) found that pseudostem acted as 

a barrier on very short vegetative swards. Sim ilar evidence was reported by Arias et 

al. ( 1 990) and Dougherty et al. ( 1 992).  In the current study, the herbage length 

removed by sheep on ryegrass and cocksfoot (Tables 6 .4 and 6.5) usually exceeded 

(on relative short swards) or was s imi lar to (on relative tal l  swards) average leaf layer 

depth (Table 6.3). This indicates that sheep did penetrate into strata contain ing 

pseudostem on the relatively short grass swards, but if the swards were tal l enough, 

sheep did not have to reach the pseudostem layer. The depth of herbage removed 

by goats were a lways smaller than the leaf layer depth of grass swards (Tables 6.3-

6 .5), and therefore goats hardly reached the pseudostem horizon when they grazed 

the grass swards tested in th is experiment. This was considered to be attributable to 

their shal low grazing behaviour (Gong et al. ,  1 993), rather than to any barrier created 

by the pseudostem layer. Therefore, under the conditions tested in the current study, 

there was no apparent vertical selectivity against pseudostem, and it was unlikely that 

b ite depth was constrained by the presence of pseudostem . S imi lar resu lts were 

reported by Mursan et al. ( 1 989) who showed that cattle grazed early spring ryegrass 

pastures (5 and 1 0  cm h igh) to below the pseudostem level .  Thus, the presence of 

undesi rable p lant parts with in the vertical profile of the sward was a m inor effect 

compared with variat ions in height and density, in agreement with the conclusions of 

Burl ison et al. ( 1 99 1 ) ,  and Laca et al. ( 1 992a). 

6.4.2.2 B ite area 

The smal l  variation in bite area over the range of sward conditions tested in this 

study (Fig.6 . 1 Fl _3) reinforced the results of Chapter 5, in l ine with those of Mursan et 

al. ( 1 989), Hughes et al. ( 1 991 ) ,  and Gong et al. ( 1 993).  

Laca et al. ( 1 992a) showed a slow increment in b ite area with increasing sward 

height for cattle grazing paspalum (Paspalum dilatatum) and lucerne (Medicago sativa). 

I n  the current experiment, bite area varied erratically with increasing sward height for 
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both sheep and goats, though it was usually greater on the tal lest than on the shortest 

swards (Fig. 6. 1 F1 .3) .  A comparison of patterns of variation in bu lk density (Fig. 6. 1 

At•3) and b ite area (Fig. 6. 1 Ft•3) indicates that the erratic variation in  bite area with 

increasing height was a consequence of the concomitant variation in bu lk density, 

despite a weak funct ional relationship between the b ite area and bu lk density (Tables 

6.7, 6 .8 and 6. 1 0) ;  increasing bulk density with increasing sward height usual ly resu lted 

in a decrease in bite area. 

Laca et al. ( 1 992a) claimed that earlier modellers had assumed that bite area 

was independent of sward characteristics, and concluded that bite area of cattle was 

sign ificantly and predictably affected by sward height and bulk density. The results of 

th is study indicates that the effects of sward height and bulk density on b ite area were 

not a/ways statistical ly s ign ificant (Tables 6 .7, 6 .8 and 6. 1 0) .  

The relationship between bite area and sward height was not functional ly 

significant and predictable for either sheep or goats (Tables 6.8, 6. 1 0). This was 

because the range of variation in b ite area over the great range of sward heights 

tested (Table 6 .3) was small (Tables 6 .4-6 .6) . Sim i larly, Burl ison et al. ( 1 99 1 ) fai led 

to find any relationship between bite area and sward height and density across 

seventeen or fourteen species of grass and cereals used, but a positive and a negative 

relationship with height and density, respectively, was found within  the species 

(Burl ison, 1 987). In  this experiment, bite area sometimes displayed an increase with 

increasing sward height (Fig. 6. 1 F1 .3) despite a weak functional relationship in general 

(Tables 6.8 and 6 . 1 0) .  This suggests that tal ler swards enabled animals to gather and 

harvest a greater number of leaves into mouth (Burl ison et al. ,  1 99 1 ) . I t  is  assumed 

that gathering of herbage into the mouth by sheep and goats is performed with the l ips 

and, to some extent, by a horizontal movement of the head (Burlison et al., 1 99 1 ) . 

Simi larly, the amplitude of tongue sweeps by cattle is positively related to sward height; 

on tall swards of low density cattle attempts to obtain a bite area as large as possible, 

and bite area is l imited by the maximum extension of tongue sweeps (Laca et al. ,  

1 992a) . 

It was proposed by Hodgson ( 1 985) and Hughes et al. ( 1 99 1 ) that ,  on dense 

swards, the number of plant units encompassed at a bite may be l im ited by the effort 

requ i red to sever the herbage. This impl ies a set l im it to the force expended per bite, 

termed sum m it force per b ite (Hughes et al. ,  1 99 1 ) ,  which may l im it b ite area. A 
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n egative relat ionsh ip between bite area and bulk density wou ld be expected from th is 

theory. Although such a relationsh ip emerged in this study (Tables 6 .7 & 6.8), the 

correlation (Table 6.7) and regression relationships {Table 6.8} revealed were very 

weak and not statistical ly significant. I n  only a few cases, on the dense swards, was 

it observed that animals grasped bundles of herbage which they were not able to break 

in the f irst attempt, and then sl ipped some of the herbage to sever what remained in 

the reduced encompassed area. Therefore, th is study suggests that a lthough the 

funct ional relat ionsh ip between sward height and bite area was not statistically 

significant over the range of sward conditions tested, the sward height sti l l  had more 

effect on bite area than did biting effort, and the force expended in bit ing (Hodgson, 

1 985) usual ly was not l im iting or remained only a m inor determinant of bite area, in 

agreement with M itchel l  ( 1 993). 

6.4.2.3 Bite volume 

A positive l inear relationship with sward height was demonstrated in this study, 

supporting B lack & Kenney ( 1 984), and Burl ison et al. { 1 99 1 } . 

I t  could be inferred from the work of B lack and Kenney ( 1 984) that bite vol ume 

decl ined as mean sward bu lk density increased. I n  the current study, when the 

relationship between bite volume and bulk density was examined by combining sheep 

and goats (Table 6.7), the negative correlation was negligible in ryegrass and 

cocksfoot, consistent with the resu lts of Burl ison et al. ( 1 99 1 ) , but emerged in clovers. 

However, when the relat ionship was assessed for sheep and goats separately, the 

effect of bu lk density on bite volume appeared to be significant sometimes in the cases 

where variations in height and density were confounded (Tables 6.8 and 6. 1 0, Figs. 

6.2-6.3) .  

Variation in bite depth was the major determinant of bite volume, and the sward 

characteristics strongly influencing bite depth also exerted a simi lar effect on bite 

volume. This was substantiated by the fact that, in the ryegrass and clover swards 

(Tables 6.8 and 6. 1 0) ,  the terms included in the equations of bite volume were exactly 

the same as those included in the equations of bite depth. 

6.4.2.4 Bite weight 

The positive relationship between bite weight and surface height in the current 
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study is in l ine with previous work (All den & Whittaker, 1 970; Hodgson , 1 98 1 a; Forbes, 

1 982; Black & Kenney, 1 984; Burl ison et al., 1 99 1 ; Laca et al. ,  1 992a) , though there 

was indication of a plateau in this response for grass swards (Fig .  6. 1 B1 -2) .  

Both Burl ison et  al. ( 1 99 1 )  with sheep and Laca et  al. ( 1 992a) with cattle found 

that the effects of sward height and density on bite weight were independent and 

additive. The current study demonstrated that genera l ly, bite weight was affected 

primari ly by sward height for both sheep and goats (Tables 6.8-6 . 1 0) .  However, when 

ryegrass was g razed by goats, bite weight was affected i nteractively by sward height 

and bulk density (Table 6.8), in agreement with M itchel l  ( 1 993).  B lack and Kenney 

( 1 984) and a comparison of bite weight on wheat swards with d ifferent heights (Mitchel l 

1 993) indicated that height and density effects were interactive on shorter swards, but 

became increasingly independent and additive as height increased. 

For a given herbage mass, the relative variat ion in height and density 

determ ined whether the effect of bulk density on bite weight was significant or not 

beyond the dominant effect of sward height, and the extent to which bulk density 

affected bite weight also depended on animal species (Table 6 .8) . Sheep obtained 

heavier bites on tall swards (Tables 6.8-6. 1 0) ,  and l ittle effect of bulk density was 

detected within the range of bulk density studied (Table 6.3).  This resu lt was sim ilar 

to those of Black and Kenney ( 1 984) for sheep, and of Laca et al. ( 1 992a) for cattle 

in  which height and density varied independently at a constant herbage mass (hand­

constructed swards). This was because on the tall swards, as explained above, sheep 

and cattle not only obtained a proportionally equivalent b ite depth (Wade, 1 99 1 ) , but 

a lso achieved larger bite area, which resu lted in heavier b ites. B ut for goats, the effect 

of bulk density emerged in ryegrass (Table 6.8), and th is is outl ined as below. 

The significant effect of bulk density apart from the dominant effect of sward 

heighrin goats grazing ryegrass (Table 6.8) was conservatively considered to be due 

to two facts: small mouth dimensions, and shal low grazing behaviour. 

( 1 ) Smal l  mouth dimensions of goats provided an opportunity for the effect of 

bu lk density to emerge, because on the dense swards the maximum area 

encompassed by mouth size could be a restrict ing factor of bite area (Hodgson , 1 985). 

As a consequence, on the dense swards, there was a more significant functional 

relationsh ip among these three variables: bulk density, bite area and bite weight. 
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Therefore, when mouth size is small the effect of sward density may increase to a 

significant level ,  and hence become a determinant of bite weight through effects on 

b ite area. 

(2) Sheep and goats cou ld penetrate into swards deeply to harvest herbage 

when grazing tal l swards (Chapter 5). However, since goats were shal lower grazers 

than sheep, the amplitude and extent of vertical penetration with increasing sward 

height were smaller, and therefore, the overrid ing effect of sward height existed to a 

smal ler extent for goats than for sheep, leading to an emergence of the effect of bulk 

density for goats. However, regardless of the importance of the effect of bu lk density, 

sward height sti l l  was a dominant variable influencing b ite weight of goats g razing 

ryegrass. 

I n  summary, this study suggests that both sheep and goats could obtain heavier 

bite weights on tal l pasture, whereas bulk density within the range of values studied 

(Table 6 .3) had l ittle effect on bite weight in sheep irrespective of sward type (Table 

6 .8-6. 1 0), but had a significant effect on goats grazing ryegrass (Table 6 .8) .  

6.4.2.5 B ite rate 

It was expected that bite rate wou ld decl ine in relation to increase of b ite weight 

brought about by increases of sward height (Hodgson , 1 98 1 b; 1 985; M itchel l ,  1 993) . 

Such trends were obtained in the current study (Fig. 6. 1 01 -3) '  The in it ial increase of 

b ite rate when clover height varied from 5.5-5.8 cm (Fig. 6. 1 03) may have been a 

consequence of substantial decline in bulk density over this range (Fig. 6 . 1 A3) despite 

a weak functional relationship between bite rate and bulk density (Tables 6 .7 and 6.9). 

For sheep, the bite rate was found only to be sensitive to variation in sward 

he ight, and bu lk density had no sign ificant effect (Tables 6.8-6. 1 0) .  This was a lso the 

case for goats, except for ryegrass swards where the bulk density had a sign ificant 

effect (Table 6.8,  and Fig. 6.2 B) .  This was a consequence of the significant effect of 

bu lk density on b ite weight, b ite depth and b ite volume for goats g razing ryegrass 

(Table 6.8). 

6.5 CONCLUSIONS 

This experiment extended the findings of key previous studies (Black & Kenney 
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1 984; Laca et al. , 1 992a) by offering animals more contrasting herbages (grasses vs. 

clovers), and by using two animal species simu ltaneously; and that of Burl ison et al. 

( 1 99 1 ) by reducing the amount of confounding variation in sward characteristics 

associated with height changes. 

1 .  B ite weight, bite rate, bite depth and b ite volume were general ly more 

sensitive to variation in  sward surface height than in bu lk density. 

Animals usually increased their bite depths,  bite volumes, and hence bite 

weights, and consequently reduced b ite rates sign ificantly in relation to 

increasing height of swards irrespective of forage species. B ite area 

generally d isplayed l ittle response to variations in either height or bulk 

density. 

2 .  Sheep and goats showed highly significant differences in absolute mean 

val ues of most bite variables, but the response patterns of bite variables 

to sward variation within forage species over the range of height and 

density studied were not always significantly d ifferent between the two 

animal species (Tables 6.4-6.6). 

3. Appreciation of the effect of bulk density on ingestive behaviour apart 

from the dominant effect of sward height depended very strongly upon 

the establ ishment of independent variation in sward height and bu lk 

density over the range of test swards. Sward height had a dom inant 

effect and bulk density had no sign ificant effect where independent 

variation in height was ach ieved. Where the variation in sward height 

was confounded with bulk density, although sward height sti l l  had a 

dominant effect, the interaction effect was sign ificant in some cases, 

depending on the pastures and animal species: when ryegrass swards 

were grazed, b ite weight, bite rate, bite depth and b ite volume of goats 

were affected by both surface height and bu lk density interactively, 

whereas sheep were affected only by surface height alone; in the 



clovers, the effect of height was more independent in goats than in 

sheep in influencing bite depth and hence bite volume, because the 

interactive effect was more significant in sheep than in goats in this 

influential process. 
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Chapter 7 

EXPERIMENT 3 

Comparison of Ingestive Behaviour between Indoor and Outdoor Grazing 

Using Fistulated Sheep, and between Fistulated and 

Intact Sheep Using Indoor Grazing Procedures 

7.1 INTRODUCTION 
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Experiments 1 and 2 were run using an indoor feeding techn ique. I n  th is study, 

the resu lts of indoor procedures were val idated using an outdoor g razing techn ique in 

which animals were individually confined in field cages with access to experimental 

pasture p lots. Th is techn ique was intended to provide an assessment of the extent to 

which the indoor observations could be extrapolated to paddock conditions. 

Outdoor cage grazing involved use of oesophageal fistu lated animals in order 

to estimate the amount of herbage removed by 1 2  - 1 5  bites on each g razing occasion. 

Since the first use by Torel l  ( 1 954) of oesophageal fistu lation , the technique has come 

into wide use. However, the use of fistu lates raised the question as to whether 

fistu lated an imals represent, in terms of components of ingestive behaviou r, the non­

fistu lated animals with wh ich they are compared. This comparison has seldom been 

made. 

Forbes and Beattie ( 1 987) concluded from comparisons of bite rate, g razing 

t ime, faecal cuticle concentration , faecal ash, n itrogen and acid detergent fibre 

concentrations that fistu lated and non-fistulated animals of sim i lar h istory and 

nutritional background did not differ in grazing behaviour or d iet com position . However 

there is no ava i lable information on comparison of b ite weight and b ite d imensions 

between fistu lated and non-fistulated animals. 

The objective of this experiment was to evaluate the comparabil ities between 

indoor and outdoor g razing techniques, and between oesophageal fistu lated animals 

and intact an imals in  terms of a wide range of ingestive behaviou r  variables. 
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Only sheep were used in this experiment because of thei r  avai labi l ity and 

uncertainty about post-operative management of fistu lated goats. 

7.2 MATERIALS AND METHODS 

7.2.1 Experimental design 

The current experiment was designed to compare two grazing environments 

(indoor crate grazing and outdoor cage grazing) using oesophageal fistulated sheep, 

and between two stock states (fistulated and intact sheep) using the indoor g razing 

procedure .  

So as  to  provide an  assessment of confidence in  extrapolating the results 

obtained in Experiment 1 to field grazing, it was desirable to evaluate the grazing 

behaviour using some of the swards used in experiment 1 .  Two white clovers (Tahora 

and Kopu white clovers) and two grasses ( ryegrass and cocksfoot) (see deta iled 

description of these forages in Appendix 3. 1 ) , each being sampled at two stages of 

maturity (vegetative and reproductive) were grazed by fou r  individuals of each stock 

state (fistu lated and intact sheep) in indoor crates, and grazed by the same four  

fistu lated sheep in outdoor cages. 

7.2.2 Oesophageal fistulated animals 

Five Romney wether sheep fistulated at the oesophagus and d iffering in age, 

l iveweight, number of incisors, and breadth of incisor arcade (see Section 7 .2.3) were 

obtained from the Animal Physiology Unit of Massey University. 

Animals were maintained in the holding paddock of perenn ia l  ryegrass and white 

c lover. 

Two halves of a mou lded rubber plug in the shape of an L were used to close 

the fistu la (Corbett, 1 978) .  They were easily removed for sampl ing. These half plugs 

were held together external ly by slipping two or three strong e lastrator rubber rings 

over the stem . In order to prevent loss of plugs, a polythene collar was fitted closely 

over the plug stem between the elastrator rings and the throat and fastened loosely 

around the animals' neck. A foam rubber pad over the plug stem and between the 

collar and the throat was also placed to prevent the collar from i rritating the flesh. 

Animals were accustomed in advance to being handled for sampling .  
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Animals had access to a l ick at a l l  t imes to offset the loss of salt in leakage of 

sal iva. The fistu la was cleaned daily by taking out the plug and washing it in clean 

water. The animal's front was also washed down with clean water, and was cl ipped 

out regularly to prevent the bui ld up of wet wool (Bramley & Wait, 1 972) .  

A 200 gauge 52.5 x 65 cm polythene bag was fitted around each animal 's neck 

to collect extrusa samples of the herbage eaten when it grazed. The bag was sl it 

down the side folds leaving 1 2.5· 1 5  cm uncut at the bottom . The bag was attached, 

through pinn ing to the wool ,  around the animal's neck so that the bag was over the 

fistu la (Bramley & Wait, 1 972). 

A c i rcu lar piece of pliable sponge 5 cm in diameter and 5 cm in length was 

inserted into the throat immed iately below the fistu la to block off the lower part of the 

oesophagus in order to prevent the material consumed from being swal lowed. A thin 

length of nylon cord was threaded through the centre of the circular sponge. When 

the circular piece of sponge was inserted into the oesophagus, the cord was looped 

around the animal's neck and tied, thus temporari ly blocking the throat and al lowing 

the extrusa to d rop into the collection bag (Bramley & Wait, 1 972) . 

7.2.3 Experimental procedures 

Four  of five fistu lated sheep were selected in terms of wil l ingness to eat and of 

tam eness to handle, together with fou r  intact sheep used in  Experiment 2 (Chapter 6). 

Average l iveweights of intact sheep and fistulated sheep over the experimental period 

were 57.7 and 50.3 kg (s.e: 1 .9) . The four  intact sheep were the same age (38 

months) , and had all eight adult incisors present, with average breadth of 3 .4 cm. The 

fou r  fistu lated sheep were of different ages and had two (one young sheep), fou r  (one 

young sheep) and eight (two old sheep) adult incisors respectively, with 2 .8  cm 

(s.e :  0. 1 2) average breadth of incisor. 

All animals were accustomed to the experimental procedures before the 

experiment was started. Intact sheep had previous confined grazing experience, so 

on ly one week re-training was required immediately prior to the current experiment. 

In the case of fistulates, an intensive training session lasting 1 0  weeks was conducted 

to get animals thoroughly used to both the field cages and indoor crates, and to the 

herbage sampling routine. 
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Each round of the experiment comprised twelve grazing samplings: eight indoor 

sampl ings (four each for fistu lated and intact sheep), and four  outdoor sampl ings and, 

s ince they cou ld not be completed within one working day, they had to be run in two 

sub-rounds. At the start of the experiment, the e ight sheep were a llocated to two 

groups,  one group for each sub-round. Each group comprised two intact sheep plus 

two fistu lated sheep, with one old and one young fistu lated sheep for each group in an 

attempt to balance age and l ive weight between groups. 

The following grazing sequence was fol lowed. In the fi rst sub-round, two intact 

sheep and two fistulated sheep were fed indoors, and within the same day, the two 

other  fistu lated sheep grazed outdoors. In the second sub-round on the following day, 

the two other intact sheep, and the two fistu lated sheep which were fed outdoors on 

the previous day, were fed indoors; and the two fistu lated sheep which were previously 

fed indoors g razed outdoors. Throughout the experiment, individual fistu lates were 

rotated between indoors and outdoors, and between sub-rounds, and individual intact 

sheep were rotated between rounds in an attempt to balance the effects of sequence 

on the desire to eat. 

The swards sampled in this experiment were summer regrowths following 

cutt ing with a rotary mower at a height of approximately 5 cm. All cut herbage was 

removed from the sward. Two grasses and two clovers were sampled at two stages 

of maturity to achieve a wide range in sward canopy structure. 

Indoor sampling procedures employed in this experiment were the same as in 

Experiment 1 (Chapter 3). Animals were restrained in metabolism crates and offered 

prepared turves. A series of measurements were made before grazing to characterize 

several aspects of sward structure, during grazing to determine the amount of herbage 

removed by 1 2- 1 5  bites and the t ime spent biting, and after grazing to measure grazed 

area, residual height and herbage mass remaining with in the grazed stratum and below 

the grazed stratum (see Section 3.2.6 of Chapter 3). 

During outdoor g razing, each sheep was penned in a field cage (see Plate 7. 1 ). 

The cage was mounted on a frame which was supported by two wheels for ease of 

movement. Access to the cage was through a door at the back and the sheep was 

not tethered in any way. Sheep stood on a wooden floor just above ground level and 

were constrained by solid walls surrounding the floored part of the cage. 
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After the cage was positioned over the experimental sward, a quadrat with the 

same dimensions as the tray used in indoor g razing was defined in front of the cage. 

Narrow strips of herbage were removed from the outer edges of the quadrat to ensure 

that no herbage rooted outside the patches could protrude into the defined quadrats. 

The same measu rements were taken before and after grazing on the defined patches 

as on the turves fed indoors in order to determine sward characteristics. 

The sampl ing procedures of outdoor g razing were the same as the indoor 

grazing except for the way in which herbage weight removed by animals after a few 

bites was estimated (see later in this section). 

In order to standardize animal preparation, the sheep used for indoor g razing 

were introduced to the indoor pen from 1 6.00 h the afternoon before grazing unti l 

sampl ing began the next day at 1 0.00 h .  The two fistu lated sheep which were used 

for outdoor g razing were penned in a shed adjacent to the field plot where outdoor 

quadrats were defined. 

During sampling of the fistulated sheep, extrusa was collected in a polythene 

bag tied around the animal's neck after fitt ing the foam rubber p lug in the oesophagus 

below the fistu la (Plate 7.2). The bag of extrusa was removed, stored in a chi l ler 

maintained at 5° C, and subsequently weighed before and after oven-drying at 1 1 0° 

C for 20 hours .  

Results were discarded if the foam plug was expel led during sampl ing or the 

extrusa samples were seen to be contaminated with rumen contents. I f  a fistu lated 

animal did refuse to graze or sporadically grazed its particu lar patch (outdoor) or turf 

( indoor) then no further measurements were taken on that sward. Intact sheep al lowed 

a h igher sampl ing success rate than fistu lated sheep ( 1 .00 vs 0.90) . 

Sampling was always finished by 1 2.00 h .  Turves were stored in the chi l ler. 

The remainder of the sampling day of the fi rst subround was spent doing the set of 

pre-sampl ing sward measurements for the second sub-round. The sampl ing of the 

second sub-round was conducted on the fol lowing day. The remainder of the second 

sub-round sampling day, and the fol lowing two days, were required to complete the set 

of post-sampl ing sward measurements. 

Two sets of variables (sward and ingestive behaviou r) were obtained from the 

above measurements. Of the ingestive behaviour  set, bite rate, bite depth , bite area 

and bite volume were measured or derived in a consistent procedure (see Section 



Plate 7.1 

Plate 7.2 
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A fistulated sheep was confined in  the field grazing cage. 

Extrusa was collected from a fistulated sheep grazing in the 
field cage. 
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3.2.7 of Chapter 3) across indoor intact sheep, indoor fistu lated sheep and outdoor 

fistu lated sheep; however, bite weight was estimated in two d ifferent ways: extrusa­

based estimate (SWab' both indoor and outdoor fistu lated sheep) and turf-based 

estimate (SW'b' both indoor intact sheep and indoor fistu lated sheep). I n  the extrusa­

based estimate, bite weight was calcu lated by d ividing d ry matter of oven-dried extrusa 

by the number of bites, whereas in the turf-based estimate, bite weight was derived 

by dividing the d ifference of turf weight pre-and post-grazing by the number of bites. 

Th is was intended to check against corresponding extrusa based estimates for each 

turf, and to establ ish a recovery coefficient. The set of sward variables included 

surface height, stem height, herbage mass, mass bulk density of grazed stratum, and 

mass bulk density of complete sward profi les. 

Measu rements were carried out over a period from 1 November of 1 990 to 29 

January of 1 99 1 . 

7.2.4 Statistical analysis 

Al l  resu lts were subjected to analysis of variance using completely randomized 

designs. I ngestive behaviour variables were compared between intact and fistu lated 

sheep within indoor grazing, and were compared between indoor crate-grazing and 

outdoor cage-grazing within fistu lated sheep, treating individual animals as internal 

repl ications with repeated measures. Sward variables were compared between indoor 

sampled turves and outdoor defined quadrats to evaluate the extent to wh ich the 

extracted turves cou ld represent field g rown swards in terms of structural 

characteristics. least squares means and standard errors of these variables were 

derived from an analysis fitt ing components of variance. Analyses were carried out on 

the Proc. GlM of the SAS package (SAS Institute Inc. 1 990). 

7.3 RESULTS 

7.3.1 Sward conditions 

The turves grazed by indoor animals were not significantly d ifferent from the 

quadrats grazed by outdoor animals (P=O.07). Therefore, the data of sward variables 

presented in th is chapter were based on the averaged values of indoor turves and 

outdoor quadrats. 
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Table 7.1 Description of sward variables for four forages x two stages based on the 
averaged values of indoor turves and outdoor quadrats 

Forages Maturity Surface Stem Herbage Bulk density Bulk density of 
stages height height mass of grazed complete sward 

(cm) (cm) (gDM/m2) stratum profiles 
(mgDMlcm3) (mgDMlcm� 

Ryegrass Vegetative 1 2.4 5.4 230 1 .29 1 .90 

Reproductive 26.6 1 6.8 260 0.56 0.97 

Cocksfoot Vegetative 1 7.9 5.4 1 81 0.90 1 .02 

Reproductive 47.8 20.9 290 0.50 0.62 

Tahora Vegetative 8.5 7. 1 1 80 2 . 1 1  2 . 1 3  

Reproductive 1 9.0 1 3.7 265 1 .40 1 . 1 0  

Kopu Vegetative 1 6.3 1 4.3 240 1 .44 1 .34 

Reproductive 22.6 1 7.9 280 1 .24 1 . 1 4  

s.e and test' 0.5*** 0.4*** 1 4*** 0.08*** 0 .06*** 

'Test: F test of ANOVA for forages x stages interaction . 

Table 7. 1 g ives the details of sward variables for forages x stages. The two 

grasses were tal ler in  comparison with the two clover swards, but the mass bulk 

density was greater for two clovers than the two grasses in both the grazed horizon 

and overall profi les. Herbage mass was substantially increased as swards advanced 

in maturity for a l l  forages. However, progression from the vegetative to the 

reproductive stage consistently decreased the bulk densities for each forage. A 

comparison of bulk density between the grazed strata and the complete sward profiles 

indicated that the gradients of bulk density greatly increased from the top to the bottom 

in two grasses, but decreased in two clovers. 

7.3.2 

7.3.2.1 

Ingestive behaviour variables 

Comparison between indoor intact sheep and indoor 

fistulated sheep 

Tables 7.2 and 7.3 summarize the ingestive behaviou r  variables obtained for 

intact sheep and fistu lated sheep (Table 7.2), and for stock state x forage x maturity 
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Table 7.2 Comparison of ingestive behaviour variables between indoor intact sheep 
( indoor-N.O.F) and indoor fistu lated ( indoor-O.F) sheep. Bite weight 
refers to turf-based estimate (Bite weighttb) . 

Stock states 

indoor-N.O.F 

Indoor-O.F 

s.e and test 

B ite weighttb 
(mgDM) 

252.9 

2 1 6.4 

1 9  ns 

Bite rate 
(bites/min) 

36.7 

25.3 

1 .7*** 

Bite depth 
(cm) 

1 0.7 

1 1 .0 

0.5 ns 

Bite area 
(cm2) 

1 2.5  

1 0.9 

0.5 ns 

B ite volume 
(cm3) 

1 34.9 

1 1 8.3 

7 .3 ns 

Test : F test of ANOVA between indoor intact sheep and indoor fistulated sheep. 

stage (Table 7.3) based on indoor grazing procedures in which bite weight was derived 

by d ifference between pre- and post-g razing weighing (Bite weighttb) . 

On average, bite weight and bite dimensions did not d iffer sign ificantly between 

intact and fistu lated sheep based on the indoor procedures. However, bite rate was 

m uch faster for intact sheep than fistulated sheep (Table 7.2) . 

Table 7.4 i l lustrates significance levels (P=F) of the two other main effects 

(forage and stage) and al l  the first-order interactions on these behaviour variables. 

Effects of forages and of stages on bite weight, bite rate, bite depth and bite 

volume were h igh ly significant, but were not detected for bite area (Table 7.4). 

No significant interaction effects of stock states x forages, and of stock states 

x stages of maturity (Table 7.4), and stock states x forages x stages (Table 7 .3) were 

found.  But the effect of interaction between forages and stages was significant .  

7.3.2.2 Comparison between indoor fistulated and 

outdoor fistulated sheep 

Tables 7.5 and 7.6 g ive comparisons of ingestive behaviou r  variables of the 

fistu lated sheep between indoor and outdoor grazing conditions (Table 7.5) ,  and detai ls 
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Table 7.3 Comparison of ingestive behaviour variables between indoor intact sheep (N.O.F) and indoor fistulated sheep (O. F) for the 
interaction of stock states x forages x stages. Bite weight refers to turf-based estimate (B ite weigh�b) 

Forages 

Variables 

Bite weigh�b 
(mgOM) 

Bite rate 
(bites/min) 

Bite depth 
(cm) 

Bite area 
(cm� 

Bite volume 
(cm� 

Stock 

N .O.F 

O.F 

N .O.F 

O.F 

N .O.F 

O.F 

N.O.F 

O.F 

N.O.F 

O.F 

Ryegrass 

Vegetative R eproductive 

1 42 1 61 

1 24 1 26 

56 31 

32 1 9  

6.0 1 2.3 

5.7 1 4. 1  

9. 1 1 3.6 

8. 1 1 1 .0 

54.9 1 68.6 

44.7 1 53.0 

Cocksfoot 

Vegetative Reproductive 

1 76 435 

1 50 405 

43 1 8  

31  1 6  

1 2.2  26.6 

1 1 .6 30.5 

1 5.3 1 0.8 

1 0.9  1 1 .0 

1 98.7 285.6 

1 52.3 261 .8  

Test : F test of ANOVA for the interaction of stock states x forages x stages. 

Tahora white clover Kopu white clover 

Vegetative Reproductive Vegetative Reproductive 

2 1 1 331 269 299 

1 6 1  263 202 302 

46 31 32 38 

46 24 22 1 6  

4.2 9 .5 6.5 8.2 

3.9 8 .7 6.3 7.3 

1 0.0 1 4.6 1 4.7  1 1 .9 

1 0. 1  1 3.6 1 0. 1  1 3. 7  

94.9 96.5 42.0 1 37.9 

63.5 1 23.5 43.3 1 04.7 

s.e 
test 

53 

ns 

4.7 

ns 

1 .5 

ns 

1 .4 

ns 

20 

ns 
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Table 7.4 Significance levels of two main effects (forage and stage) and a l l  the 
f irst-order interactions between the three main effects (stock state, forage 
and stage) on bite variables 

Effects and B ite weight B ite rate B ite depth 
interactions (mg OM) (bites/m in) (cm) 

Forage 0.0008 0.0067 0.0001 

Stage 0.0001 0.0001 0.0001 

Stock x forage 0.9690 0. 1 084 0.6659 

Stock x stage 0.8760 0.8706 0.3861 

Forage x stage 0.01 22 0.0096 0.0001 

Stock : stock states, i .e. fistu lated or intact sheep. 

Bite area B ite volume 
(cm2) (cm3) 

0.2777 0.0001 

0.3061 0.0001 

0.9965 0 .8 1 86 

0.9979 0.6888 

0.0031 0.0422 

Table 7.5 Comparison of ingestive behaviour variables between indoor-O .F  and 
outdoor-O.F in wh ich bite weight was derived from extrusa-based 
estimate (Bite weighteb) . 

Grazing B ite weighteb B ite rate B ite depth Bite area B ite volume 
conditions (mgOM) (bites/min) (cm) (cm2) (cm3) 

Indoor-O.F 264.5 25.3 1 1 .0 1 0.9  1 1 8.3  

outdoor-O. F  255. 1 32. 1  1 1 .7 1 0. 1  1 1 8. 7  

s.e and test 
. 

1 8  ns 1 .6*** 0.5 ns 7.0 ns 0.5 ns 

"Test : F test of ANOVA between indoor and outdoor fistulated sheep. 
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Table 7.6 Comparison of ingestive behaviour variables between indoor ( IN) fistu lated and outdoor (OUT) f istu lated sheep for the 
interaction of g razing conditions x forages x stages. B ite weight refers to extrusa-based estimate (Bite weighteb) 

Forages Ryegrass Cocksfoot Tahora white clover Kopu white clover s.e 
test 

Variables Conditions Vegetative Reproductive Vegetative Reproductive Vegetative Reproductive Vegetative Reproductive 

Bite weighteb I N  1 70 1 65 202 390 229 265 330 365 53 
(mgDM) 

OUT 1 52 254 202 297 1 89 293 324 332 ns 

Bite rate I N  32 1 9  31 1 6  46 24 22 1 6  4.7 
(bites/min) 

OUT 4 1  2 1  39 1 9  4 1  33 3 1  33 ns 

Bite depth I N  5 .7 1 4. 1  1 1 .6 30.5 3.9 8.7 6 .3 7.3 1 .5 
(cm) 

OUT 5 .3 1 5 .8 1 0.5 29.5 3.9 7.8 6.9 1 3.8 ns 

Bite area I N  8 . 1  1 1 .0 1 3.4 9 . 1  1 0.9 1 1 .0 1 0. 1  1 3.6 1 .4 
(cm2) 

OUT 7.5 1 2.4 1 1 .9 1 0.0 1 1 .2 9 .4 1 1 .4 7.7 ns 

Bite volume IN 44.7 1 53.0 1 52.3 261 .8 43.3 97.5 63.5 1 23.5 20 
(cm� 

OUT 39.8 1 94.0 1 25.9 294.7 43.5 73.4 8 1 .3 1 04.7 ns 

Test : F test of ANOVA for grazing conditions x forages x stages. 
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of these variables for g razing conditions ( indoor and outdoor) x forages x stages (Table 

7.6), in which bite weight was derived from extrusa-based estimates (Bite weighteb)' 

The fistu lated sheep did not exh ibit any significant d ifferences in bite weight and 

bite d imensions when they grazed indoor sampled turves and outdoor defined patches. 

However, bite rates were much slower indoors than outdoors (Table 7 .5) . 

Table 7.7 gives significance levels of the effects (forages and stages) and al l  the 

fi rst-order interactions on these behaviou r  variables. 

Again, there were sign ificant effects of forages, and of stages on b ite weight, 

bite rate, bite depth and bite volume, but not on bite area (Table 7.7). 

The effects of the interactions between grazing conditions and forages, between 

grazing conditions and maturity stages (Table 7.7), or between the three effects 

(second order interaction) (Table 7.6) on any variables were not statistical ly significant. 

But the effect of interaction between forages and stages was Significant on al l  

behaviour variables except for b ite weight (Table 7.7). 

Table 7.7 Significance levels of two main effects (forage and stage) and al l  the 
fi rst-order interactions between the three main effects (grazing condition, 
forage and stage) on bite variables. 

Effects and Bite weight B ite rate Bite depth Bite area 
interactions (mg OM) (bites/min) (cm) (cm2) 

Forage 0.0020 0.0099 0.0001 0.7088 

Stage 0.0097 0.0001 0.0001 0.8658 

Cond ition x forage 0.75 1 5  0.4 1 35 0. 1 1 1 7 0.7222 

Cond it ion x stage 0.8078 0.5865 0.2080 0.4300 

Forage x stage 0.4348 0.0652 0.0001 0.01 6 1  

Cond ition : g razing conditions, i .e. indoor or outdoor grazing. 

B ite volume 
(cm3) 

0.0001 

0.0001 

0.6726 

0 .7299 

0.0003 
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The turf-based estimate of b ite weight (BWtb) was used as a check against the 

extrusa-based estimate (BWeb). The relationship between the two independent 

estimates was described by the fol lowing l inear regression equation: 

BWeb = 88.5 (s.e. 24.3) + 0.81 (s.e. 0.09) BWtb 

(R2 
= 0.7 1 , residual d.f = 30) 

Both intercept and slope were significantly d ifferent from zero. Although the 

s lope was signif icantly less than one, the extrusa-based estimate was greater than the 

turf-based estimate with in the range of variation encountered. 

7.3.2.4 Recovery coefficients of fistulated sheep 

The proportional recovery of ingested herbage was derived based on indoor­

fistu lated sheep, and it was calculated as follows: 

Recovery = 

Bite weighteb (mg DM) 
Bite weighttb (mg DM) 

Table 7.8 g ives average recovery coefficients of indoor-fistu lated sheep grazing 

swards of 4 forages x 2 stages. 

The results indicated that when the recoveries from the current experiment were 

expressed in  this way, the average recoveries usual ly exceeded un ity and were 

variable between individual animals. 

7.4 DISCUSSION 

In this section, attention is concentrated primarily on this experim ent, and briefly 

touches on the comparison with Experiment 1 .  More thorough comparison wi l l  be 

made in Chapter 8 (General Discussion). 

The close simi larity between indoor turves and outdoor quadrats in  canopy 
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Table 7.8 Recovery coefficients based on indoor fistulated sheep on fou r  forages 
x two stages. They were calculated by the ratios of extrusa-based 
estimates (uncorrected estimates) to turf-based est imates. 

Forages Maturity 
stages 

Ryegrass Vegetative 
Reproductive 

Cocksfoot Vegetative 
Reproductive 

Tahora white Vegetative 
clover Reproductive 

Kopu wh ite Vegetative 
clover Reproductive 

Average 

Average 
recoveries 

1 .39 
1 .29 

1 .39 
1 .00 

1 .4 1  
1 . 1 3  

1 .69 
1 .26 

1 .32 

Ranges s .e 

1 .27- 1 .46 0. 1 7  
0.76- 1 .63 0. 1 7  

0.94-2.22 0. 1 7  
0.78- 1 . 1 9  0. 1 7  

1 .07- 1 .74 0. 1 7  
0.9 1 - 1 .37 0. 1 7  

1 .24- 1 .9 1  0. 1 7  
0.98- 1 .89 0. 1 7  

0.76-2.22 0.06 

structure shown in  this  experiment gave confidence that turves extracted from the plots 

cou ld represent the states of swards in situ. 

The range of sward conditions studied in the current exper iment was broadly 

comparable with conditions covered in previous large plot grazing trials, summarized 

by Burl ison ( 1 987), in the cage trial of Burl ison et al. ( 1 991 ) and in artificial swards by 

Black and Kenney ( 1 984). 

General ly the influences exerted by the main effects and interactions on the 

variables of grazing behaviour were closely comparable to the corresponding effects 

or interactions in  Experiment 1 ,  reinforcing the trends and patterns noted in Chapter 5. 

Forbes and Beattie ( 1 987) found that bite rates did not d iffer significantly 

between fistulated and non-fistu lated sheep and cattle, except on two occasions when 

fistu lates carried Vibracorders to measure grazing times without prel iminary train ing. 

They attributed th is occasional difference to interference, caused by the presence of 

the Vibracorder. I n  the current study the bite rates of fistulated sheep were slower 

than those of intact sheep when grazing i n  indoor crates, and also s lower than the 

same sheep grazing in outdoor cages (Tables 7.2 and 7.5) .  Although the fistu lated 
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sheep were intensively trained, they were sti l l  t imid to some degree and could be 

d isturbed by the presence of the observer. Sometimes, they hesitated to resume 

grazing  after a mouthful was swallowed, or consciously interrupted grazing to watch 

the observer. It was quite l ikely that these interruptions resulted in overestimates of 

the t ime spent bit ing, and consequently underestimates of the b ite rates. This 

phenomenon could be overcome in the field cage grazing by standing beh ind the cage 

to record the t ime spent biting without any d isturbance, and in these cond itions these 

sheep displayed normal bite rates, simi lar to indoor intact sheep (36.7 vs 32. 1 ,  

P=O.085) .  The intact sheep were thoroughly accustomed to the procedu res, and 

hence they were not affected by the presence of observer. 

With indoor grazing, the absence of significant interactions between stock state 

(fistu lated and intact) and the two other main effects (forage and maturity stage) 

indicates that fistulated sheep had sim ilar behaviourial response patterns to intact 

sheep to sward variation in forage species and in plant maturity stage. 

There were differences in this experiment in animal cond ition and background 

between fistu lated and intact sheep because of the l imitations of avai labi l ity of 

fistu lated animals (see Sections 7.2.2 and 7.2.3). However, generally the fistu lated 

and non-fistulated sheep had no appreciable difference in ingestive behaviour  despite 

the d ifferences between them in management h istory, nutritional background and body 

cond ition. Therefore, it may be concluded on the basis of this experiment that there 

is no fundamental reason to suppose that ingestive behaviour of fistulated sheep wil l 

differ significantly from that of intact sheep of sim ilar background and cond ition. The 

above conclusion is in l ine with the findings of Forbes and Beattie ( 1 987), and extends 

their  f inding through investigating a wider range of ingestive behaviour variables. 

Because the ingestive behaviour  of the fistu lated animals during the actual sampling 

may be influenced or modified by tameness and management (Le Du & Penn ing, 

1 982; Forbes & Beatt ie , 1 987), it is important to adhere to established procedures for 

the handl ing of fistu lated animals and the collection of extrusa samples (Arnold et ai, 

1 964; Hodgson, 1 982; Forbes & Beattie, 1 987) , and to get animals thoroughly tra ined. 

Both the indoor comparison between fistulated and intact sheep, and the 

comparison of fistu lates between indoor and outdoor grazings showed that there were 

h igh ly significant effects of forages, and of stage of growth on all b ite variables except 

for bite area, in c lose agreement with the resu lts of Experiment 1 (Chapter 5) .  I n  the 



254 

current experiment bite area was affected neither by stage of g rowth, in agreement 

with Experiment 1 (Table 5 .8 of Chapter 5), nor by forage species, in contrast with 

Experiment 1 (Table 5 .8) .  This inconsistency was because only four  forages were 

used in the current experiment, in comparison with the n ine used i n  Experiment 1 .  The 

wider range of forages with a g reat contrast in growth form produced greater variation 

in canopy structure,  and therefore resulted in a significant effect on b ite area despite 

the insensit ivity of this variable to variation in sward structure. 

Average extrusa recovery estimated in the current trial was 1 .32 (s.e: 0.06), 

h igher than the values obtained in previous work, which are summarized in Table 7.9. 

Each of the authors quoted obtained some recovery estimates which exceeded 1 .00, 

and the same phenomenon occurred in the current work (Table 7.8). There was no 

doubt that the amount of d ry matter in extrusa could be inflated by contam ination of 

saliva dry matter, resu lt ing in overestimates of the recovery coefficients. Burl ison 

( 1 987) developed a method for correcting for saliva contamination. The m ethodology 

she used is outl ined in Appendix 7 . 1 .  The corrected recovery coefficients using this 

method for forages x stages are summarized in Table 7. 1 0. Average corrected 

recovery was 0.96 (s.e: 0.03) , fal l ing within the range of val ues obtained in the 

l iterature (Table 7.9). Some recoveries sti l l  exceeded unity after correction 

(Table 7. 1 0) .  These overestimates were considered to be attributable to a small 

amount of herbage retained from previous feeds in the mouth or upper oesophagus 

(Burl ison, 1 987). So as to m in im ize this source of error it is appropriate to thoroughly 

wash the fistu la with warm water immed iately prior to grazing  sampling by taking out 

the plug. 

I t  h as been argued that the resu lts obtained using cage grazing are d i rectly 

applicable to short term responses of unrestricted animals (Burl ison et al. ,  1 99 1 ) ,  even 

though there has been some criticism about the val idity of extrapolation from short­

term studies on ingestive behaviour to free-grazing (Penning et al. ,  1 99 1  a). The close 

agreement in ingestive behaviour of fistu lated sheep between indoor crate g razing and 

outdoor cage grazing in the present study indicates that the results of indoor crate 

grazing can be extended to field grazing with confidence under sim i lar sward 

cond it ions, at least in terms of short-term behaviour. However, a thorough training of 

animals to indoor faci l ities and procedures is necessary. 
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Table 7.9 Comparison of recovery coefficients in  the current trial with data 
withdrawn from the l iterature. 

Average Range of s.e. Stock Reference 
recovery values 

0.95 0.85- 1 .08 Cattle Stobbs (1 973a) 
0.98 0. 1 05 Sheep Rodriguez Capriles ( 1 973) 
0.98 0. 1 08 Cattle Rodriguez Capriles ( 1 973) 
0.97 0.025 Calves Jamieson ( 1 975) 
0.98 0.014 Calves Jamieson and Hodgson (1 979a) 
0.94 0.60- 1 . 1 2  0.01 2-0. 1 32 Sheep Burlison ( 1 987) 

(corrected) 
1 .32 0.76- 1 .98 0.06 Sheep Current work 

( uncorrected) 
0.96 0.42- 1 .48 0.03 Sheep Current work 

( corrected) 

* All values of previous work quoted in this table were not corrected for saliva 
contamination except for where it is indicated. 

Table 7.1 0  Recovery coefficients after saliva contamination was corrected. 

Forages Maturity Average Ranges s.e.  
stages recoveries 

Ryegrass Vegetative 1 .09 1 .05- 1 . 1 5  0.09 
Reproductive 0.94 0.42- 1 .2 1  0.09 

Cocksfoot Vegetative 0.97 0.76- 1 .22 0.09 
Reproductive 0.84 0.70-0.95 0 .09 

Tahora white Vegetative 0.96 0.75- 1 . 1 8  0.09 
clover Reproductive 0.89 0.83-0.94 0 .09 

Kopu white Vegetative 1 .20 0.97- 1 .45 0 .09 
clover Reproduct ive 0.76 0.64-0.85 0.09 

Average 0.96 0.42-1 .45 0.03 
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7.5 CONCLUSIONS 

1 .  Th is experiment strongly corroborated the trends displayed and the relat ionsh ips 

ascertained in Experiment 1 (Chapter 5) regarding the effects of the treatments 

(main effects and interactions) on bite variables. 

2. There is no conclusive evidence to indicate that fistu lation at the oesophagus wil l 

s ignificantly modify the grazing behaviour of an imals, and particu larly this is the case 

when the comparison is made between fistu lated and intact animals with s imi lar 

management history, nutritional background and body conditions. 

3. It is appropriate to extrapolate the resu lts of indoor crate grazing to f ield g razing, 

and this is rel iable at least based on short-term behaviourial responses. 

4. Sal iva contamination of extrusa samples can resu lt in significant overestimates of 

recovery coefficients for the fistu lated animals, and hence a correction for sal iva 

contam ination is required. 
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Chapter 8 

General Discussion and Conclusions 

This chapter considers l inks and relationships between the three experiments 

conducted in th is project, and briefly d iscusses some aspects of experimental 

procedures, including the use of multivariate techniques in analyzing  data. Then the 

focus is concentrated on a summary and a comparison (where appropriate) of the main 

resu lts d rawn from the three experiments. The major findings are considered within 

the framework of existing knowledge of animal responses to variation in sward 

structure. Where appropriate more emphasis is placed on sheep/goat contrasts, and 

on grassllegume contrasts as wel l ,  since these are the important featu res of th is 

project. Final ly, an account of applications and recommendations for g razing 

management is made in terms of the present resu lts. 

8.1 LINKS BETWEEN THE THREE EXPERIMENTS CONDUCTED IN THIS 

PROJECT 

Three experiments (summarized in Table 8. 1 )  formed the basis of this thesis, 

including two sub-sets of data (restricted and enlarged data sets) drawn from 

Experiment 1 .  This section briefly summarizes these experiments and explains 

l inkages between them. 

The restricted data set of Experiment 1 involved four forages grazed by two 

species at two maturity stages across the two experimental years (4 forages x 2 stages 

x 2 animal species x 2 years) . It was intended to assess the effects of animal 

characteristics on ingestive behaviour. Analysis of th is data set using a data 

adjustment approach showed that incisor arcade breadth had a stronger functional 

relationsh ip with bite weight and bite d imensions than did l iveweight over the two 

experimental years. It was concluded that increases in bite weight and bite d imensions 

with increasing maturity of animals were possibly ascribable to increases i n  incisor 

breadth of animals  over the t ime. I t  was also suggested that the d ifference in incisor 
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Table 8.1 Summary and comparison of experimental designs among the three experiments. 

Data sets or Experimental Forages· Maturity stages Height l evels for Animal Animal Animal reps of Technique 
experiments periods ( levels) each forage or stage species type each species 

1 .  Restricted data set 2 ( 1 989, 1 990) 4 2 (vegetative and 1 2 (sheep 1 6 Indoor 
of Experiment 1 reproductive) and goats (NOF) 

2. Enlarged data set of 1 ( 1 990) 9 2 (vegetative and 1 2 (sheep 1 6 Indoor 
Experiment 1 reproductive) and goats) (NOF) 

3. Experiment 2 1 ( 1 990) 4 1 (vegetative) 5 for grasses, 3 for 2 (sheep 1 4 Indoor 
Tahora, 2 for Kopu and goats) (NOF) 

4.  Experiment 3 1 ( 1 990- 1 99 1 ) 4 2 (vegetative and 1 1 (sheep) 2 (OF & 4 I ndoor and 
reproductive) NOF) outdoor 

., Forages used in restricted data set: ryegrass, browntop, Tahora and Kopu white clovers; in enlarged data set: ryegrass, browntop, cocksfoot, prairie 
grass, phalaris, Tahora white clover, Kopu white clover, red clover and Lotus corniculatus; in Experiments 2 and 3: ryegrass, cocks foot, Tahora and 
Kopu white clovers. Details of each forage are referred to Appendix 3 . 1  and the corresponding chapters. 

NOF: non-oesophageal fistulated sheep; OF: oesophageal fistulated sheep. 
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breadth between sheep and goats was one of the factors resu lt ing in the differences 

between the two species in bite weight, b ite depth and bite volume. 

The enlarged data set of Experiment 1 was used to compare and to examine 

grazing responses of sheep and goats to variation in sward structure induced by use 

of n ine forages sampled at two stages of maturity for each forage over one 

experimental year. Following the preliminary analysis by AN OVA, the data set was 

assessed by means of a number of multivariate approaches. It was found that among 

the set of measured sward attributes sward height was the most important variable 

affecting g razing behaviour  in general, although this applied for g rasses more than 

legumes.  Since the variation in sward height was principal ly created by d ifferences 

between forages and between stages of maturity, it was assumed that the effect of 

sward height demonstrated in this data set could have been associated with and 

confounded with the variation in  other plant characteristics (e.g. growth habit) across 

forages and stages of maturity. 

Experiment 2 was designed to d issociate the effects of sward height from the 

above confounding effects by creating contrasting heights within  a forage, and by 

sampling vegetative swards only. This data set involved four forages with height 

contrasts for each forage, a/l grazed by sheep and goats. A screening by MANOVA 

showed that sward height and bulk density were more important than other sward 

variables in d iscriminating the variation of the set of sward attributes. Independence 

of variation in sward height from other attributes, particularly bulk density, was 

successful ly achieved in  some swards, but fai led in others. It was confirmed that 

animal responses were more sensitive to variation in sward height than in  bulk density. 

However, the influence of bulk density on ingestive behaviour after the dominant effect 

of sward height was accounted for depended very strongly upon the animal species, 

sward types (grasses or legumes) and the establishment of independent variation in  

sward height and bu lk  density over the range of  test swards. 

An indoor crate grazing technique was employed in Experiments 1 and 2. I n  

Experiment 3 an outdoor cage grazing techn ique was used to val idate the observation 

of indoor procedu res and to assess the comparabi l ity of the results between indoors 

and outdoors. Outdoor cage grazing involved the use of oesophageal fistu/ated 

animals so as to determine the amount of herbage harvested by an imals over short­

term grazing sessions ( 1 2- 1 5  bites). Fistulated sheep were a lso compared with intact 
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sheep using the indoor metabolism crate grazing technique. The results showed h igh 

comparabi l ity and conformabil ity between indoor and outdoor grazing procedures and 

between fistulated and intact sheep, in terms of behaviou r  variables observed on a 

short-term basis.  The appl icabi l ity of these resu lts to free grazing wi l l  be considered 

in Section 8.2 .  

8.2 EXPERIMENTAL PROCEDURES 

This research focused on short-term responses of grazing animals using an 

indoor crate grazing procedure, which was val idated by an outdoor cage grazing 

techn ique. 

B ite overlap has often been a problem hampering attempts to m easure bite 

dimensions in grazing studies. Overlap in the vertical dimension alters the frequency 

distribution of residual heights of the average b ite and wil l  therefore alter the computed 

mean bite depth (Ungar et al. ,  1 991 ) .  S imilarly, overlap in the horizontal plane results 

in an underestimation of bite area. In this project, overlapping between b ites was 

min im ized by preventing further grazing once 1 2- 1 5 bites were made. The chance of 

overlapping was very low because animals usual ly prefer to graze fresh p laces before 

they regraze the previously g razed area (Ungar et al., 1 99 1 ) . There was no evidence 

that bite overlap was sign ificant enough in  this study to be an important source of 

error. However, allowing 1 2- 1 5  bites only was a compromise because a larger number 

of b ites wou ld probably have led to a g reater accuracy of b ite weight estimate. 

The animals used in this project were fasted for approximately eighteen hours 

prior to grazing, and were then allowed to make 1 2- 1 5  bites from the extracted turf 

( indoors) or the defined patch in  the plots (outdoors). I t  is logical to assume that the 

animals wou ld have been hungry and hence attempting to maximize b ite weight and 

bite rate within the l im itations imposed by sward cond itions (Burl ison,  1 987). Some 

studies have shown that bite weight or biting rate or intake rate increase after fasting 

(Sidahmed et al. ,  1 977; Jung & Koong, 1 985) . Greenwood and Demm ent ( 1 988) found 

that cattle fasted for 36 h had h igher intake rates than unfasted animals ,  but that this 

was achieved by an increase in rate of bit ing. There a lso has been criticism (Penning, 

cited by I l l ius ,  pers com. )  that starving animals biases estimate of intake rate, and 

possibly other behaviour variables. However, Dougherty et al. ( 1 989a) estimated the 

effects of 1 ,  2 and 3 h fasts, using cattle grazing vegetative swards of tall fescue and 
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l ucerne, and found that the effects of fasting were not always significant and also 

varied with types of swards. It was shown (Dougherty et al., 1 989a) that lengthening 

interval between meals of cattle grazing lucerne resulted in  h igher rates of intake 

during the fol lowing grazing session and had no effect on ingestive behaviour the next 

day. I n  contrast, lengthen ing interval between grazings on tal l  fescue had l ittle 

immed iate effect on rates of intake but depressed rates of intake d uring a g razing 

session 24 h later (Dougherty et al. ,  1 989a). 

Nevertheless, the following two facts give confidence in  estimates of bite 

variables in the current project despite the use of fasted animals. ( 1 ) The range of 

values for b ite weight, biting rate, and intake rate from the current project broadly lay 

with in  the ranges reported in ,  or derived from other experiments. (2) I n  studies where 

fasting effects on bite weight and biting rate were identified, it was recognized 

(Burl ison , 1 987) that bite weight and b it ing rate were influenced more by sward canopy 

structure than by fasting. Nevertheless, it is suggested ( 1 I I ius, pers com. )  that in  

experiments examining short-term behaviour, i t  may be worthwhi le to provide animals 

with sufficient swards for about thirty m inutes grazing immediately prior to sampling to 

try to take the edge off animals' appetites and a llow them to settle down to steady 

grazing. 

I ndoor crate grazing used in this project has been shown to be an efficient 

techn ique to observe short-term grazing responses. This technique i s  s imi lar to those 

used by Bur l ison et al. ( 1 991 ) (field cage grazing), and by Mursan et al. ( 1 989) ( indoor 

pen grazing) .  I n  terms of defining responses in bite weight and b ite d imensions to 

variation in sward structure this technique has proved to be m uch more successfu l  and 

usefu l  than conventional ,  large scale grazing trials (Bur l ison et al., 1 99 1 ). Studies on 

a short-term basis would al low behavioural responses of animals to be related 

specifical ly to the characteristics of the swards grazed, avoiding the complication of 

trampl ing ,  treading and fou ling (Mursan et al. ,  1 989; Bur l ison et al. ,  1 99 1 ) .  This  

approach can also avoid the effects exerted by daily and social behaviou r  activities 

such as ruminating, idl ing and socializing, and permit the observer to concentrate on 

the eating behaviour  variables l ike bite weight and bite dimensions (Cosgrove, 1 992) .  

This techn ique enables bite dimensions to be measured more accurately and grazing 

activities to be observed and recorded closely. 
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I n  contrast to field cage grazing (Burl ison et al. ,  1 99 1 ), indoor crate g razing in 

the current study involved use of extracted turves, instead of p lot patches. Th is 

provided a means of characterising swards in the laboratory in more detai l  and under 

close control ,  and est imating the herbage mass removed over a short interval d i rectly 

through weighing turves pre- and post-grazing without surg ical modification of animals 

(Mursan et al. ,  1 989). S ince insensible loss of turf weight over this short duration 

examined in a turf tray set aside for the purpose of control was found to be negl igible 

(see Section 3.2.5.2 of Chapter 3) the turf technique provided confidence in the 

accuracy of b ite weight estimation. Also, it was easier to m ake detailed sward 

measurements in the laboratory than in the field, particularly for a techn ique l ike the 

point-quadrat which can be hampered by wind. 

The close agreement in ingestive behaviour between indoor crate g razing and 

outdoor cage grazing in Experiment 3 (Chapter 7) provides evidence that i ndoor results 

could be rel iably extrapolated to field grazing on a short term response basis. 

However, there is an apparent contradiction in the l iterature as to the val id ity and 

certainty of extrapolating short-term responses to free grazing. Penn ing et al. ( 1 991 ) 

claimed that th is may not be acceptable. Fisher et al. ( 1 987) argued that estimates 

of rates of intake establ ished over short intervals are of l im ited value s ince g razing time 

per day is not estimated. Conversely, Hodgson ( 1 98 1 a) suggested that short-term 

rates of intake may reflect daily intake since the lengthening of g razing t ime rarely 

compensates ful ly for low rates of intake. Similarly, Leaver ( 1 987) considered that the 

relative inflexibi l ity of grazing time means the rate of intake is the major factor 

determ ining daily intake. On the other hand, because drastic and complex changes 

in the quantity and qual ity of ingested herbage and in g razing  behaviou r  occur  as 

swards are g razed down (Burl ison , 1 987; Dougherty et al. ,  1 990) ,  Dougherty et al. 

( 1 990) suggested that simu lation models of grazing systems m ay be best served by 

24 h t ime-steps, rather than by shorter intervals, as suggested by E lsen et al. ( 1 988). 

Apart from the d ifferences mentioned earlier between short-term grazing and 

free-grazing (social izing, resting and rum inating etc.) ,  some other contrasts involved 

may be of concern as follows: 

( 1 ) I n  short-term grazing the confined animals are a llowed to have a l im ited 

access to m ini-swards. This may reduce grazing skil l s  (Flores et al. , 

1 989), and resu lt in d ifferent motivational states (Laca et al. ,  1 992b) 
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compared to the animals continuously stocked on pastures for free­

grazing. Consequently, animals m ight g raze rapidly, in anticipation of 

sudden removal of feed (Mitchell , 1 993) .  

(2) Short-term biting rate tends to be overestimated, especial ly on swards 

that enable great bite weights to be achieved (Forbes, 1 988) . S ince the 

i ntake rate declines as grazing progresses (Dougherty et al. ,  1 989b) it is 

thought that behaviour measured over short durations is representative 

of the beginning of g razing bouts (Laca et al. ,  1 992b), and hence usual ly 

is  more comparable with maximum or potential intake rates under free­

grazing. 

Although the above differences exist, the more important traits of grazing 

behaviour and key relationships between responses of animals and influences of sward 

characteristics identified in short-term responses, wou ld be comparable or relevant to 

free-grazing. It seems reasonable that the major goals of short-term grazing wou ld be 

to faci l itate development of principles in mechanistic terms, whereas quantitative 

applicabil ity to free-grazing cond itions m ight be of secondary importance. However, 

the use of natural ly field-grown swards to maximize representativeness for natural ly 

grazed pastu res should provide an opportunity to increase the rel iabil ity of 

extrapolation of short-term results to free-grazing. 

However, in  using confined grazing techniques, it is crucial to get animals 

thoroughly trained and accustomed to experimental procedu res, otherwise the resu lts 

may be b iased. After an intensive train ing programme and a precondition ing run prior 

to each experiment (see Sections of 3.2.2 and 3.2.3 of Chapter 3) this was achieved 

in  the current experiments. 

8.3 APPRAISAL OF USE OF THE MULTIVARIATE APPROACHES IN THIS 

PROJECT 

M ultivariate analysis of variance (MANOVA) and multivariate discrim inant 

function analysis (MDF) were used in analyzing the enlarged data set of Experiment 

1 (Chapter 5) to define the overal l  significance level of the combination of a l l  variables 

considered among the treatments and to d iscrim inate between the t reatments in terms 

of the combinations of these variables. This is unl ike un ivariate analys is ,  which 
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exam ines the sign ificance of single variables one by one among the treatments. As 

mentioned before (Section 5.2. 1 of Chapter 5) ,  if covariances or correlations exist 

between two or more variables within any set of variables, it wou ld be worthwhi le and 

appropriate to use multivariate analysis in order to take them into account, otherwise 

the resu lts revealed by univariate analysis are biased (Cooley & Lohnes, 1 97 1 ) .  

Comparison between ANOVA and m ultivariate approaches wil l  be made in  th is section 

to i l lustrate advantages of multivariate techniques over ANOVA. 

( 1 ) I n  the enlarged data set of Experiment 1 (data set of Chapter 5) ,  there 

was an association between at least some of the variables within e ither 

the set of ingestive behaviour  variables or the set of sward attributes 

(Appendix 5 .5 of Chapter 5). The general  presence of s ignificant inter­

correlations in these data sets indicates the need to use m ultivariate 

analysis to make allowance for them. 

For example, ANOVA (Table 5.8) indicated that, on average over 

al l  swards (9 forages x 2 stages) on offer ,  sheep and goats d id  not d iffer 

significantly in bite weight in either fresh or dry matter terms. Multivariate 

analyses (Table 5 . 1 9) showed that the net score of sheep was m uch 

h igher than that of goats. As interpreted in Section 5 .3.3.2. 1 of 

Chapter 5 ,  this implies that when a wide range of swards were provided, 

sheep usual ly obtained a large bite weight through penetrating very 

deeply into swards with low dry matter content; conversely, goats usual ly 

obtained large bite weights through browsing in swards with high d ry 

matter content. Thus, it is evident that one of the important features 

d ifferentiating sheep and goats in grazing behaviour  was a d ifferent 

response in relation to fresh or dry matter descriptions of bite weight, in  

contrast to that of ANOV A. 

(2) The second advantage was to al low clear-cut patterns to be established 

with respect to the levels of experimental factors ( levels of main effects 

or interactions) after al l  considered variables were jointly taken i nto 

account. Th is approach provided a more efficient understanding of the 

issues concerned in contrast to looking at variables individual ly. 

For instance, given the interaction between an imal species and 

forages, ANOVA (Table 5. 1 0) only i l lustrated a trend of individual 
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variables with respect to eighteen combinations of this interaction (2 

animal species x 9 forages). The MANOVA (Table 5 . 1 9  and Fig. 5.7) 

revealed a general pattern and showed that in terms of the combined 

behaviour variables these eighteen combinations fel l  into five clusters 

(Fig. 5.7C). More clear-cut patterns of variation were also demonstrated 

in other cases (Sections 5.3.3.2. 1 -5.3.3.2.3 of Chapter 5) .  

(3) The third advantage was to al low screen ing of the important sequence 

of a range of variables when they were jointly considered. ANOVA does 

not provide such a function. 

For instance, responses of an imals to variation in sward structure 

were unequal in importance, and this was clearly indicated by 

mu ltivariate analyses (standardized coefficients in Table 5 . 1 9) ,  but not by 

ANOVA. Bite area was a much less important variable compared to 

others in responding to swards on offer (Table 5. 1 9) ,  whereas bite depth 

and bite weight were much more important than others. This indicates 

that the depth of penetration and amount of herbage harvested per bite 

were more appropriate than bite area to disc rim inate maximally among 

the treatments, when considering al l variables and their covariances 

within the data set. 

From the above d iscussion , although the results of ANOVA are useful ,  they are 

less effective than mu ltivariate approaches. There were autocorrelations between 

variables (Appendix 5.5); those variables wh ich are highly correlated with others are 

not pure (Douglas, 1 991 ) and do not give clear information because of their non­

independence. Hence, results of ANOVA shou ld be interpreted caut iously (Cooley & 
Lohnes, 1 97 1 ) . 

This research demonstrates the usefulness of mu ltivariate approaches in the 

analyses of data and interpretation of the results. These approaches are particu larly 

valuable and necessary under circumstances where there is correlation or covariance 

among the variables. 

8.4 SWARD CONDITIONS 

Sward structure is a function of the height, bulk density, mass, botan ical 
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composition and morphology of herbage and the d istribution of the various components 

through the canopy profi le. Some previous research involved use of either swards 

which were naturally grown in the field ("natural field swards"), with an inevitable 

heterogeneity in structure (Forbes, 1 982; Milne et al. , 1 982; Penn ing et al. ,  1 99 1 a  & 
b; Arias et al. ,  1 990; Wade, 1 99 1 ; Dougherty et al. ,  1 992) or  swards which were 

artificial ly constructed ("artificial mini-swards") (Black & Kenney, 1 984; Kenney & Black, 

1 986; Ungar et al. ,  1 99 1 ; Laca et al. ,  1 992a & b) . Add itional ly, M itchell et al. ( 1 99 1 ) 

used highly standard ized tray-grown monoculture swards ("standardized m in i-swards"). 

The evidence from these studies has been used to define some important 

principles involved in the relationships between grazed swards and grazing animals. 

However, each of the techn iques has its advantages and drawbacks, as outl ined 

below. 

Generally, h igh heterogeneity, poor uniformity, and high association between 

attr ibutes in natura l  field swards confound or mask to some extent the relationships of 

animal responses to particular key sward variables, but the cond it ion of these swards 

would be more representative of the considerable complexity in natural pastures 

normal ly encountered by grazing animals at farm leve l .  "Art ificial m in i-swards" enable 

a h igh degree of control of ind ividual sward attributes and a level of detai l  in 

measurements that cannot be achieved in natura l  field swards by field techn iques 

(Laca et al. ,  1 992a). This technique and the techn ique of "standard ized m in i-swards" 

(Mitche l l  et al. ,  1 99 1 ) a l low a wide range of simu ltaneous and independent 

combinations between height and other sward attributes (such as bulk dens ity, mass 

and d igestibi l ity etc. )  to be achieved in a single experiment, as wel l  as controlled 

introduct ion of other vertical and/or horizontal heterogeneity (Laca et al. ,  1 992b). 

These h ighly controlled and simpl ified swards (artificial and standard ized m ini­

swards) have been proved to be very useful for defin ing  the patterns of animal 

responses to particular key sward attributes, but would be less rel iable in  terms of the 

confidence and validity of extrapolat ion of the resu lts to a real g razing situation. In  

addition , since the techn iques for hand-construction of  swards are extremely labour­

intensive, there wil l be a l im itation to the number of rep lications, treatment 

combinations and animal species comparisons (Mitchel l ,  1 993) unless a large working 

team is avai lable. Like natural field swards, both "artificial and standardized m ini-
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swards" also tend to resu lt in some degree of height-density autocorrelation (laca et 

al., 1 992a & b; M itchel l ,  1 993). 

Most of the above studies (Black & Kenney, 1 984; Arias et al. ,  1 990; Burl ison 

et al., 1 99 1 ; Ungar et al., 1 991 ; M itchel l  et al., 1 99 1 ; Wade, 1 99 1 ) focused on g rasses. 

Because of the d ifferences in agronomic characterist ics and growth hab it between 

grasses and legumes, some principles revealed for grasses may not apply to legumes, 

and vice versa. This indicates the need for comparison between grasses and 

legumes. 

As a resu lt of the above factors, the relationships demonstrated in  these studies 

are l imited in their contribution to a better and thorough understanding of g razing in  

terms of a wide range of  complexity of  grazi ng operations. 

The current project was intended to achieve a compromise and a balance 

between "natu ra l  field swards" (Forbes, 1 982; Mi lne et al. ,  1 982; Wade, 1 99 1 ; Penning 

et al. ,  1 99 1  a & b; Arias et al. ,  1 991 ) ,  and "art ificial (Black & Kenney, 1 984; laca et al. , 

1 992a & b) or standard ized swards" (Mitchel l  et al. ,  1 99 1 ). It involved use of five 

grasses and four  legumes sampled at two stages of maturity for each forage 

(Experiment 1 ) , of two grasses and two legumes sampled at various heights for each 

forage (Experim ent 2) ,  and of two grasses and two legumes sampled at two maturity 

stages for each forage (Experiment 3) . All these forages were natural ly grown i n  plots 

as monospecific swards and no attempt was made to standardize swards through 

trimm ing prior to being g razed. These may be cal led "natu ra l  m in i -swards" to 

d istingu ish them from the above alternatives: "natural field swards" ,  "artificial swards 

and standardized mini-swards". These swards, on one hand, cou ld be widely 

encountered within the ranges used by animals at the farm level .  But  on the other 

hand, they a lso had a certai n  degree of uniformity and homogeneity in structure and 

a certai n  degree of dissociation between the key sward attributes.  This  offered a 

better opportun ity to examine the responses to d iverse stimu l i  such as forage species, 

stage of m aturity and variation in height. 

The use of a wide range of swards with contrasting g rowth form (see Appendix 

3. 1 for description of these forages) , coupled with g razing by two animal species 

s imultaneously, offered a number of advantages. Most earl ier studies (Mi lne et al. ,  

1 982; B lack & Kenney, 1 984; Arias et  al. ,  1 990; M itchel l  et al. ,  1 991 ; Dougherty et  al. ,  

1 992) focused on  the relationships between swards and animals a t  the level o f  s ingle 
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effects. The interactions between an imal species and sward types (stage of maturity, 

herbage categories and height classes) dealt with in this project have al lowed some 

important response patterns to be defined under d ifferent circumstances. These 

interactions covered a wide range of grazing situations, and extended the results 

demonstrated in the above alternatives (Mi lne et al. ,  1 982; Black & Kenney, 1 984; 

Arias et al., 1 990; M itchell et al. ,  1 991 ; Dougherty et al. ,  1 992) .  

Although a number of sward attributes were measured or derived in th is 

research, m u ltivariate analyses consistently showed sward height and bulk density to 

be the most important parameters defin ing sward variation, and influencing grazing 

behaviour. Th is indicates thei r value as key attributes to quantify sward characteristics 

and to relate to the ingestive behaviour of grazing animals. Under reasonably un iform 

cond itions, in order to reduce the number of sward measurements and to simpl ify the 

sward description, it wou ld probably be acceptable to reduce the complex of sward 

characteristics to these two key attributes. 

8.5 COMPONENTS OF INGESTIVE BEHAVIOUR 

Values of bite variables from Experiments 1 and 3 are h ighly comparable, and 

those from Experiment 2 fel l  with in the range of values in Experiment 1 .  Values for 

sheep broadly fitted resu lts from previous work, but there is no comparable information 

avai lable for goats. 

The responses of sheep and goats to the variation in sward structure, 

particu larly those derived from mu ltivariate analyses, showed clear trends: some 

response variables were more sensitive than others, the animals usual ly responded in 

combinations of behavioural components col lectively, rather than by adaptation of 

sing le variables, and a number of behavioural variables showed consistent responses 

across several swards. For example, biting rate, bite depth , bite volume and bite 

weight responded to increasing sward height irrespective of sward types and of animal 

species. However, each animal species and each response variable had its own traits 

and patterns, as outl ined below. 
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All three experiments reinforced the importance of bite depth in influencing bite 

weight, especial ly in g rasses, in agreement with other reports (Black & Kenney, 1 984; 

Mu rsan et a l. ,  1 989; Ungar et a l. ,  1 991 ; M itchel l  et al. ,  1 991 ; M itchel l ,  1 993; Laca et 

al. ,  1 992a) .  The consistency of  the bite weight/bite depth relationship across 

experiments suggests that the great variation within the ranges of test sward 

characteristics used resu lted in l ittle difference between studies in the key relationships 

of b ite variables. On tal l  swards, although the density of herbage in  the upper horizons 

m ight be low (Stobbs 1 973a & b, 1 975b) , and mouth d imensions may restrict the 

cross-sectional  density of herbage prehended per bite (Burl ison, 1 987), large bite 

weights should sti l l  be readily achievable by deep penetration (M itchel l ,  1 993) .  

A positive l inear relationship between bite depth and surface height he ld for both 

sheep and goats in Experiments 1 and 2. Although regression relationships were not 

examined in Experiment 3, the data (Tables 7.3 and 7.6) clearly indicated a similar 

trend. The relationsh ip was stronger for grasses than for legumes. The s lope of the 

height term in g rasses varied from 0.505 to 0.822 for sheep, and from 0.61 0  to 0.937 

for goats (Section 5.3.4.2, and Tables 6.8 and 6.9) . Clearly the s lopes from 

Experiment 2 (Tables 6.8 and 6.9) fell within  the range of variation of Experiment 1 

(Section 5 .3.4.2). The results obtained from this project are broadly comparable to 

studies for sheep grazing ryegrass/white clover pastures (Mi lne et al. ,  1 982), g razing 

a range of g rass and/or oat swards (Burl ison , 1 987) , cattle on hand-constructed 

paspalum swards (Ungar et al. ,  1 991 ; Laca et al. ,  1 992a), and cows on natural 

ryegrass pastures (Wade, 1 991 ) .  This suggests that the positive l inear functional 

relationship between sward height and bite depth is relatively stable across different 

grazing  s ituations. 

However, the proportion of herbage length removed in relation to sward height 

shows a great variation across d ifferent studies (Table 8.2) .  This suggests that despite 

a general  l inear relationship, the rate at which bite depth increased with increasing 

sward height varied in  d ifferent stud ies. 

Wade ( 1 99 1 ) found that when cattle grazed ryegrass pastures across a range 

of heights and two grazing regimes, grazed depth was almost consistently between 

0.30 and 0.40 of the mean extended t i l ler height over successive grazing days, 
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Table 8.2 Comparisons of ratio of bite depth to sward height between the current research 
and the data drawn from previous work. 

References Sward types Height Animal Ratios Experimental 
(cm) species design 

1 .  Milne et al. ( 1 982) grasses containing 5 . 1 - 1 1 . 1 Sheep 0.33 field swards 
different proportions 
of white clover 

2 .  Wade ( 1 99 1 )  ryegrass 4-1 2.7 Cattle 0.30-0.40 field swards 

3. Mursan et al. ( 1 989) rye grass 5-1 5  Cattle 0.50-0.57 mini-swards 

4. Burlison et al. ( 1 987) grasses and oats 5.7-55.2 Sheep 0.1 9-0.36 cage patches 

5. Laca et al. ( 1 992a) paspalum 8-30 Cattle 0.55 constructed 
swards 

6. Laca et al. ( 1992a) lucerne 7-25 Cattle 0.48 constructed 
swards 

7. Hughes et al. ( 1 99 1 )  ryegrass 5-1 5  Sheep 0.39-0.46 mini-swards 

8. Ungar et al. ( 1 99 1 )  paspalum 4-1 0  Cattle 0.45-0.64 constructed 
swards 

9. Mitchell ( 1 993) ryegrass 9-1 2  Sheep 0.44-0.53 mini-swards 

1 0. Mitchell ( 1 993) wheatgrass 3-1 3  Sheep 0.70 mini-swards 

1 1 .  Experiment 1 of 5 grasses 21 .8-70.4 Sheep 0.41 -0.63 mini-swards 
current project 

5 grasses 21 .8-70.4 Goats 0.33-0.60 mini-swards 

4 legumes 1 1 . 1 -36.6 Sheep 0.35-0.50 mini-swards 

4 legumes 1 1 . 1 -36.6 Goats 0.21 -0.35 mini-swards 

1 2. Experiment 2 of 2 grasses 7.8-29.6 Sheep 0.50-0.66 mini-swards 
current project 

2 grasses 7.8-29.6 Goats 0.44-0.65 mini-swards 

2 legumes 5.4-1 3.7  Sheep 0.49-0.65 mini-swards 

2 legumes 5.4-1 3.7 Goats 0.24-0.45 mini-swards 

1 3. Experiment 3 of 2 grasses 1 2.4-47. 8  Sheep 0.45-0.68 mini-swards 
current project or cage 

2 legumes 8.5-22.6 Sheep 0.33-0.50 patches 
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i rrespective of pre-grazing height. A similar ratio was also derived from the work of 

Mi lne et al. ( 1 982) using sheep grazing ryegrass/white clover pastures. In highly 

control led swards (Ungar et al. ,  1 991 ; Laca et al. ,  1 992a; M itchel l ,  1 993), the ratio is 

usual ly h igher than this ,  the h ighest proportion recorded being 0.70 (Table 8.2). This 

suggests that the grazed residual height increased more rapidly with increasing sward 

height on natura l  pastures (Mi lne et al. ,  1 982; Wade, 1 99 1 )  than on h ighly controlled 

swards (Ungar et al. ,  1 99 1 ; Laca et al. ,  1 992a;  M itchel l ,  1 993). M itche l l  ( 1 993) 

attributed this lower proportion of herbage length removed on natura l  pastures to a 

marked accumulation of pseudostem and dead material in the basal strata. Because 

animals prefer leaf tissue over stem tissue (Chacon & Stobbs, 1 976; Dougherty et al. , 

1 990), the rigid pseudostem and low quality material near the basal horizon in  natura l  

field swards would make grazing more d ifficult and unpleasant (Cosgrove, 1 992; 

Barthram & Grant, 1 984; M itchel l ,  1 993), and hence animals wou ld have to reduce 

depth of penetration. In contrast, h ighly controlled swards (Ungar et al. ,  1 99 1 ; Laca 

et al. ,  1 992a; M itchel l ,  1 993) are free from dead matter and d isplay l ittle vertical 

heterogeneity. This wou ld a llow animals to be able to penetrate into the canopies 

deeply with ease, leading to a h igher proportion of herbage length being removed. In 

the current study the ratio of bite depth to sward height fell with in the above range of 

variation (Table 8.2) for both sheep and goats grazing grasses, and for sheep grazing 

legu mes. But this ratio could be lower than 0.30 sometimes when goats g razed 

legumes (Table 8.2). This lower ratio was a consequence of shal low grazing behaviou r  

of goats, especial ly when legumes were offered (see Section 5 .4 .3 o f  Chapter 5). 

Also, in the present study, this ratio generally increased with increasing sward height, 

suggesting that the grazed residual height increases relatively slowly compared to the 

increase in sward height. 

Pseudostem height has been establ ished as a barrier to g razed depth of 

vegetative ryegrasses (Barthram & Grant, 1 984; L'Hu i l l ier et al. ,  1 984) and tal l  fescue 

(Arias et al. ,  1 990; Dougherty et al. ,  1 992) .  Arias et al. ( 1 990) conc luded that animals 

avoided grazing the basal stratum of tal l  fescue where pseudostems  were present, 

and the grazed horizon was l im ited to the tissue above a plane established by the tops 

of pseudostems, except where the pseudostem material was " immature and small" 

(Dougherty, 1 99 1 ) .  I n  the current experiments sheep were capable of penetrating 

below the leaf layer and reaching the pseudostem horizon when swards were short 
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(Section 6.4.2 . 1 of Chapter 6, Tables 6.3-6.5). Sheep also pushed into the canopies 

below the seedhead and stalky horizon when grazing tall reproductive swards 

(Chapters 5 and 7) to avoid rigid components and to select leafy components. 

Therefore, horizons contain ing pseudostem and stalk appeared to have l ittle effect on 

the depth to which sheep could penetrate, despite the fact that these rigid components 

led to a reduction in the amount of herbage harvested per b ite because of selective 

grazing. Goats hard ly reached the pseudostem horizon (Section 6.4.2 . 1  of Chapter 

6, Tab les 6 .3-6.5) ,  but this was ascribable to their shallow grazing  habit, rather than 

to del iberate avoidance of pseudostem . 

There is no such wel l-distinguished morphological barrier in  legumes and the 

grazed horizon appears to be determined by the location of the fractu re point when 

petioles or stems are severed (Dougherty et a/. ,  1 990) . 

Experiment 2 showed that bulk density general ly had only a m inor effect on bite 

depth. In Experiment 1 (Table 5.27), the effect of bulk density on bite depth was 

significant in some cases, but usually was much less important than sward height. 

Th is suggests that a positive relationship between bite depth and sward height would 

appear to be widely held. The small negative effect of bulk density on b ite depth could 

usual ly be ignored, especially in practical terms, supporting the arguments by Laca et 

at. ( 1 992a) and M itchel l  ( 1 993) . 

8.5. 1 .2 B ite area 

This research clearly indicated that there was no stat ist ical ly significant 

functional relationship between bite area and either sward height or density. This 

suggests that generally, the abil ity of animals to adjust b ite area in  response to 

variation in sward conditions is l im ited, in agreement with Mu rsan et a/. ( 1 989); Hughes 

et a /. ( 1 99 1 ) ;  Burl ison et al. ( 1 991 ) and M itchel l  ( 1 993). 

I t  was suggested that if sward conditions permit, animals use their tongue 

(cattle) (Laca et al. ,  1 992a) or l ips (sheep and goats) (Section 6.4.2.2 of Chapter 6) to 

gather herbage, and a lso move the head in a horizontal p lane (Bur l ison , 1 987) to 

harvest a g reater number of leaves, leading to an increase in the i r  g razing efficiency. 

Hence, the gathering extent of tongue or l ips together with the gape of the animals' 

open mouth determines the total area encompassed by a b ite. Thi s  may explain why 

bite area appeared to increase sometimes with increasing sward height, despite an 
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insignificant functional relationship. However, it was cons idered that the s ize of the 

animal's fu l ly open mouth has a significant constraining effect on bite area (Mitchel l ,  

1 993) s ince gathering with l ips and tongue and horizontal movem ent of the head would 

only extend b ite area to a l imited degree. This further explains why there is  a plateau 

in bite area with increasing sward height (Mitchel l ,  1 993) and why the extent to which 

animals maintain bite weight by increasing b ite area as sward conditions worsen is 

l imited (Section 4.4.3 of Chapter 4 , Section 5.4.3 of Chapter 5). Also, on the tall 

swards, the extent to wh ich the animals could extend bite area by l ips or tongue and 

head movem ent was m uch less than the ampl itude of vertical penetration. This may 

explain why the proportionate variation in bite area was m uch smaller than that in bite 

depth, and a lso, at least partially, why there were on ly l im ited functional relationships 

between b ite area and any sward variables (Section 6.4.2.2 of Chapter 6) . 

I n  Experiments 1 and 3, bite area decreased sometimes (Tables 5 . 1 1  & 5. 1 2; 

Tab les 7.3 & 7.6) with increasing forage maturity, especial ly in g rasses. Th is m ight be 

associated with rigidity and toughness of t i l lers, which increase with plant maturity 

(Hodgson, 1 990). Demment et al. ( 1 992) showed that on swards with tough 

reproductive stem in the basal layers, bite area was related to leaf layer depth rather 

than to surface height, suggesting an apparent effect of t i l ler flexib i l ity on b ite area. 

Hughes et al. ( 1 991 ) found that peak bite force increased with sward surface height, 

and bite area was l im ited by peak bite force on 5 and 1 0  cm swards. This suggests 

that when animals  encounter rigid t i l lers they have difficulty gathering and harvesting 

herbage because of peak l im itation to bite force, and hence bite a rea is constrained.  

Although there was no statistical ly s ignificant functional relationship to be found 

between bite area and bulk density in the current study, animals sti l l  red uced b ite area 

to some extent as bulk density increased under certain circumstances (Tables in  

Appendix 5 .5  and Table 6.7). This m ight also have been a consequence of  reductions 

in the extent of mouth opening and in the extent of gathering by l ips and head 

movement because of the l imitation to bite force (Hodgson, 1 985; H ughes et al. ,  1 99 1 ). 

As t i l ler  structura l  strength and bulk density increase, a lthough animals are l ike ly 

to attempt to increase biting effort so as to maintain bite weight, they have to reduce 

bite area at a rate which prevents biting effort increasing excessively (M itchel l ,  1 993). 

Optimal foraging theory (Stephens & Krebs, 1 986) suggests that animals would seek 
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to optim ize energy intake relative to energy expended in the process of grazing, and 

would cease grazing when energy costs equal or exceed energy intake. 

The m uch smaller response in bite area than in bite depth to variation in sward 

characteristics was reinforced in a l l  three experiments. This is in agreement with the 

observations of Mursan et al. ( 1 989) , and Hughes et al. ( 1 991 ) .  Therefore, b ite depth 

was a major spatial component of bite volume and the relationships of bite volume with 

sward characteristics largely reflected those of bite depth. 

A far lower sensitivity of bite area than bite depth may also explain, at least 

part ia l ly, why increasing incisor arcade breadth with increasing m aturity of animals 

allowed both sheep and goats to increase bite weights through increases in b ite depth, 

rather than bite area (Chapter 4). Logical ly, increases in incisor arcade breadth would 

be expected to exert more effect on bite area than on bite depth. The explanation for 

this apparent contradiction may be outl ined as below. 

Because proportional variation in bite depth with changes in sward conditions 

is m uch greater than that in bite area, the most efficient way to increase b ite volume, 

and hence bite weight wou ld be to take deeper bites, rather than to encompass greater 

area. Therefore, any increases in harvesting abil ity with increases of animal maturity 

should reflect the capabil ity for taking deep bites. Simi larly, any variation in canopy 

characteristics leading to increases in bite weight should operate through influence on 

bite depth more than on bite area, particularly when sward height does not impose 

significant restriction to penetration. Increase in incisor breadth with increasing 

maturity enables an imals to expert g reater force to sever herbage deeper, despite a 

relatively smal l  increase in cross-sectional area encompassed by a b ite. On tall 

swards ,  animals with greater incisor breadth do encompass a larger bite area, but they 

m ust a lso sever herbage more deeply, than animals with smal l  mouths. Consequently, 

the g reater an animal 's incisor breadth, the tal ler the herbage it should require to 

maximize b ite area (Mitchel l ,  1 993) and bite depth. This supports the argument ( I l l ius 

& Gordon, 1 987) that large animals must experience relatively greater restriction in bite 

depth on short swards than small animals, and small an imals can subsist on short 

swards better than large animals. 

However, as outl ined in Chapter 4, it should be borne in  m ind that increase in 

bite depth with increasing incisor breadth (Chapter 4) might not necessari ly be a d irect 

causative effect of incisor breadth per se, but rather a resu lt of combined effects of 
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increases in  body size, body weight, buccal cavity, mouth dimensions, eating abil ity 

and prehension power. Al l  these properties are related to an increase in incisor 

breadth, but incisor breadth may not be a monotonic effect. The reason for stronger 

funct ional relationship for incisor breadth than l iveweight with ingestive behaviour m ight 

be due partially to the smaller fluctuation and less sensitivity of incisor breadth to 

external and n utritional effects. 

8.5.2 B ite weight and bite rate 

Experiment 2 demonstrated a positive relationship between bite weight and 

sward height, and this relationship also held in most cases in Experiment 1 (Table 

5.26). Fig. 8. 1 i l lustrates the l inear relationships between bite weight and sward height 

among the three experiments. A t-test showed that both intercept and s lope of 

equation 1 were d ifferent at a level of P<0.01  from a" the other equations derived from 

grasses (equations 2-5), which were s imi lar. Also, equation 6 was sign ificantly 

different from equation 8 ( intercept, P<0.05, slope, P<0.01 ), but not significantly 

different from the others (equations 7, 9 and 1 0). The reason for this variation is g iven 

in the next paragraph. This positive l inear relationship is largely because b ite depth, 

which is a major determinant of bite weight, as noted before, was strongly affected by 

sward height. 

However, there may be a poor functional relationship between bite weight and 

sward height when large d ifferences in quality between herbage components lead to 

selective grazing  in the vertical p lane. This occurred in Experiment 1 of the current 

study when reproductive swards were grazed by sheep (equations 1 and 6 in Fig. 8. 1 ), 

where the values of R2 were low. On both reproductive grasses and legumes of 

Experiment 1 ,  although sheep penetrated into these tal l  swards very deeply, they 

selected leafy components and left stems or stalks and seedheads ungrazed (Section 

5.4 .3 of Chapter 5) .  This led to a difference between the l inear relationships obtained 

from this experiment and others (Fig. 8. 1 ). On these reproductive swards, the 

increases in bite weights of sheep with increasing sward height were significantly 

s lower than on other swards (Fig. 8. 1 ). A poor relationship between bite weight and 

sward height was particu larly the case on tall tropical swards (Stobbs, 1 974b; Chacon 

& Stobbs, 1 976) . 
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Fig 8.1 Comparisons of linear relationships between bite 
weight (BW) and sward height (H) among the three experiments for 
the two species grazing grasses and legumes 
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The selective grazing resu lting from tal l reproductive swards suggests that the 

conceptual model that bite weight may be viewed as the product of bite depth, bite 

area and bulk density of the grazed strata (Hodgson, 1 985) may only apply in the case 

of uniform swards in a vegetative or early reproductive stage of g rowth. I n  these 

swards animals g raze largely indiscrim inantly from the surface strata and significant 

sl ippage of plant components from the mouth during prehension does not occur. With 

more mature and taller swards, where a greater heterogeneity in sward structure and 

herbage qual ity exists in the vertical plane, there is a l imitation in us ing this model .  In 

th is case, there is a need for more care and caution i n  an attempt to describe 

individual bites in terms of these components, substantiating the suggestion by 

Hodgson ( 1 985) .  

Compared with sward height, bulk density of grasses generally shows less 

important effects on bite weight, and hence poorer functional relationships with bite 

weight (Tables 5.26,  6 .7 - 6. 1 0) .  Th is was largely because, as outl ined earlier, both 

bite depth and bite area were weakly affected by bulk density. 

There was a reciprocal response of bite weight and bite rate to variation in 

sward height. The positive relationsh ip between bite weight and sward height was 

usual ly accompan ied by a negative relationship between biting rate and sward height 

(Fig. 6 . 1 01-03) , This trend is in common with other studies (Chacon et al. ,  1 978; 

Hodgson , 1 98 1 a; Forbes, 1 982; Dougherty et a/. ,  1 988b; Penn ing  et al. ,  1 99 1 a; 

M itchel l ,  1 993; l II ius et al. ,  1 992). 

I ntake rate is the instantaneous combination of bite weight and bite rate and wi l l  

be dependent on the moderating effects of sward conditions on both bite weight and 

bite rate. The degree to which animals increase bite rate to maximize intake rate is 

l im ited because of the m in imum number of jaw movements requ ired to manipulate and 

process herbage for any s ized bite (Demment et al. , 1 992; Laca et al. ,  1 993) .  The 

findings from previous work showed that bite weight is the primary an imal response 

variable and the major determ inant of intake rate, and hence daily intake (Hodgson & 
Jam ieson,  1 98 1 ; Penn ing et al., 1 991  a) ;  biting rate and grazing t ime are negatively 

related to intake, and tend to increase as bite weight decl ines; however, the 

compensatory extent of biting rate and grazing time are l im ited and usual ly not 

sufficient to offset the decline in bite weight, and hence unlikely to maintain the level 
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of intake when bite weight declines sharply (Stobbs, 1 973a; Hodgson, 1 986). This 

appears to apply, in  this study, only to vegetative swards. 

When pastures are both mature and tal l ,  intake rate may be penal ized if animals 

spend more time manipu lating and chewing large mouthfuls of mature herbage (Tables 

5.9 and 7.6) .  This indicates the existence of counteracting or non-monotonic 

influences on intake rate. More mature herbage such as that from lower sward 

horizons (Cosgrove, 1 992) requires more time for manipu lating and processing from 

harvesting to swal lowing (U lyatt et al. ,  1 982; I I l ius, 1 986; Nelson , 1 988; Dougherty et 

al. ,  1 988b). In addition to the effects of maturity, a large mouthfu l  of longer herbage 

also involves more man ipulative jaw movements to draw a l l  of the ingested material 

into the mouth (Burl ison, 1 987), as wel l  as more chewing to reduce particle s ize before 

swal lowing (Kenney & Black, 1 984), leading to an increase in ratio of jaw movements 

of manipulating and chewing to prehension bites as swards became taller (Laca et al. ,  

1 992a) .  Consequently, the substantial increase in  bite weight obtained from the more 

mature and tal le r  pasture led to a g reater fal l  in biting rate, and this fal l  could not be 

compensated for by the benefit from the increase in bite weight. Th is was particularly 

the case for sheep. Because goats have greater efficiency of chewing than sheep 

during eating in breaking down feed particles (Dom ingue et al. ,  1 99 1 ), and can swallow 

relatively large particles of coarse forages (Mitchell , 1 985), the decl ine in b ite rate 

occurred to a lesser extent than in sheep, despite a much greater increase in bite 

weight on mature and tall swards. Consequently, the fall in bite rate was not sufficient 

to penal ize intake rate. 

8.6 EFFECTS OF SWARD STRUCTURE ON GRAZING BEHAVIOUR OF 

ANIMALS 

This study demonstrated that in general sward height is the most important 

variable inf luencing ingestive behaviour, and bulk density has much less important 

effects than sward height in this process, in l ine with the results obtained from other 

temperate pastures (Allden & Whittaker, 1 970; Forbes ,  1 982; M itchel l et al. ,  1 991 ; 

Penning et al. ,  1 991 a) . However, the relative importance of the effects of bulk density 

and sward height varied, depending on pasture type and animal species, as outl ined 

below. 

In Experiment 1 ,  bulk density was more important than sward height in 

influencing the combined set of behaviour variables when legumes were grazed by 
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sheep, as revealed by Canonical analysis (Chapter 5) .  This was also the case in 

determining individual behaviour variables (bite weight, bite depth) of sheep grazing 

legumes, as determined by mu ltiple regression (Tables 5.26 and 5 .27). 

In Experiment 2, sward height always had a dominant effect, but bu lk density had 

a statistical ly detectable effect on bite depth and hence bite volume when sheep grazed 

clover swards varying in height. 

The reason for this difference between two experiments in the magnitude of the 

effects of bulk density on sheep grazing, and in the relative importance of bulk density 

and sward height, is unclear and can only be surmised as follows. 

Experiment 2 involved use of swards varying in height created by sampling 

different heights within forage species, in contrast to Experiment 1 which involved use 

of swards varying in height created across forages and across stages of maturity. 

Thus, sward height was less confounded with other sward describers in Experiment 2 

than in  Experiment 1 .  This may have led to the greater expression of a sward height 

effect in Experiment 2 than in Experiment 1 .  Consequently, sward height was always 

more important than bulk density in Experiment 2. However, Kenney and B lack ( 1 986) 

used artificial leguminous swards involving d ifferent combinations of height and density, 

and sti l l  found that bulk density was more important than sward height in  affecting 

sheep grazing. This apparent d ifference between Experiment 2 and Kenney and 

Black's work may reflect differences in nature and structure between art if icial swards 

and field-grown swards. The former were of uniform height, and varied independently 

in height and density. The latter were heterogeneous in length of petioles and usual ly 

showed an association between height and density (Fig. 6 .4C1 and C2) .  Further 

experimentation wou ld be required to clarify this issue. Nevertheless, both Experiments 

1 and 2 confirmed that bulk density was more important in legumes than in grasses, 

espeCially for sheep grazing. The reasons for the greater effect of bulk density in 

legumes than in grasses have been given in Sections 5.4.2 and 5.4 .4 of Chapter 5. In 

summary, herbage bu lk density in grasses usually increases steadi ly from the top to the 

bottom of the sward profi les. Conversely, in legumes, the concentration of mass is 

g reater within the upper strata than in lower strata, so sward height on ly affects readily 

prehensibJe material to a l imited extent in legumes compared to grasses (Kenney & 
Black, 1 986), leading to a less important effect of sward height in legumes than in 

grasses. Consequently, the effect of bulk density was more signif icant in legumes than 

in grasses. 
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All  three experiments reinforced the observation that legumes usual ly resulted 

in smal ler bite dimensions, but greater bite weights, especial ly when this parameter was 

on a fresh matter basis, and faster biting rate (not always attaining significance) than 

on grasses. In a study of sheep grazing pairs of swards varying in proportion of two 

botan ical components, perennial ryegrass and wh ite clover, and varying in sward 

surface height, I l l ius et al. ( 1 992) reported that an imals bit less deeply into a h igh clover 

content sward when the alternative sward was low in clover content, and vice versa, but 

maximum bite weight and intake rate were not achievable at low clover content despite 

a deep penetration . These differences between two types of swards were attributable 

to a number of factors, as discussed in Section 5.4.4 of Chapter 5 .  In  summary, the 

reduced bite depth induced by legumes can be sufficiently compensated for by a h igher 

density of material in the grazed stratum, a smaller effort required to harvest herbage 

and less plant components sl ipped out of the teeth. 

Experiment 1 ,  where n ine forages were sampled at two maturity stages of 

growth, demonstrated that although both herbage categories (grasses and legumes) 

and maturity stages (vegetative and reproductive stages) had substantial impacts upon 

the ingest ive behaviour of grazing animals, the variation induced by herbage categories 

was greater than the variation induced by stage of maturity. Burlison ( 1 987) detected 

a sign ificant effect of crop in a field trial where twelve crops were used, but fai led to find 

any effect of crop in an accompanying cage trial where only five of the crops were used. 

She attributed the lack of a crop effect in the cage trial to a number of reasons: the 

overrid ing effect of hunger resulting from sixteen hours fasting, diet d igestibi l ity effects 

and a narrower range of crops in comparison with the field trial (Burl ison, 1 987). 

Herbage digestibi l ity per se, which was not measured in the current project, was not 

considered to have a d irect effect on ingestive behaviour in a short-term trial un less it 

was associated with other related properties, e.g. structural strength. Experiments 2 

and 3 of the current project involved use of four forages and sti l l  showed a strong effect 

of forages (Tables 6. 1 1 , 7.4 and 7.7). This suggests that selection of pasture herbages, 

with particular regard to grasses vs legumes, together with management of stage of 

growth, are crucial issues in improving level of herbage intake in a farm ing operation. 
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A number of d ifferences in ingestive behaviour and in patterns of response to 

variation i n  sward structure between sheep and goats have been identified in this 

project. They can be summarized as follows: 

( 1 ) Sheep usually had greater bite weights and larger bite dimensions than 

goats when grazing legumes, irrespective of maturity stages, and 

vegetative grass swards. 

(2) Goats showed a greater wil l ingness than sheep to g raze reproductive 

swards, especially reproductive grasses. With increasing m aturity of 

pastures, intake rate of sheep decreased as a consequence of a 

combination of an increase in bite weight and a g reater fal l  in b ite rate; 

but intake rate of goats increased as a consequence of a combination of 

a substantial ly greater increase in bite weight and a smal ler decline in  

bite rate than sheep. This may be associated with goats' greater 

chewing efficiency during eating compared with sheep (Domingue et al. ,  

1 99 1 ) , and their capabi l ity to swal low large particles of coarse forages 

(M itchel l ,  1 985). 

(3) General ly, sheep showed a greater tendency to penetrate into the sward 

canopy, whereas goats were shallow grazers from the top downwards. 

Consequently, sheep pushed into the swards and to take deep bites, 

whereas goats restricted their defol iation to the top horizon. 

(4) However, when extremely tal /  stemmy swards of the reproductive 

grasses were grazed, goats modified their behaviou r  to deal with the rigid 

components, in contrast to sheep. Sheep appeared to penetrate into 

canopies below the seedhead horizon (Section 5.4.3 of Chapter 5) to 

select leafy components , and rejected rigid stalk, pseudostem and 

seedheads. However, in contrast to the above general  case, goats 

severed mouthfuls of herbage from the side of the experimental  turves 

rather than prehending with in the top strata, and folded them into the 

mouth, being wil l ing to prehend reproductive t i l lers, seedheads and sta lks 

as wel l  as green leaves. This led to a m uch greater bite weight for goats 

than sheep, and to a simi lar bite depth for goats and sheep. 
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(S) Bu lk density of legumes usually was more important in affecting sheep 

than goats. This was associated with a contrast between the two animal 

species in the depth of penetration when leguminous swards were 

grazed. S ince the swards used in the current research were not 

trimmed, they disp layed a heterogeneity in length of petioles. Goats 

g razed from the top of the sward canopy downwards, so they could only 

harvest the petioles which had entered the uppermost layer, and ignored 

those below this horizon. I n  contrast, sheep pushed further into lower 

horizons where bulk density was greater than in the uppermost layer 

where goats defol iated. As a resu lt, the importance of the effect of bulk 

density was lower for goats than for sheep. 

Schwartz & El l is ( 1 981 ) attributed the d ifferences in g razing behaviour between 

animal species to body size, mouthpart morphology and gut morphology and function. 

The restricted data set of Experiment 1 (Chapter 4) demonstrated that the variation in 

bite weight and bite depth between sheep and goats for a given sward may be partial ly 

attributed to the d iscrepancy in incisor arcade breadth between the two species. 

Broad and flat incisor arcades probably lead to an advantage to g razers, whereas 

browsers have narrower and more pointed incisor a rcades, capable of g reater 

selectivity (Gordon & I l l ius ,  1 988). Measurements (Table S.7) and visual appraisal of 

teeth impression recorded in dental wax (Chapter 3) indicated that the incisor arcades 

of sheep were broader and less "pointed" than those of goats, d isadvantaging the 

sheep in deal ing with tal l  reproductive swards, but creating advantage in g razing 

vegetative grasses and both stages of clovers. 

There may be some complementarity in ingestive behaviou r  between various 

grazing animal species. Coll ins ( 1 989) considered "complementarity" as a situation in 

which m ixed species improve their nutrit ional status as a consequence of grazing 

together. However, in the sense of a broad concept, it would be more sensible to 

regard the fol lowing case as "complementarity" as wel l .  That is ,  m ixed species can 

lead to g reater overal l  output of productivity in economic terms and better 

performances of pasture in ecological terms, even though the nutritional status may 

be s l ightly reduced for either species, so long as this penalty can be more than offset 

by the matched improvement of the co-grazer. 
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Competition may exist among ungulates, particularly if they have not evolved 

together (El l is & Travis, 1 975) . "Competition", in the sense of grazing, is rivalry for 

feed and space (Radcliffe & Townsend, 1 988) . An an imal is described as competitive 

when it improves its nutritional status on mixing at the expense of the co-grazer 

(Col l ins, 1 989). However, grazing animals tend to reduce competition by exploit ing the 

environment in different ways (El l is & Travis, 1 975; Schwartz & El l is ,  1 98 1 ) , reducing 

competition and leading to complementarity because of variation across animal species 

in anatomical ,  physiological ,  behavioural  and epidemiological characteristics (lambert 

& G uerin, 1 989). Col l ins ( 1 989) considered that it may be possible to explain the 1 0-

20% improvement in productivity of m ixed grazing systems by the d ifference in  g razing 

behaviour  between species. 

Some d ifferences in ingestive behaviour between sheep and goats have been 

identified in this research , as discussed above. Complementarity can be ach ieved if 

sward conditions are carefully characterized because, as revealed i n  this study, the 

relativity of ingestive behaviour responses between the two species alters as sward 

cond itions change. There has a lso been extensive information on the d ifferences in 

diet selection i n  relation to choice and discrim ination of plant species (Clark sf al. ,  

1 982; 1 984; l'Hu i ll ier ef al. ,  1 986; N icol sf al. ,  1 987; Lambert & Clark, 1 987; Radcliffe 

& Francis, 1 988) , efficiency of grazing, botanical composition and seasona l  energy 

requ i rements (Lambert & Guerin ,  1 989) between animal species. These d ifferences are 

thought to lead to d ifferences in habitat selection , grazing succession and social 

system (Schwartz & Ell is , 1 981 ) .  I ntegrated information on the differences in ingestive 

behaviour and diet composition between sheep and goats, and other species as wel l ,  

would provide more evidence on the extent of competition or complementarity between 

grazing animals. Th is information is important for making managerial decisions 

regarding the use of herbage resources to the best possible advantage. This  aspect 

wi l l  be cons idered in the next section. 

8.8 APPLICATION AND RECOMMENDATION 

There is an apparent contrast between sheep and goats in their modes of 

grazing grasses and legumes, and vegetative and reproductive swards. Th is 

knowledge is essential to design appropriate grazing management systems for the two 



284 

species alone or mixed. The applications of these findings are considered here in 

practical terms. 

The relative importance of sward height and bulk density effects in determining 

ingestive behaviour of sheep and goats grazing grasses and legumes suggests that 

optimal sward characteristics a llowing animals to obtain h igh levels  of herbage intake 

should be characterized as tal l  for grasses, and dense for legumes if they are g razed 

by sheep, but tal l for both grasses and legumes if they are grazed by goats. 

Goats are shallow grazers and more sensitive to changing sward height than 

sheep. Thus, it wou ld be advisable that goats should be stocked less intens ively and 

be left greater post-grazing heights than with sheep grazing.  Adoption of short rotation 

length , for instance, shou ld be considered when h igh goat production is a managerial 

goal .  

Consumption of white clover by goats is assumed to be influenced partly by 

avoidance behaviour (Clark et al. ,  1 982; 1 984), and partly by the vertical distr ibution 

and the avai labi l ity of white clover relative to other sward components (Section 5.4.3 

of Chapter 5) .  Thus, substantial concentration in the grazed horizon and good 

accessibi l ity wou ld be desirable to promote the intake of wh ite clover by goats. 

The greater capabil ity of goats to deal with reproductive swards gives them 

advantages over sheep and suggests that for greatest biological efficiency goats could 

be used to uti l ize low qual ity roughages and to clean up overgrown rank and/or 

stemmy pastures, confirm ing the previous suggestion by Radcliffe and Francis ( 1 988), 

and by Domingue et al. ( 1 99 1 ) . But rank pastures should be avo ided for sheep. 

Goats graze downwards successively and sheep can push into canopies to 

approach or to penetrate into pseudostem horizons. This  is simi lar to the evidence 

previously reported that the intake of sheep is less sensitive to decl in ing herbage mass 

than that of goats since sheep are more ready to adapt to eating less preferred 

components of the sward with reduced herbage avai labi l ity (Nicol et a/. ,  1 987). This 

suggests that in an integrated grazing system involving the separate grazing of sheep 

and goats on the same pasture at different times, for functional efficiency goats should 

be stocked ahead of sheep, especial ly on tal l  pastures. When goats are moved sheep 

may sti l l  obtain satisfactory intake on residual pastures. 

Sheep and goats are complementary to the extent that they select d ifferent diets 

(Nicol et al. ,  1 987; Clark et al. ,  1 982; 1 984; Lambert & Clark, 1 987) and d isplay 
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different ingestive behaviour  when grazing the same pastu re. Goats readi ly g raze 

coarse forages, and harvest seedheads, which are usual ly rejected by sheep. There 

have a lso been some anecdotal reports of goats browsing gorse and thistles (Clark et 

al. ,  1 982; Lambert & Clark, 1 987), grazing on the steeper banks between tracks (Clark 

et al. ,  1 984; Lambert & Clark, 1 987) and eating woody vegetation, bark (Radcl iffe & 
Townsend, 1 988) and seedheads (Clark et al. ,  1 984). These characteristics of goat 

grazing would lead to benefits, in terms of pasture appearance and animal 

performance, accruing from a concurrent m ixed grazing of goats, sheep and other 

stock classes, and g ive rise to flexibi l ity in grazing systems.  Where dietary 

complementarity is not possible, concurrent m ixed grazing wou ld be less appropriate. 

Th is is because under such a case, more competition between the two species for 

sward components exists (N icol et al. ,  1 987) , especial ly for g reen n utrit ious herbage 

which is needed by both species for rapid growth (Radcl iffe & Francis, 1 988). 

Consequently, the two species become essentially competitive rather than 

complementary (Hughes et al. ,  1 984). 

Goats are often stocked on predominantly perennia l  ryegrass/white clover 

pastures in intensive managed systems (Radcliffe & Francis, 1 988). This project 

showed that browntop, cocksfoot, prai rie g rass, phalaris, lotus and red clover a l l  were 

readily eaten by goats, and this suggests that the choice of feeds for goats can be 

flexible and d iverse. This suggestion, together with the information on the effects of 

different pasture species or cultivars on goat production , can provide information to 

assist in selection of new pasture species or cultivars for on-farm use. 

As h igher levels of herbage intake were achieved from legume diets than from 

grass diets, animals requiring h igh nutritional intake should be stocked on pastures 

contain ing legumes. 

The resu lts demonstrated in this study have also indicated a serious challenge 

for p lant breeders. Generally, introduction of p lant species or cultivars into a pasture 

should be assessed in terms of their l ikely contribution to herbage intake. Released 

cultivars shou ld include some characteristics which wou ld be expected to stimulate a 

high level of herbage intake by grazing animals. I n  more intensively managed 

pastu res where improving herbage intake is a major goal ,  then tal l  and erect growth 

would be preferred attributes for both grasses and legumes. Further, fol iage density 

is a /so an important characteristic for legumes. 
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Major conclusions arising from this research project may be summarized as 

fol lows: 

1 .  There is a consistent positive relationship between bite weight and b ite 

depth. B ite depth is a major spatial component of b ite volume, and hence 

b ite weight. This leads to a s imple way to predict bite weight from the 

relationship between bite depth and the most closely related sward 

attributes. 

2. There is a negative relationship between bite weight and bite rate. 

I ntake rate wil l be dependent on the moderating effects of sward 

conditions on both bite weight and bite rate. 

3. Sward height usual ly has the most important and positive effect on bite 

weight through operating on bite depth and hence bite volume, especial ly 

for g rasses. The effect of bulk density on ingestive behaviour  is usual ly 

more important in  legumes than in g rasses. 

4. Animals have d ifferent responses in ingestive behaviou r  to g rasses and 

legumes. 

5. Sheep and goats have d ifferent ingestive behaviour and response 

patterns to sward conditions, but not always, when they are offered a 

wide range of swards. These differences provide further evidence on 

competition and complementarity between stock classes for integrated 

management at the farm level .  

6.  I ncisor a rcade breadth is a more appropriate attribute than l ive weight to 

explain the variation in bite weight and bite dimensions with increasi ng 

maturity of animals over t ime, and also to explain, at least partially, the 

d ifferences in ingestive behaviour between the two animal species. 



7. I ngestive behaviour of animals is not significantly altered by fistu lat ion at 

the oesophagus, and the responses of grazing an imals observed indoors 

can be extrapolated to the field grazing with confidence on a short-term 

basis. 

8. In addition to the conventional perenn ial ryegrass/white clover pastures, 

the choice of forages for introduction to sheep and goats' pastures can 

be flexible and d iverse. 

287 
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APPENDIX 3.1 

Description of Agronomic Characteristics of 

Forages Used in Experiment 1 
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The followin g  i nformation is taken from a booklet. liThe Grasslan ds Range of 

Cultivars" ,  edited by AgResearch Grasslands Research Center of New Zealand i n  1 992. 

'Grasslands Pacific' perennial ryegrass (Lolium perenne) is bred from selections 

within Ruanui and incorporating genes from Spain and I taly. I t  is  a long-l ived perennial 

grass with a capacity of producin g  many hai rless t i l lers .  This cultivar h as shown good 

persistence through the dry season, good autumn-winter growth and good tolerance to 

crown rust, but h igh endophyte levels causing ryegrass stagger. 

'Grasslands Muster' Browntop (Agrostis capillaris syn. A. tenuis) is bred from 

collections made on hi l l  country pastures of New Zealand. One of its major characteristics 

is a f ine t i l ler with a narrow and high l igule. It has been selected and improved in 

leafiness, preference, disease-resistance, seasonal distribution of production and 

adaptation to close grazing. I t  performs very wel l  i n  low fertility and/or acid soils in 

summer-moist cl imates. Therefore, i t  is a desirable and suitable species for low input and 

organic farming. 

'Grasslands Kara' Cocksfoot (Dactylis glomerata) is bred from crossing Apanui with 

a Portuguese cocksfoot giving greater cool-season activity and a wider spread of seasonal 

production. It is  a tal l  erect plant and has excellent seedl ing vigour better suited to 

rotational grazing systems with dairying and cattle, and used as a component of pasture 

mixture for quality summer feed. It is rust free and does not cause l ivestock health 

problems. 

'Grasslands Matua' Prairie grass (Bromus willdenowii syn. B. catharlicus) is a 

perennial with good winter growth, but also productive in other seasons if g razed and 

g iven adequate fertil izer. It's seasonal growth pattern complements ryegrass pasture. It 

requires free-draining soil with medium to high ferti l i ty. It is best suited to rotational 

g razing under dryland and i rrigated systems. It is also wel l  suited to silage and hay and 
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palatable at all stages of growth. It does not produce animal health problem such as 

stagger. 

'Grasslands Maru' Phalaris (Phalaris aquatica) can grow vigorously in the cooler 

part of the year, and tends to be dormant in hotter weather, so it is  most suited for regions 

too d ry for ryegrass, and best used in  mixtures with other grasses. It  is very persistent 

once established and wil l  withstand hard grazing. It is more acceptable to stock than other 

commercially available l ines. It is resistant to insects such as grass g rub and black beetle, 

but strong regrowth from pure swards can produce phalaris staggers. It is also suitable 

for erosion control . 

'Grasslands Tahora' white clover ( Trifolium repens) was bred from collections made 

on New Zealand hi l l  country farms. It is small-leaved ,  densely stoloned l ow-growing 

clover. It is more persistent in  hi l l  country, and suited to continuous g razing management. 

I t  is best used as a permanent sheep pasture. It is more persistent under grazing and in 

and other low input environments than other available white clovers. I t  recovers wel l  after 

d rought. 

'Grasslands Kopu' white clover ( Trifolium repens) is a tall ,  large-leaved white clover 

combin ing the long growing season of Pitau with the h igh summer g rowth of Ladino clover. 

I t  can g row actively in warmer Climates, is nematode-tolerant, and best suited to rotational 

g razing.  

'Grasslands Pawera' red clover ( Trifolium pratense) i s  late-flowerin g  tetraploid red 

clover and more persistent than diploid varieties. It has high production in late summer 

and early autumn. 

'Grasslands Goldie' birdsfoot trefoil (Lotus corniculafus) is a weakly rhizomatous 

non-bloating tap-rooted legume which is suited to dry, acid,  low-fertil ity soils. It is more 

productive in summer. 

'Grasslands Puna' Chicory (Cichorium intybus) i s  a persistent tap-rooted leafy herb 

producing high-quality summer forage, giving excellent animal production. I t  can be used 

as an alternative to forage brassica crops if sown as pure stand under high ferti l iser. It 

contain s  a high concentration of most important minerals, can be used i n  pasture mixes, 

and is suited to free drain ing soil and rotational grazing. 



305 

APPENDIX 3.2 

Application of Herbicide During the Courses of Plot Establishment 

and Experimental Measurements 

The weeds which appeared in the plots mainly were Toad rush (Juncus bufonius) , 

Sweet vernal (Anthoxanthum odoratum), Annual poa (Poa annual , Yorkshire fog (Ho/cus 

lanatus) , Scotch Thistle ( Cirsium vulgare) , Duckweed (Lemna minory, Mouse-eared 

Chickweed ( Cerastium fontanum), Dock (Rumex ottusifolius) and Dandelion ( Taraxacum 

officinale) . The herbicides used in  various categories of forages are l isted as fol lows: 

G rasses 

2 .4-D, Dicamba, Tribuni l ,  

(Tramat) , Versiti l ,  Nortron, 

Tordon 50-D 

Legumes and Chicory 

Alloxal, Fusilaide, 2.4-D8, Ethofumesate 

Combine, Kerb, MCPB, Asu lox, Atrazine, 

Gal lant 

Application of herbicides followed the recommended rates by New Zealand 

Agrichemical Mannual (1 984). 

G rass weeds were also present in the grass plots to a varyin g  extent, but could not 

be selectively sprayed out. Each plot was sprayed by a LPG gas sprayer with herbicide 

plus 5 l itres water and each plot was covered twice, half in each direction. 
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APPENDIX 4.1 

Adjustment of Data 

The data were adjusted at an unpartitioned level of the data set through regression 

of bite variables against the chosen covariate (incisor breadth) in order to remove the 

concomitant confounding effects of the covariate from the background of the data set 

(Steel & Torrie ,  1 980) . The data were adjusted in two ways: ( 1 )  forages x animal species 

combination (the fi rst adjustment) , and (2) stages of maturity (the second adjustment). 

The two adjustments were conducted independently for different objectives. 

1 .  The First Adjustment 

Table 1 of Appendix 4. 1 summarizes regression equations of behaviour variables 

against incisor breadth by forages x animal species combinations, which were used for the 

f irst adjustment of data. 

The original data were adjusted by the following formulae (Steel & Torrie 1 980) : 

Yj =Yj - �j (XrXj) ; 
where Yi: adjusted value of ingestive variable, i .e  bite weight 2,  bite depth, bite area 

and bite volume; 

Y;: observed value of the corresponding variable; 

�j: regression coefficient by forage and animal species, and 

is  available from Table 1 of this Appendix. 

Xj: observed incisor breadth; 

X;: mean of incisor breadth of sheep and goats grazing fou r  forages (Table 

2 of Appendix 4. 1 ) .  

Thus, i f  we u se notation of index Yj;klm to describe a particular 

situation of a variable, where i :  year, j :  forages, k: stage, I :animal species and m: 

replication of each animal species, then the formula above can be specified as follow: 

Y.i.1. = Y.i.!. - �.i.1. (X.j.I: X.j.I) ; 
For example, adjustment of bite weight 2 (bw2) involved the foll owing 

calculations in  which the �.j.l. and X.j.1. were from Tables 1 and 2 of th is Appendix, 

respectively. 

Ryegrass and sheep, Abw2 = bW2 - 74.4 ( incbreadth - 2.45); 

Ryegrass and goats, Abw2 = bW2 - 21 2.6 (incbreadth - 2.02); 

Browntop and sheep, Abw2 = bW2 - 63.8 (incbreadth - 2 .40); 



Browntop and goats, Abw2 = bW2 - 285.6 (incbreadth - 1 .98) ; 

Tahora and sheep, Abw2 = bW2 - 1 22.8 (incbreadth -2.22) ; 

Tahora and goats, Abw2 = bW2 - 94.3 ( incbreadth - 1 .8 1 ) ;  

Kopu and sheep, Abw2 = bW2 - 1 29.0 (incbreadth - 2.29) ; 

Kopu and goats, Abw2 = bW2 - 1 62.5 (incbreadth - 1 .87) . 
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where ,  Abw2: adjusted bite weight 2; bw2: observed bite weight 2; i ncbreadth: observed 

i ncisor breadth. 

Therefore, 24 calculations (2 years x 2 stages x 6 individuals of each animal species) 

of each adjusted variable (bite weight 2, bite depth, bite area and bite volume) were 

generated for each combination of forage x animal species. All ingestive behaviour 

variables were adjusted in  this way and adjusted values constituted a new data set on 

which analysis of variance was re-conducted. 

2. The Second Adjustment 

The equation for this adjustment was specified as follows: 

Y = Y"k . .  - � 
. .  k ..  (X . .  k . .  - X . .  k.) ; 

Where the regression coefficients (� 
. . 
kJ were from Table 3 of this Appendix. 

Average means of incisor breadth of the animals over the period during which they g razed 

vegetative and reproductive swards were 2.03 cm (s.e. = 0.002) and 2.23 cm (s.e. = 

0.002) ,  respectively. 

Adjustment of bite weight 2 (Abw2) included the fol lowing calculations: 

Vegetative stage: Abw2 = bW2 - 66.9 ( incbreadth - 2 .03); 

Reproductive stage: Abw2 = bW2 - 1 55 . 1  (incbreadth - 2.23) ; 

I n  this case, 96 adjusted values (2 years x 4 forages x 2 animal species x 6 

i ndividu als  of each animal species) of each variable were generated for each maturity 

stage of growth. A new data set was constructed using all adjusted values of the four bite 

variables. An analysis of variance was re-analyzed based on this adjusted data set. 
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Table 1 of Appendix 4.1 : Regressions of bite weight and bite dimensions against incisor breadth for 
animal species x forages combinations to obtain coefficients to be used in 
the data adjustment 

Sheep Goats 
Variable Forages 

R2 R2 r.d.f* �o (s.e.) �1 (s.e.) �o (s.e.) �1 (s.e.) 

Bite weight ryegrass 1 1 .6 (54) 74.4 (21 )  0.36 -21 4  (67) 21 2 .6 (32) 0.67 22 
(mgOM) ns ** ** ** *** *** 

browntop 1 1 5 .7 (99) 63.8 (40) 0.29 -262 (1 00) 285.6 (48) 0.61 22 
ns ns ** * *** .. * .. 

Tahora -48.4 (81 ) 1 22.8 (35) 0.35 -30.8 (55) 94.3 (29) 0.32 22 
ns ** ** ns ** ** 

Kopu -51 .4 (96) 1 29.0 (41 )  0.31 -1 33 (70) 1 62.5 (37) 0.47 22 
ns ** ** (*) ** *** 

Bite depth ryegrass -1 3.0 (5) 1 2 .3 (2) 0.60 -1 0.9 (5) 1 2 .9 (2) 0.58 22 
(cm) * *** *.* ** *** *** 

browntop -3.8 (3) 7.1 ( 1 )  0.59 -5.6 (5) 9.7 (1 .7) 0.63 22 
ns *** *** ns *** ** 

Tahora -0.5 (2) 2.6 (1 ) 0.30 3.4 ( 1 )  -0.06 (0.6) 0.35 22 
ns ...... * .. .. .. ns ** 

Kopu -1 (2) 3.1 ( 1 )  0 .39 4 .5 (2) -0.2 (1 ) 0.37 22 
ns .. * ... * ns ** 

Bite area rye grass 8.4 (2) 1 .3 (0.8) 0 . 12  6 . 1  (2) 2 . 1  (0.9) 0. 1 9  21  
(cm2) "** ns ns ** ** • 

browntop 5.4 (2) 1 .6 (0.7) 0. 1 8  3.2 (1 .5) 2.6 (0.8) 0.37 21 
". " * .. ** ** 

Tahora 1 0.8 (3.6) 0.08 (1 .6) 0. 1 1  -2.6 (2) 6.0 ( 1 )  0.53 22 
** ns ns ns ** .. *** 

Kopu 1 7  (3) -1 .4 ( 1 )  0. 1 2  1 8.0 (2) -3.6 (1 ) 0.32 22 
*.* ns ns *** ** .. * 

Bite volume ryegrass 1 52.4 (62) 1 40.6 (25) 0.61 -1 57 (88) 1 60 (43) 0.49 20 
(cm3) * *** *** (*) ** ** 

browntop -64.8 (45) 77.0 (1 9) 0.58 -1 1 3  (45) 1 1 7  (29) 0.52 20 
ns *** * .. " *"" ** 

Tahora -3.6 (38) 28 (1 7) 0. 1 2  -0.8 ( 12) 1 5 .9 (6) 0.23 22 
ns ns ns ns * * 

Kopu 3.0 (37) 36.0 ( 15) 0.20 79 (22) -0.2 ( 12) 0.29 22 
ns * • ** ns " 

The coefficients in column �t were used in the data adjustment (see this appendix) . The data which 
are l isted in other columns show the relevant statistics of the regression equations. r.d.f: Residual degree 
of freedom, applied to both sheep and goats. The figures in brackets are the standard errors of coefficients. 
Significant levels following �1 and �o are t tests for them, and those following R2 are F tests for model. 
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Table 2 of Appendix 4.1 : Average incisor breadth of sheep and goats grazing four forages. These 
values were used in the data adjustment 

Forages 

Ryegrass 

Browntop 

Tahora 

Kopu 

s.e. 

Sheep 

2.44 

2.40 

2.22 

2.29 

0.04 

Goats N* 

2.02 24 

1 .98 24 

1 .81 24 

1 .87 24 

0.04 

N*: number of observations (2 years x 2 stages x 6 reps) 

Table 3 of Appendix 4.1 : Regressions of bite weight and bite dimensions against incisor breadth 
for the subsets of maturity stages of growth to obtain coefficients to be 
used in the second adjustment 

Vegetative Reproductive 
Variable 

R2 R2 r.d.f* 
�o (s.e.) �1 (s.e.) �o (s.e.) �1 (s.e.) 

Bite weight 30.0 (28) 66.9 (1 3) 0.28 -71 .4 (47) 1 55.1  (20) 0.38 94 
(mg DM) ns *** *** ns *** *** 

Bite depth 2.9 ( 1 . 1 )  1 .6 (0.5) 0.42 -9.9 (2.8) 1 0.4 (1 .2) 0.45 94 
(cm) *** ** ** *** *** *** 

y 
Bite area 5.8 (1 .2) 2.2 (0.6) 0. 1 3  8. 1 (1 .3) 1 .2 (0.6) 0. 1 5  94 

(cm2) *** *** *** *** * * 

Bite volume 2.8 ( 14) 30. 1  (7) 0.38 ** -1 05 (38) 1 1 2 (1 7) 0.39 94 
(cm3) ns *** ** *** *** 

The coefficients in column �1 were used in the data adjustment. The data which are l isted in 
other columns show the relevant statistics of the regression equations. Significant levels following �1 > 
�2 and �o are t tests for them, and those following R2 are F tests for model. 
r.d.f: Residual degree of freedom, applied to both sheep and goats. Figures in brackets are the 

standard errors of coefficients. 
The t tests indicated that both �o and �1 of the above equations were significantly different 

between the two stages of maturity, and therefore, heterogeneity in the effect of incisor breadth on bite 
weight existed between the stages of maturity. This indicated the need to adjust for incisor breadth 
variation at the level of the maturity stage effect (the second adjustment). This adjustment was 
independent of the first adjustment for different purpose. 
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Appendix 5.2 

Tables presenting scores of multiple discriminant functions at d ifferent 

levels of treatments for three data sets (entire profiles of sward set, grazed strata 

of sward set and behaviour  set) 

Table 1 of Appendix 5.2 Forages 

Forages Ent ire profiles of Grazed strata of Behaviour set 
sward set sward set 

D iscr iminant 
functions MDF1 MDF2 MDF1 MDF2 MDF1 M DF2 

Browntop 1 65.80 64.76 0.44 25. 1 3  50.79 5.90 

Cocksfoot 2 1 9.58 88.91  5 .79 1 7.38 58.37 28.43 

Kopu 32.88 1 .9 1  30.42 1 2.39 1 .28 1 2.09 

Lotus 96.64 0.32 30.67 7 .91  7.33 1 4.20 

Phalaris 259.34 1 31 .72 5 .60 1 .00 77.43 48.8 1  

Prairiegrass 1 94.55 50.24 1 1 . 1 8  0.90 45.73 25.70 

Red clover 79.64 1 6.66 26.44 28.48 1 .86 1 4 .34 

Ryegrass 1 90.73 70.4 1  1 4. 1 2  6.99 54.80 26.30 

Tahora 1 .0 1  24.89 36.75 1 7.27 0.86 9.50 

MDF1 and MDF2: mu ltiple discrim inant functions 1 and 2 .  This note also applies 
to other tables of this appendix. 

MDF1 and MDF2 were named as follows, respectively: "height" and "height­
density" determiners for entire profiles of sward set; "stem bulk density/mass contrast" 
and " leaf bulk density" determiners for grazed strata of sward set; and "depth" and "dry 
matter" determiners for behaviour set. 



3 1 4  

Table 2 of Appendix 5.2 Forage x stage 

Forages Entire profi les Grazed strata of Behaviour set 
of sward set sward set 

D iscrim inant functions MDF1 MDF2 MDF1 MDF2 MDF1 M DF2 

Browntop 
Reproduct ive 205.74 80.28 0.53 0.95 95.9 1  2 .89 
Vegetative 48. 1 1  45.37 1 3.49 29.77 22. 1 9  1 5.75 

Cocksfoot 
Reproduct ive 263.61 63.95 8.93 1 5 .23 1 02 .94 22.74 
Vegetative 73.71  68.89 1 1 .73 28.94 38.00 20.5 1  

Kopu 
Reproductive 52.44 33.23 27.80 27.65 1 7. 4 1  1 1 .96 
Vegetative 24.75 30.05 1 9.64 3 1 .83 7 .08 1 5.54 

Lotus 
Reproduct ive 1 30.88 5 1 .7 1  27.64 27.83 23.50 1 6.38 
Vegetative 4 1 .69 48.49 20.77 30.83 1 3.25 1 5.24 

Phala ris 
Reproduct ive 3 1 9.90 57.29 3.6 1 1 8.82 1 37.57 47.79 
Vegetative 1 1 5 .30 7 1 . 1 6  24.72 1 8.89 4 1 .77 29.88 

Prairiegrass 
Reproduct ive 1 71 .44 72.90 1 3.49 20.70 65.20 1 8.88 
Vegetative 1 00.95 77.56 27.90 2 1 .65 39.94 30.65 

Red clover 
Reproductive 1 28.82 60.82 1 9.44 22.24 25.24 1 2 .42 
Vegetative 1 .06 1 4. 1 9  4.46 45.8 1  0.69 23.04 

Ryegrass 
Reproductive 240.36 56.04 1 6.08 20.36 1 03.06 25.26 
Vegetative 54.64 64.28 20.44 23.60 29. 1 7  22.42 

Tahora 
Reproductive 50.50 20.32 27.02 28.94 1 9.33 8.42 
Vegetative 1 9.40 1 .04 1 5 .31  38.52 2.70 1 8.49 

MDF1 and MDF2 were named as follows, respectively: "height" and "mass" 
determiners for ent ire profiles of sward set; "stem+seedhead bu lk density/herbage 
mass contrast" and "mass+leaf%/live+leaf density contrast" determiners for g razed 
strata of sward set; and "depth" and "dry matter" determiners for behaviour set. 
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Table 3 of Appendix 5.2 Forage x animal species, and forage x stage x animal 
species for behaviour set. 

Forages Behaviour set Behaviour set 

Reproduct ive Vegetative 

Discrim inant functions MDF1 MDF2 MDF1 MDF2 MDF1 MDF2 

Browntop 
Sheep 3.59 4.22 69.96 27.48 1 5.39 39.6 1  
Goats 0.87 1 0.51  79.88 32.83 1 7.98 35.22 

Cocksfoot 
Sheep 5.72 6.39 62.65 1 1 .99 26.82 28.8 1  
Goats 3.81 1 2 .41  76.06 2 1 .97 26.58 25. 1 2  

Kopu 
Sheep 1 5. 1 1 2.87 23.30 32. 65 1 3.06 36.28 
Goats 6.56 1 .43 1 7.84 34.73 6.87 3 1 .88 

Lotus 
Sheep 9.31 1 .48 1 6.57 36.57 1 5.52 3 1 . 4 1  
Goats 1 0. 1 3  3.28 26.94 3 1 .95 1 3. 1 6  3 1 .67 

Phalaris 
Sheep 6.96 5.86 79.20 0.90 25.69 25.38 
Goats 8.83 1 .76 77.50 3.35 23.67 29.59 

Prairiegrass 
Sheep 4.49 3. 1 2  46.92 2 1 .38 22.56 28.09 
Goats 2.99 6.35 44.00 25.77 24.82 23.53 

Red clover 
Sheep 1 2.99 1 .95 26.40 3 1 .56 1 .07 34.66 
Goats 8.83 2.01 25.90 32 .59 2.99 32. 1 4  

Ryegrass 
Sheep 2.97 7.89 6 1 .80 9.68 24.98 30.38 
Goats 4 .51  6.85 73.59 20.81  1 5.4 1  36.81  

Tahora 
Sheep 1 3.84 0.56 26.92 35.96 6.06 36.9 1  
Goats 3. 1 9  0.92 1 7.26 32.52 3.37 32.42 

MDF1  and MDF2 were named as follows, respectively: "fresh matter" and "bite 
rate" determ iners for forage x animal species; and "weight-depth" and "depth" 
determ iners for the second order interact ion. 
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Appendix 5.3 

Dendrograms showing cluster hierarchy of discrimi nant scores for d ifferent sets 

of attributes at different levels of treatments (Abbreviations used below: V: 

vegetative; R:  reproductive;  S: sheep; G: goats) 

Fig. 1 :  Sward attributes of complete profiles for forages (corresponding to Table 1 of Appendix 

5.4 and to Fig. 5. 1 8  of scattergram in Thesis text). 
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3: Kopu white clover 
9:  Tahora white clover 

Fig. 2: Sward attributes of complete profiles for forage x stage (corresponding to Table 2 of 

Appendix 5.4 and to Fig. 5.28 of scattergram in Thesis text). 
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Fig. 3: Sward attributes of grazed strata for forages (corresponding to Table 3 of Appendix 5.4 

and to Fig. 5.38 of scattergram in Thesis text) . 
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Fig. 4: Sward attributes of complete profiles for forage x stage (corresponding to Table 4 of 

Appendix 5.4 and to Fig. 5.4B of scattergram in Thesis text) . 3 1 7 
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Fig. 5: Behaviour attributes for forages (corresponding to Table 5 of Appendix 5.4 and to Fig. 

5.5C of scattergram in Thesis text). 
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Fig. 6: Behaviour attributes for forage x stage (corresponding to Table 6 of Appendix 5 .4 and 

to Fig. 5.6C of scattergram in Thesis text). 
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Fig. 7: Behaviour attributes for animal species x forage (corresponding to Table 7 of Appendix 

5.4 and to Fig. S.7e of scattergram in Thesis text) .  
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Fig. 8: Behaviour attributes for animal species x forage x stage {corresponding to Table 8 of 

Appendix 5.4 and to Fig. 5.9 of scatlergram in Thesis text}. 
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Appendix 5.4 

Tables presenting truncation probabil ities for clusters 

Appropriate number of clusters were determined by the lowest probabi l ity. 

Table 1 of Appendix 5.4 

No. of clusters 

6 

5 

4 

3 
-

2 

1 

Sward attributes of complete profi les for forage 
(corresponding to Fig. 1 of Appendix 5 .3 and to Fig. 
5 . 1 B of Thesis text) . 

F values Probabi l it ies 

1 5.84 ( 1 2,2) 0.06 1 1 

1 5.05 ( 1 0 ,4) 0.0 1 2 1  

1 9. 1 0  (8,6) 0.00 1 9  

1 2.95 (6,8) 0.00 1 6  

1 0.57 (4, 1 0) 0.00 1 7  

1 5 .66 (2,6) 0.0049 

The two numbers in brackets are degrees of freedom of n umerator and 
denom inator, respectively. The double underlined number is the opt imal number of 
truncation for cluster h ierarchy. These notes a lso apply for a l l  tables of this append ix. 



Table 2 of Appendix 5.4 

No. of clusters 

1 0  

9 

8 

7 

§. 
5 

4 

3 

2 

Table 3 of Appendix 5.4 

No. of clusters 

6 

5 

i 
3 

2 

320 

Sward attributes of complete profi les for forage x 
stages (corresponding to Fig. 2 of Appendix 5.3 and to 
Fig. 5 .28 of Thesis text) .  

F values Probabi l it ies 

27.04 ( 1 8, 1 4) 0.60 1 x 1 0-5 

26.53 ( 1 6, 1 6) 0.289 x 1 0-5 

27.23 ( 1 4, 1 8) 0. 1 4 1  x 1 0-5 

28.85 ( 1 2,20) 0 .707 x 1 0-6 

26.48 ( 1 0,22) 0.632 x 1 0-6 

2 1 .35 (8, 1 4) 0. 1 1 5  x 1 0-5 

1 9.70 (6, 1 6) 0. 1 91 X 1 0-5 

20.07 (4,28) 0.363 x 1 0-5 

1 7.32 (5,25) 0.265 x 1 0-3 

Sward attributes of g razed strata for forage 
(corresponding to Fig. 3 of Appendix 5 .3  and to Fig. 
5.38 of Thesis text) . 

F values Probabi l it ies 

23. 1 0  ( 1 0,4) 0.652 x 1 0-2 

1 3. 1 5 (8,6) 0.380 x 1 0-2 

1 6.56 (6,8) 0.774 x 1 0-3 

1 2.87 (4, 1 0) 0.900 x 1 0-3 

40.76 (2,6) 0.726 x 1 0-3 



Table 4 of Appendix 5.4 

No. of clusters 

9 

8 

7 

6 
-

5 

4 

3 

2 

Table 5 of Appendix 5.4 

No. of Clusters 

6 

5 

4 

3 

2 
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Sward attributes of grazed strata for forage x stage 
(corresponding to Fig. 4 of Appendix 5 .3 and to Fig. 
5.4B of Thesis text) .  

F values Probabi l it ies 

28.43 ( 1 6, 1 6) 0.241 x 1 0.5 

22.64 ( 1 4, 1 8) 0.242 x 1 0.5 

1 8.90 ( 1 2,20) 0.273 x 1 0.5 

1 7.50 ( 1 0,22) 0.272 x 1 0.5 

7 .51 (6,26) 0.208 x 1 0.3 

1 1 .45 (6,26) 0.232 x 1 0.4 

9.73 (4,28) 0. 1 28 x 1 0.3 

8.94 (2, 1 5) 0.308 x 1 0.2 

Behaviour attributes for main effect, forages 
(corresponding to Fig. 5 of Appendix 5.3 and to Fig. 
5.5C of Thesis text). 

F values Probabi l it ies 

1 05.94 ( 1 8, 1 4) 0.4404 x 1 0.6 

80.2 1 ( 1 6, 1 6) 0.271 5 x 1 0.6 

66.00 ( 1 4, 1 8) 0. 1 786 x 1 0.6 

45.26 ( 1 2,20) 0 .21 54 x 1 0.6 

32.49 ( 1 0,22) 0.3363 x 1 0.6 



Table 6 of Appendix 5.4 

No. of Clusters 

9 

8 

7 

6 -
5 

4 

3 

2 

1 

Table 7 of Appendix 5.4 

No. of clusters 

1 0  

9 

8 

7 

6 

§. 
4 

3 

2 
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Behaviour attributes for interaction between forages and 
stages (corresponding to Fig. 6 of Appendix 5.3 and to 
Fig. 5 .6C of Thesis text) . 

F values Probabil i ties 

1 05.94 ( 18 , 14) 0.440 x 1 0-6 

80.21 ( 1 6, 1 6) 0.272 x 1 0-6 

60.00 ( 14, 1 8) 0.2 1 5  x 1 0-6 

50.26 (1 2,20) 0. 1 79 x 1 0-6 

32.49 (1 0,22) 0.336 x 1 0-6 

21 .08 (8,24) 0 . 12 1  x 1 0-5 

2 1 .72 (6,26) 0. 1 27 x 1 0-5 

1 8.31 (4,28) 0.553 x 1 0-5 

39.21 (2, 1 5) 0. 1 57 x 1 0-5 

Behaviour attributes for interaction between forage and 
animal species (corresponding to Fig. 7 of Appendix 5.3 
and to Fig. 5.7C of Thesis text) . 

F values Probabilities 

30.75 ( 18 , 14) 0.438 x 1 0-5 

23.04 ( 16, 1 6) 0.428 x 1 0-5 

1 8.99 ( 14, 1 8) 0.422 x 1 0-5 

1 9.05 ( 1 2,20) 0.265 x 1 0-5 

1 9.04 (1 0,22) 0. 1 82 x 1 0-5 

20.99 (8,24) 0. 1 38 x 1 0-5 

1 4.80 (6,26) 0.675 x 1 0-5 

1 4.56 (4,28) 0. 1 65 x 1 0-4 

21 .27 (2, 1 5) 0 . 1 25 x 1 0-3 



Table 8 of Appendix 5.4 

No. of clusters 

8 

7 
-

6 

5 

4 

3 

2 

1 
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Behaviour attributes for the second order interaction 
(corresponding to Fig. 8 of Appendix 5.3 and Fig. 5.9 of 
Thesis text) . 

F values Probabilities 

1 08.82 ( 1 6,52) 0.392 x 1 0-10 

1 1 0. 1 4  ( 14 ,54) 0.337 x 1 0-10 

82.52 ( 1 2,56) 0.626 x 1 0-10 

58.04 (1 0,58) 0. 1 89 x 1 9-9 

50.94 (8,60) 0.409 x 1 0-9 

48.88 (6,62) 0.926 x 1 0-9 

43.98 (4,64) 0.538 x 1 0-8 

82.37 (2,33) 0.5 1 5  x 1 0-7 
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Appendix 5.5 
Tables presenting correlation matrices showing simple correlations between seven sward variables 

and five i ngestive behaviour variables for animal species x herbage categories. 

Table 1 of Appendix 5.5 Unpartitioned (overall) correlations 

Surf ace Overal l  bulk Herbage Leaf % Leaf Stem+seedhead Uve% Bite weight 1 Bite weight 2 Bite rate Bite 
height density mass f requency f requency bulk (mg FMlbite) (mg DMlbite) (bites/min) depth 
(cm) (mg DM/cm3) (g DM/m2) bulk density density (em) 

(hitS/2 em) (hitS/2 em) 

Overall bulk density -0. 68 

Herbage mass 0.44 0.2 1 

Leaf % 0.26 -0.57 -0. 1 9  

Leaf f requency bulk -0.54 0. 1 4  -0.48 0.45 
density 

Stem+seedhead 
f requency bulk -0. 63 0.78 -0.07 -0.76 -0. 1 4  
density 

Uve% -0.34 0.24 -0. 1 6 -0.38 -0.07 0.33 

Bite weight 1 0. 1 5  0.07 0.31 -0.29 -0.37 0.08 0.08 

Bite weight 2 0.4 6 -0. 1 4  0.48 -0. 1 3  -0.49 -0. 1 4  -0.22 0.71 

Bite rate -0.53 0.28 -0.33 0.1 4 0.53 0.20 0.1 8  -0040 -0.57 

Bite depth 0.93 -0. 64 0.30 0.2 6 -0.45 -0.56 -0.48 0.1 2  0.42 -0.47 

Bite area -0. 1 6 0.01 -0. 1 5  -0.01 0.09 0.09 0 . 1 6 0.1 5  0.07 0.05 -0. 1 5  
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Table 2 of Appendix 5.5 Sheep x grasses 

Surface Overall bulk Herbage Leaf% Leaf bulk stem+seedhead Live% Bite weight 1 Bite weight 2 Bite rate Bite 
height density mass frequency frequency bulk (mg FM/bite) (mg DM/bite) (bites/min) depth 
(cm) (mg DM/cm3) (g DM/m2) density density (cm)  

(hitsl2 cm) (hitsl2 cm) 

Overall bulk density -0.47 

Herbage m ass 0.52 0.44 

Leaf % -0.70 0 . 1 0 -0.46 

Leaf frequency bulk -0.83 0.4 1 -0.46 0.72 
density 

Stem +seedhead 
frequency bulk density -0.06 0.50 0.1 9 -0.49 0. 1 6  

Live% 0.05 -0.25 -0.25 -0.08 -0.08 -0.04 

Bite weight 1 0.29 -0.06 0.29 -0. 1 7  -0.26 -0.02 -0.30 

Bite weight 2 0.44 0.03 0.50 -0.37 -0.40 0.08 -0.39 0.82 

Bite rate -0.67 0.31 -0.40 0.56 0.63 0.06 0 . 1 7 -0.42 -0.55 

Bite depth 0.96 -0.48 0.46 -0.68 -0.76 -0.05 0.03 0.31 0.43 -0.64 

Bite area -0.1 4  -0.01 -0. 14  0.23 0. 1 2  -0. 1 3  0.08 0.20 0. 1 2  -0.03 -0. 1 2  
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Table 3 of Appendix 5.5 Goats x grasses 

Surface Overall bulk Herbage Leaf% Leaf Stem+seedhead Live% Bite weight 1 Bite weight 2 Bite rate Bite depth 
height density mass frequency frequency bulk (mg FM/bite) (mg DM/bite) (bites/min) (cm)  
(cm) (mg DM/cm3) (g DM/m2) bulk density density 

(hitS/2 cm) (hitS/2 cm) 

Overall bu lk density -0.50 

Herbage mass 0.49 0.44 

Leaf % -0.66 -0.01 -0.59 

Leaf frequency bulk -0.82 0.40 -0.47 0.68 
density 

Stem+seedhead 
frequency bulk density -0. 1 2  0.54 0. 1 9  -0.45 0.26 

Live% 
-0.24 -0. 1 1  -0.38 0.24 0 . 1 9 -0.09 

Bite weight 1 
0.59 -0.24 0.40 -0.4 1 -0.52 0.02 -0.32 

Bite weight 2 
0.64 -0. 1 1  0.55 -0.54 -0.59 0. 1 0  -0.44 0.89 

Bite rate 
-0.59 0.29 -0.34 0.52 0.55 -0.01 0.37 -0.69 -0.72 

Bite depth 
0.94 -0.53 0.39 -0.59 -0.73 -0.08 0.20 0.54 0.57 -0.53 

Bite area 
-0.22 -0. 1 1 -0.30 0.22 0.09 -0.08 -0. 1 0  0.08 0.05 -0.02 -0. 1 7  
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Table 4 of Appendix 5.5 Sheep x legumes 

Surface Overall bulk Herbage LeafOlo Leaf Stem+seedhead Live% Bite weight 1 Bite weight 2 Bite rate Bite 
height density mass frequency frequency bulk (mg FM/bite) (mg O M/bite) (bites/min) depth 
(cm)  (mg OM/cm3) (g OM/m2) bulk density density (cm) 

(hitS/2 cm) (hitS/2 cm) 

Overall bulk density -0.54 

Herbage mass 0.74 0 . 1 1 

Leaf % 0. 1 5  -0.39 -0.1 7  

Leaf frequency bulk -0.62 0. 1 1  -0.62 0.48 
density 

Stem+seedhead 
frequency bulk density -0.72 0.50 -0.42 -0.49 0.48 

Live% 0.44 -0.39 0.2 1 0.40 -0. 18  -0.58 

Bite weight 1 0.22 0. 1 8  0.42 -0.22 -0.36 -0. 1 4  0.07 

Bite weight 2 0.35 0.07 0.49 -0.26 -0.49 -0.22 0.1 4  0.91 

Bite rate -0.48 0.34 -0.33 0.08 0.51 0.42 -0.27 -0.33 -0.43 

Bite depth 0.48 -0.20 0.47 -0.28 -0.57 -0.25 0.23 0.59 0.65 -0.44 

Bite area 0 . 1 5 -0. 1 6  0.04 0.1 0 0.1 2  -0.02 0 .24 0 . 1 9 0.2 1 0.04 0. 1 2  
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Table 5 of Appendix 5.5 Goats x legumes 

Surface OVerall bulk Herbage Leaf% Leaf Stem+seedhead Live% Bite weight 1 Bite weight 2 Bite rate Bite 
height density mass frequency frequency bulk (mg FMlbite) (mg D Mlbite) (bites/min) depth 
(em )  (mg DM/em3) (g DMlm2) bulk  density density (cm) 

(hitS/2 cm) (hitS/2 em) 

Overall bulk density -0.62 

Herbage mass 0.42 0.40 

Leaf % 0. 1 3  -0.22 -0.08 

Leaf frequency bulk -0.54 0. 1 8  -0.40 0.61 
density 

Stem+seedhead 
frequency bulk density -0.60 0.63 0.01 -0.46 0.26 

Live% -0.34 -0.37 -0.01 -0.03 -0.30 -0.28 

Bite weight 1 0.57 -0.49 0.1 2  0.03 -0.42 -0.44 0.40 

Bite weight 2 0.68 -0.45 0.29 -0.08 -0.57 ·0.42 0.37 0.94 

Bite rate -0.27 0 . 1 0 -0.22 0.32 0.48 -0.001 -0.34 -0.59 -0.68 

Bite depth 0.64 -0.67 -0.09 0. 1 1 -0.32 -0.51 0.34 0.43 0.48 -0. 1 3  

Bite area 0.03 -0.22 -0.27 0.07 0.08 -0.01 0 . 1 5 -0.09 -0.08 0 . 1 1 0.06 
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APPENDIX 7.1 

Correction of recovery for saliva contamination 

The methodology for correction for saliva contamination was developed by Burlison 

( 1 987) from a knowledge of the fresh weight and dry weight of extrusa samples. The 

method is based on relationships among the fol lowing four variables: ( 1 ) fresh weight of 

the complete extrusa (liquid saliva + fresh herbage) ; (2) dry weight of the complete extrusa 

(DM of sal iva + DM herbage) , and hence DM% of complete extrusa (ratio of the above two 

measurements) ; (3) DM% of the herbage as grazed; and (4) DM% of the saliva. 

The fi rst variable was sampled or measured during the trial . The second variable 

was measured from oven-drying of the fresh extrusa. The thi rd one was assumed equal 

to DM% of herbage in the grazed stratum of the swards. Bu rlison ( 1 987) found the DM 

content of saliva to be 0.01 1 6  g DM/g sal iva (s.e. 0.00034) by oven-drying saliva samples 

collected from each of three fistu lated sheep. 

F i rst of al l ,  it was necessary to know the fresh weight of the herbage fraction of the 

extrusa. 

Some abbreviations are defined as follows to derive the appropriate equation to 

calculate this variable: 

Let (1 ) ExtrFM = fresh weight of extrusa (sampled) 

(2) HerbFM = fresh weight of herbage fraction in extrusa (to be 

calculated) 

(3) SalvFM = fresh weight of saliva in extrusa (derived) 

(4) ExtrDM = dry weight of extrusa (oven-drying (1 » 

(5) HerbDM = dry weight of herbage fraction in extrusa ((2) x (8» 

(6) SalvDM = dry weight of saliva in extrusa ((3) x (9» 

(7) DM%Extr = dry matter percentage of complete extrusa (ratio of 
4 to 1 )  

(8) DM%Herb = dry matter percentage of herbage in extrusa (assumed 

to be equal to DM% of grazed stratum of swards, 

see Section 3.2.6.3 of Chapter 3) . 

(9) DM%Safy = dry matter percentage of saliva in extrusa (obtained by 

Burlison: 1 . 1 1 6%) 



Then: HerbDM + SalvDM = ExtrDM 
Or: (HerbFM x DM%HeJ + (SalvFM x DM%SaJ = (ExtrFM xDM%Extr) 

Substituting: ExtrFM � HerbFM for SalvFM: 
(HerbFM x DM%Herb) + (ExtrFM � HerbFM) x DM%Salv = (ExtrFM x DM%ExJ 

Expanding: 
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(HerbFM x DM%HeJ + (ExtrFM x DM%Salv � HerbFM x DM%saJ = (ExtrFM x DM%ExJ 

Rearranging:  
(HerbFM x DM%HeJ - HerbFM x DM%saJ = (ExtrFM x DM%ExJ � (ExtrFM x DM%salv) 

Factorizing: 
HerbFM ( DM%Herb - DM%saJ = ( ExtrFM x DM%Ex0 - ( ExtrFM x D M %saIJ 

Therefore: 

( ExtrFM x D M %ExJ - ( ExtrFM X DM %saJ HerbFM :::: 

The calculated HerbFM value was then mu lt ip l ied by DM%Herb to estimate 
the HerbDM,  which was then divided by number of bites to obtain corrected extrusa­
based b ite weight. The corrected proportional recovery for saliva contamination is as 
fol lows: 

Corrected recovery = 
corrected extrusa -based b ite weight 

turf-based bite weight 

The corrected recoveries obtained from the above equation are summarized in  
Table 7. 1 0. 
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