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General 

% percent 

m metre 

cm 10-2 m 

mm 10-3 m 

!lm 10-6 m 

nm 10-9 m 

C degrees centigrade 

g grams 

kg 103 grams 

Ib pound weight 

litre 

ml 10-3 

N Newton 

cN 10-2 Newtons 

J Joule 

mm minimum 

max maximum 

pH -log[H+] 

RH relative humidity 

MAFTech Ministry of Agriculture and Fisheries (N.Z.) 

WRONZ Wool Research Organisation of New Zealand (Inc.) 

log logarithm 
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<M just below liveweight maintenance feed level 
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Trial Measurements 
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FFAs plasma free fatty acid levels (IlMeq(palmitic acid)rl) 
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MS-RATIO GFW-TOT / GMS-TOT 
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DG digestible dry feed matter (g) 

DDMI digestible dry feed matter intake (g) 

COY -CSA CY of mean midside fibre diameter between nutritional treatment 

samplings 

LEC wool staple load-extension curve shape 

MEAN-EFF Mean treatment period wool growth efficiency 
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EFF-MIN wool growth efficiency 10 the 4-weekly sampling of lowest mean 

midside fibre diameter 

Single Fibre Properties 

Ey fibre extension at the end of the yield region (mm) 

Ey (Ey normalised for fibre length (mm) normalised )xlOO 

Eb fibre extension at break (mm) 
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EL minor 

EL major 

minor elliptical axis of the fibre 

major elliptical axis of the fibre 
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PRE-DIA fibre diameter at the POB pre-extension to break (Ilm) 

POST-DIA fibre diameter at the POB post-extension to break (Ilm) 

IMS wool fibre intrinsic material strength 

CS clean shear break-type 

AX axially split break-type 

Statistical 

SEM standard error of the mean 

SED standard error of the differences between the means 

SD standard deviation 

ANOVA analysis of variance 

COY AR analysis of covariance 

CV coefficient of variance 

MSE mean square error 

r coefficient of correlation 

y2 coefficient of determination 

p>O.05 not significant at the 5% level of confidence 

p<O.05 significant at the 5% level of confidence 

p>O.01 not significant at the 1 % level of confidence 

p<O.01 significant at the 1% level of confidence 

* = p<O.05 

** = p<O.01 

NS = p>O.05 
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ABSTRACT 

A study of wool fibre intrinsic material strength (IMS) 

variation In relation to staple strength was perfonned. Fleece wools of 

varying midside staple strength were generated in a pen-feeding trial in 

which four groups of non-pregnant Romney ewes were placed on differential 

nutritional levels over winter. Two principal sources of staple strength 

variation were identified in the trial; 1/ a variation in mean staple 

strength between the four nutritional groups and 2/ variation In mean 

staple strength between sheep \yithin the groups. The variation in staple 

strength between nutritional groups was detenruned largely by the level of 

wool fibre cross-sectional area reduction undergone by the groups. No 

significant variation in wool fibre IMS occurred between groups. The 

between-sheep within-group differences in staple strength were found to be 

unrelated to fibre cross-sectional area change and also could not be who lly 

explained by variation in winter wool growth efficiency between sheep. 

However, large differences in IMS occurred between sheep. This variation 

in IMS was strongly correlated with the variation of midside staple 

strength between sheep within the groups. In a systematic analysis it was 

found that the sheep-to-sheep differences were the most important source 

of IMS variability within the trial flock. Only small variations in IMS 

were found between nutritional groups, between fleece body-sites within 

sheep, with fibre diameter, with fibre ellipticity, or with fibre break-

type. No significant change in fibre IMS occurred within the "break" 

region of staples with low tensile strength. The between-sheep variation 

in IMS and its role in determining staple strength may resolve the 

longstanding controversy on the origin and nature of so-called "tender" 

and "sound" wools. 
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CHAPTER 1 

1 GENERAL INTRODUCTION 

Low staple strength is the most common fault in fleeces shorn from 

long-wooled sheep breeds (Henderson, 1955). Low strength or "tender,,1 

wools arise from a number of sources. These include "steely" wool grown 

by copper deficient sheep, ultra-violet light degraded wool and wool 

damaged by micro- organisms (reviewed Henderson, 1968; Ryder and 

Stephenson, 1968). However, the occurence of these are rare compared to 

the incidence of staples with a localised weakness or "wool break" 

(Henderson, 1968). "Wool break" is typically recognised in full-length 

fleeces shorn between November and January. A visually distinct region 

occurs 20 to 40 % up the staple from its shorn end (Henderson, 1968; 

Ross, 1986). On application of relatively low tension, fibres are 

preferentially broken within this region. 

The occurrence of weak fibre from wools of low staple strength 

presents major processing and manufacturing limitations. Whilst a degree 

of breakage is normal during the carding of fibres, the level of breakage 

is increased considerably for "tender" wools (Ross et al., 1960; Bratt ~ 

ill..,., 1963). The resulting decrease in carded fibre lengths reduces the 

efficiency of spinning of wool (reviewed Hunter, 1980) and detrimentally 

1. "Tender" (or "tenderness") is used as a genera\ description for 
fleece wool with low staple strength (Le. < 25 NKtex- ). "Sound" (or 
"soundness") is used as an antonym for "tender". The terms "break", "wool 
break", "lambing break", and "tender region" refer to "tender" staples 
weakened specifically by a region of localised weakness along their length 
which is caused by a simultaneous narrowing in the cross-sectional area of 
fibres within this region . 
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alters the physical properties of wool yams (reviewed Hunter, 1980; Wood, 

1983/1984). 

Of further industrial concern is the correlation between reduced 

staple strength and the occurrence of other faults of the fleece 

(Henderson, 1955; Ross, 1960a; Bigham ~,1983). These include 

lowered fleece weight , "cotted'" fleece, "yolk stain", "cakey yolk", 

"pink rot" and "dingy wool". 

The economic consequences of wool of low staple strength and 

associated faults are considerable for the wool industry. It has been 

conservatively estimated to result in a collective annual loss of income 

to the farmers of New Zealand of between 5 and 10% of the value of the 

national clip (Ross, 1982/1983). 

2 THE BIOLOGY OF LOW STAPLE STRENGTH 

The reasons why staple strength varies are only partly understood. 

It is clear that the low strength of staples with "break" is due largely 

to a simultaneous reduction in the cross-sectional area of fibres and in 

extreme cases cessation of fibre growth (Hardy and Tennyson, 1930; Lang, 

1945; Roberts et al.. 1960; Story and Ross, 1960; Ross, 1962; reviewed 

Henderson, 1968; Ryder and Stephenson, 1968; Bigham et al., 1983). In 

long-wooled breeds the thinning of fibre normally results from a seasonal 

lowering of wool production which occurs during late winter (reviewed 

Henderson, 1968; Ryder and Stephenson, 1968; Bigham ~, 1983; Hawker, 

1986). It remains uncertain whether changes in fibre thickness can 

account wholly for low staple strength (e.g. Burgmann, 1959; Roberts et 

al., 1960; Thwaites, 1972; versus Leroy and Charlet, 1949; Ventner, 1953; 
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Slinger Sll...&, 1966; Orwin ~, 1980: 1985; Hunter tl..JlL, 1983; 

Fitzgerald et al.. 1984; Fitzgerald, 1986). This study addresses whether 

there are other factors involved. In particular, it attempts to establish 

whether the structural material of the fibre (i.e. keratin) has a role in 

determining variation in staple load-extension behaviour 
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CHAPTER 2 REVIEW OF THE LITERATURE 

1 THE STRUCTURE OF THE WOOL FIBRE AND ITS LONGITUDINAL :rvmCHANIC. 

PROPERTIES 

The general mechanical properties of wool are detennined largely 

by its composite structure. Ho~ever, the observed physical behaviour of 

a wool fibre results from a complex interaction between this structure, 

environmental factors, and the inherent non-unifonnities in its dimensions 

and structure. 

The following section includes an overview of some of the more 

basic aspects of the structure of the wool fibre. The stress-strain 

properties of single wool fibres and current views on the way these 

relate to wool keratin structure will also be reviewed. 

1.1 The Structure of the Wool Fibre 

With the optical microscope, the gross structure of the wool fibre 

is seen as a thin mantle (1 to 2 cells thick) of cuticle cells 

surrounding the inner bulk of cortical material. For some thicker fibres 

(Le. >35 Ilm) a central core of vacuolated medulla cells is seen within 

the cortex. General reviews on wool fibre structure are given in Orwin 

(1979a), (1979b), Chapman and Ward (1979) and Fraser et al., (1980). 

The flattened cells of the cuticle overlap to produce 

characteristic scale-like patterns on the fibre. In cross-section, 

cuticle cells reveal a composite sub-structure, consisting of both 

keratin and non-keratin components (reviews as above). 
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The largest portion of non-medullated fibres is made up by the 

cells of the cortex. These cells are spindle-shaped and packed with 

their longitudinal axes parallel to that of the fibre. A 25 nm wide 

cell-membrane-complex binds adjacent cortical cells. 

In studies of the dye-staining behaviour and ultrastructure of 

wool fibres, three distinct cortical cell types have been described 

(Horio and Kondo, 1953; Mercer et al., 1954; Fraser and Rogers, 

1955; Rogers, 1959; Bones and Sikorski, 1967; reviewed Orwin, 1979a; 

1979b; Chapman and Ward, 1979; Fraser ~, 1980). The most commonly 

recognised of these are the ortho- and para-cortical cells. A third type, 

the meso-cortex has also been described by some workers (Bones and 

Sikorski, 1967; Orwin et aI., 1984), 

For well-crimped and fine (Le. < 25 Ilm) wool fibres, the ortho-

and para-cortex are commonly arranged into two equivalently sized 

segments (Fraser and Rogers, 1955). In such fibres the orthocortex is 

usually on the outside of the crimp curvature. For poorly-crimped and 

thicker wool fibres arrangements other than bilateral are often observed 

(Fraser and Rogers, 1955; Menkart and Cae, 1958; Orwin et.....al., 1984). For 

New Zealand long-wooled breeds of sheep the proportion of orthocortical 

cells has been observed to increase as wool fibre diameter increases 

(Orwin and Woods, 1980; Orwin et aI., 1980), although the pattern of this 

trend varies between sheep (Orwin .c.t......aL., 1984). 

Cortical cells are composed of filamentous bundles called 

microfibrils and the remnants of degraded nuclei and organelles (Le. the 
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inter-macrofibrillar material) (reviewed Orwin, 1979a; 1979b; Chapman and 

Ward, 1979; Fraser et aI., 1980). In cross-sections of disulphide-reduced 

fibres stained with heavy metal salts, the macrofibril is seen to consist 

of light-staining filaments about 7 nm in diameter (microfibrils) 

interspersed in a darker staining material (matrix). The ultrastructure 

of the macrofibril varies between the ortho-, para-, and meso-cortical 

cell types. 

Wool, like all keratinised tissues, contains high proportions of 

sulphur-containing cysteinyl amino acid residues. In the final stages of 

keratin biosynthesis these are oxidised to form a network of intra-

molecular and inter-molecular disulphide linkages (reviewed Orwin, 1979a; 

1979b; Chapman and Ward, 1979; Fraser~, 1980; Fraser and MacRae, 

1980; Gillespie, 1983). 

The microfibril is thought to have a low content of cysteinyl 

residues. It probably has a relatively well organised structure, 

consisting of several alpha-helical-rich proteins. Comparatively, the 

matrix is considered to be less well organised. It consists of two 

distinct groups of protein, the high sulphur (HS) and the high-glycine-

tyrosine (HGT) groups. The HS proteins have a high content of cysteinyl 

(Le. disulphide bond-forming) amino acids, whilst the HGT proteins are 

comparatively rich in glycine and aromatic residues. 

1.2 The Stress-Strain Behaviour of Wool Fibres Under Longitudinal 

Extension 
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1.2.1 The Wool Fibre Load-extension Curve 

If an individual wool fibre is stretched at a constant rate (Le. 

of extension or load), and this extension is plotted against load, a 

curve similar to that in Figure 2.1 is obtained. The general form of 

this curve is the same over a wide range of conditions of testing (see 

below). A general description Qf the load-extension curve of keratin 

fibres may be found in reviews by Chapman (1969), Feughelman (1980), and 

Fraser and MacRae (1980). 

Typically, the curve is constructed of three distinct regions. 

The first of these follows the removal of the fibre crimp (Le. 

decrimping) (Figure 2.1, point A). A rapid increase in load occurs as the 

fibre is stretched to about 2% beyond its decrimped length. This near-

linear portion of the curve is usually called the "Hooke an " region. 

Although, some authors prefer to describe it as the pre-yield region (e.g. 

Bendit, 1980a). 

Once beyond this short near-linear phase, the wool fibre begins to 

yield. As extension continues there is very little increase in the load 

sustained by the fibre. This proceeds up to the point where the fibre is 

extended to about 30% beyond its decrimped length. This portion of the 

wool fibre load-extension curve is referred to as the yield region (Figure 

2.1, points B-C) Following the low-sloped yield phase of the curve, the 

post-yield region commences (Figure 2.1, points C-D). Once again load 

rises sharply with extension until the fibre breaks. At 65 % RH Rupture 

(Figure 2.1, point D) usually occurs as the fibre is stretched 50 to 60% 

beyond its decrimped length. 
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Figure 2.1 

The Wool Fibre Load-Extension Curve 

15"1 •. 
ExtenSion 

A; end of fibre decrimping 
A - B; "Hookcan" region 
B; "Hookean" - Yield region turnover point 
B - C; yield region 
C; yield - post-yield turnover point (Ey) 
C - D; post-yield region 
D; fibre breaking extension (Eb) 

o 
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The load-extension behaviour of wool displays elements of both 

viscosity and elasticity and is thus described as viscoelastic. 

Viscoelasticity, or the so-called time-dependent changes in the 

mechanical behaviour of wool is illustrated in the yield and post-yield 

regions by the continuing extension of fibres under a constant load (Le. 

creep) (reviewed Chapman, 1969). 

Early workers interpreted the "Hookean" region as linear and thus 

assumed it to obey Hooke's law of elasticity. That is, proportionality 

between load and extension with perfect elastic recovery of the fibre 

(Morton and Hearle, 1975). However, it now seems clear that wool also 

displays a limited amount of non-linear viscoelastic behaviour in the 

"Hookean" region (Bendit, 1980a). 

Speakman (1927) found that fibres stretched to the end of their 

yield region for limited periods of time (Le. less than one hour) could 

recover their mechanical properties following relaxation in cold water (24 

hours 20 C). It was later reported that the recovery of the fibre could 

be achieved more quickly in warm water (50 C, 1 hour) (Feughelman, 1954). 

However, once a fibre is stretched into the post-yield region, the 

recovery of its mechanical properties is not possible (Speakman, 1927; 

Fe ughelman, 1954; reviewed Feughelman, 1980). 

1.2.2 Stress and Strain 

For the comparison of load-extension behaviour between different 

individual fibres the direct effect of their dimensions must be removed. 

In most physical applications load is replaced by stress, defined as; 
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Stress=force (N)/area of cross-section (m2) 

(Morton and Hearle, 1975) 

The consistent SI units of stress are Nm-2 (i.e. Pascals). 

However, the units of stress used by different workers on the physical 

properties of wool vary widely. in the literature. For textile fibres, 

cross-sectional area is often replaced by linear density (i.e. tex=grams/ 

lOOOm). 

To take into account the length of fibre extended, extension is 

expressed as tensile strain or percentage extension, where; 

% Strain = extension of fibre (m)/decrimped 

length of fibre (m) x 100 

(Morton and Hearle, 1975) 

The change of units from load and extension to stress and strain 

does not affect the overall shape of the curve. However, as discussed 

later, the degree of non-uniformity along fibres has specific effects on 

the wool fibre stress-strain curve. (Banky and Slen, 1955; Kenny and 

Chaikin, 1959; Collins and Chaikin, 1965a; 1965b; 1965c; 1966; 1968; 1969; 

1971). 

1.2.3 The Influence of the Test Conditions on the Wool Fibre Stress-

Strain Curve 
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The longitudinal stress-strain behaviour of an untreated wool 

fibre is modified by the conditions in which it is tested. The classical 

early work in this field was perfonned by Speakman (1927). The effects of 

factors such as relative humidity (%RH), temperature, rate of straining, 

and media in which the fibre is extended are considered briefly. For a 

review of this topic see Chapman (1969). 

1.2.3(i) Relative Humidity 

The influence of relative humidity or regain on wool stress-strain 

properties has been examined by a number of workers (e.g. Speakman, 1927; 

Feughelman and Robinson, 1971; Collins and Chaikin, 1971). Chapman (1969) 

summarised the effect of relative humidity by suggesting that in the 

absence of fibre non-uniformity, decreasing relative humidity from 100% 

was equivalent to adding a constant stress to the stress-strain curve for 

all extensions beyond the beginning of the yield region (Le. Figure 2.1, 

point B). 

1.2.3(ii) Temperature 

The relationship between wool stress-strain properties and 

temperature is complex (reviewed Chapman, 1969). Beyond the beginning of 

the yield region stress decreases with increasing temperature. The post-

yield slope also decreases with increasing temperature. Below 60 C, the 

strain at the end of the yield region (Ey , Figure 2.1, point C) remains 

relatively constant at about 30%. Above 60 C the strain at this point of 

curve inflection increases. 



37 

1.2.3(iii) Rate of Extension 

Rate of extension (or loading) influences wool stress-strain 

behaviour (Speakman, 1927; Rigby, 1955; Mason, 1964; reviewed Chapman, 

1969). Rigby (1955) using constant strain rates between 0.75%/minute and 

250%/minute found that stress, corresponding to any strain in the yield 

region, was positively dependent. on the logarithm of the rate of 

straining. 

1.2.3(iv) Media 

The media in which a wool fibre is strained also influences its 

stress-strain curve. For example, when wool fibres are strained in 

dilute aqueous hydrochloric acid (pH 1), the yield slope steepens and 

there is a large decrease in stress beyond the beginning of the yield 

region compared to wool extended in water (Feughelman and Haly, 1960; 

Chapman, 1969; Collins and Chaikin, 1969; Winn et al. 1977). 

1.2.4 The Influence of Fibre Non-unifonnity on the Wool Fibre Stress-

S train Curve 

In practical studies of the variation in the stress-strain 

behaviour of wool, the most important factor (if test conditions are held 

constant) is fibre non-unifonnity. That is, variation in the dimensions 

and the structure of the fibre along its length. James (1963a) 

demonstrated that even if sheep were maintained under controlled 

conditions of housing, health, and feed the wool fibres grown still had 

marked variations in cross-sectional area along their length. 
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The initial work on fibre non-uniformity was performed by Banky 

and Slen (1955). These authors observed that on extension of a fibre, 

thinner segments stretched more than thicker segments. It was concluded 

that the load-extension of a single wool fibre was the superimposed 

product of the load-extension curves for individual segments of varying 

cross-sectional area of that fibre.. This concept provided the basis for 

later work of the effect of wool fibre non-uniformity on stress-strain 

behaviour. 

A prediction made by Banky and Slen (1955) is as follows; for a 

stress-strain curve normalised by mean cross-sectional area, as along 

fibre cross-sectional area variation increases, stress at break (SB) and 

extension at break (EB) decrease. It was later demonstrated that SB and 

EB were largely functions of area variability along the fibre at both 0 

and 100% RH (Collins and Chaikin, 1971). Thus, assuming uniformity of 

material the true SB and EB of the material of the fibre (Le. keratin) 

should be determined by its segment of thinnest cross-sectional area 

(Banky and Slen, 1955; Kenny and Chaikin, 1959; James 1963a). 

The most comprehensive work on the effects of fibre non-uniformity 

were performed by Collins and Chaikin (1965a; 1965b; 1965c; 1966; 1968; 

1969; 1971). In addition to conflrming Banky and Slen's (1955) 

prediction of a reduction in SB and EB with increasing area variability, 

these authors determined that the slope of the yield region of the stress-

strain curve was increased with an increasing level of variation in cross-

sectional area along fibres. 
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It was further noted that the respective stresses at 15% (SIS) and 

30% (S30) strain should be independent of the variation in cross-

sectional area along the fibre (Collins and Chaikin, 1965b). That is, SIS 

and S 30 should indicate real differences in the intrinsic material 

strength (IMS) of wool keratin. 

In practice it is unclear whether this supposition holds. This IS 

because there is contradictory evidence as to whether SIS and S30 are 

uncorrelated with CV of cross-sectional area along fibres (e.g. Collins 

and Chaikin 1968, Shah & Whiteley, 1966). The occurrence of non-

uniformity in dimensions along fibres poses the most difficult problem in 

development of a method for the measurement of the intrinsic material 

strength of wool. 

1.3 The Relationship Between the Structure of the Wool Fibre and its 

Longitudinal Mechanical Properties 

1.3.1 Wool as a Biological Composite 

It is a common practice in engineering that two or more components 

may be combined into a composite structure to make best use of the 

properties of its component materials whilst mitigating the effects of 

some of their less desirable characteristics (a theoretical review of the 

structures in biology is given by Harris (1980». The wool fibre is an 

example of a biological composite. The composite nature of its structure 

exists at all levels from the mantle-core arrangement of the cuticle and 

cortex to the molecular organisation of proteins in components such as the 

microfibrils. 
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The macrofibrillar matrix-microfibril composite IS thought to be 

the main detenninant of the longitudinal stress-strain behaviour of wool 

keratin, especially for extensions within the yield region where the 

mechanical properties of the fibre are recoverable (reviewed Chapman, 

1969; Hearle et al. 1971; Feughelman, 1980; Fraser and MacRae, 1980). 

There is also evidence that other fibre components such as the cortical 

cell-membrane-complex may have a role in determining the strength and the 

fracture behaviour of wool keratin (reviewed Zahn, 1980). 

1.3.2 The Matrix-Microfibril Composite 

A number of models have been proposed for the behaviour of the 

matrix-microfibril material under extension (reviewed Chapman, 1969; 

Hearle et al., 1971; Feughelman, 1980; Fraser and MacRae, 1980). Many 

workers believe the most tenable view of the composite is that of linearly 

elastic and high modulus (i.e. stiff) microfibrils in a viscoelastic and 

lower modulus (i.e. weak) matrix. The principal advantage of such an 

arrangement is that the matrix would distribute any applied stress evenly 

over the filaments, thus limiting propagation of cracks from 

concentrations of stress (i.e. flaws) (Slayter, 1962; Kelly, 1965; Fraser 

and MacRae, 1980). The determinants of the mechanical properties of 

matrix-filament composites with respect to mammalian hard keratins (e.g. 

wool) have been reviewed by Fraser and MacRae (1980). 
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1.3.3 The Microfibril 

The microfibril is probably a relatively well organised structure 

(reviewed Fraser ~, 1980; Fraser and MacRae, 1980), consisting of 

protein with large amounts of alpha-helical secondary structure. For 

strains within the "Hookean" region of the wool stress-strain curve 

(Figure 2.1, points A-B) the stre.ss developed in the microfibril results 

largely from the resistance offered to stretching by hydrogen bonding 

between alpha-helical coils (Astbury & Haggith, 1953; reviewed Feughelman, 

1980). At strains beyond the "Hookean" region the alpha-helical 

polypeptide chains are progressively disrupted (Astbury and Woods, 1933; 

Bendit, 1957; 1960). This occurs during the yield-phase of extension 

(Figure 2.1, points B-C) with little change in stress. Beyond the yield 

region it is thought that breakdown of covalent bonds such as disulphide 

cross-links occur (Feughelman, 1980). 

Microfibril length, orientation, and packing may also influence 

the matrix-microfibril composite's mechanical behaviour (reviewed Fraser 

and MacRae, 1980). 

1.3.4 The Matrix 

The matrix supposedly constitutes the more viscous component of 

the wool composite (Chapman, 1975a; 1975b; reviewed Fraser and MacRae, 

1980; Feughelman, 1980). It is thought largely to determine the time-

dependent effects observed in wool stress-strain behaviour which are most 

evident during the yield and post-yield phases of extension (reviewed 

Chapman, 1969). 
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The matrix is also believed to be the basis of the response of the 

stress-strain behaviour of wool keratin to relative humidity (reviewed 

Feughelman, 1980), although not all workers support this view (Collins and 

Chaikin, 1971; reviewed Zahn, 1980). 

Feughelman (1980) pr,oposes that the mechanical properties of the 

matrix are determined by weak forces such as hydrogen bonding and 

Coloumbic and Van der Waals interactions. However, the matrix, and in 

particular its high sulphur proteins, are rich in oxidised cysteinyl 

residues (reviewed Crewther, 1976; Fraser ~, 1980; Gillespie, 1983). 

These may form strong covalent cross-links within and between the matrix 

and the microfibrils (Fraser and MacRae, 1980). 

The role of disulphide cross-linking in the matrix to the overall 

stress-strain behaviour of wool is as yet unresolved. This problem is 

somewhat complicated by the fact that the non-helical portions of the 

microfibril proteins are also rich in cysteinyl residues (Crewther ~, 

1968). Nonetheless the total disulphide content of wool has been found to 

have an important influence on its longitudinal extension properties 

(Feughelman, 1963; Crewther, 1965). In wool fibres in which disulphide 

bonds were broken and prevented from reforming, it was shown that the 

stresses and slopes of the stress-strain curve decreased and strains 

increased on reduction in disulphide content (reviewed Chapman, 1969). 

The strain at the end of the yield region (Le. Figure 2.1, point C), was 

particularly sensitive to variation in the level of disulphide cross-

linking. Crewther (1965) reported- in a study of various animal fibres 

that the scatter of points for the relationship between Ey and disulphide 
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content was very small and fell on a single curve for all the fibres 

studied. 

Copper deficiency in sheep may cause the growth of weak wool 

(reviewed Ryder and Stephenson, 1968; Purser, 1979). The condition IS 

associated with the deterioration of crimp and faulty keratinisation of 

the wool fibre. Marston (1952), proposed the condition was due to the 

absence of copper in the catalysis of thiol to disulphide cross-links 

during keratin biosynthesis. Gillespie (1964) has shown that in copper 

deficient sheep there is a reduction in the sulphur content of the matrix 

high sulphur proteins. 

1.3.5 Adhesion of the Microfibril and Matrix 

A number of workers have predicted that strong direct coupling of 

the matrix and microfibril is probable during extension. (Chapman, 1969; 

Hearle et al.. 1971). As yet the bonding of these two components has not 

been measured; although, it has been pointed out that the net charges on 

microfibrillar protein and the HS protein are of opposite sign (Crewther 

and Dowling, 1960; Gillespie and Simmonds, 1960). It has been suggested 

that this may promote interaction between the microfibril and matrix. 

1.3.6 The Cuticle, Cell-Membrane-Complex, and Inter-Macrofibrillar 

Components 

Components other than the matrix and microfibrils comprise up to 

25% of the Merino fibre (Bradbury, 1973). Given this, it would seem 
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probable that these materials contribute to the strength of wool fibres 

(reviewed Zahn, 1980). 

The cuticle compnses about 10% of the material of the fibre (as 

measured in Merino wool fibres) and is composed of both keratin and non-

keratin components (reviewed Bradbury, 1973; Orwin, 1979a; 1979b; Fraser ~ 

aI., 1980). When under tensile .strain, extensive cracking of cuticle 

cells has been observed before fibre rupture (Dobb and Murray, 1976). 

This has been interpreted as indicating that the cuticle is less 

extendible than the cortex. 

The cuticle may influence the ultimate fracture behaviour of wool. 

In a study by Mason, (1964) fibres were notched up to a depth of one 

third of their diameter and then strength tested. It was found that SB 

(nonnalised for the intact area of cross-section remaining at the notch) 

increased with increasing notch depth. The author accounted for this 

paradoxical result by suggesting that the initiation of fibre rupture 

occurred at a few very serious "flaws" along the length of the fibre. 

Andrews (1964), in studies of face-on views of the broken ends of fibres 

found that origin of breakage in untreated wool and thus the probable site 

of such "flaws" was at the peripheral surface of the fibre. It is also 

known that chemical treatments which specifically damage the cuticle cause 

large reductions in SB (Clegg, 1949). 

The wool cell-membrane-complex and inter-macrofibrillar material 

appear to be natural planes of weakness in fibres subject to the forces of 

extension, compression, and torsion during wear (Orwin and Thomson, 1976). 

Zahn (1980) likened these non-keratin components of wool to surfaces 
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within composite structures with poor adhesion strength. It seems likely 

that under certain conditions, morphological features such as the cell 

membranes contribute to the longitudinal mechanical properties of wool 

fibres (Dobb and Murray, 1976; reviewed Zahn, 1980). 

Some insight into the strength of these components has been 

obtained from studies of the broken ends of fibres. Generally, fibres 

demonstrate breaks perpendicular to their axis (Andrews, 1964; Hearle .et.. 

aI., 1976; Dobb and Murray, 1976; Orwin ~,1985)' The appearance of 

these broken ends may range from fibres with a single fracture plane (i.e. 

a clean shear) to fibres which demonstrate some degree of splitting along 

their axes (i.e. axial splits) (see Figure 4.5 a and b). 

Dobb and Murray (1976) found that axial splits preferentially 

occurred along the cell-membrane-complex and the boundaries of 

macrofibrils in wool ruptured in water at 60 C. The authors concluded 

that these non-keratin components were weakened by the combined actions of 

absorbed water and elevated temperature. 

The incidence of axial splits in broken wool fibres has also been 

found to be increased by other treatments. These have included 

proteolytic degradation (reviewed Zahn, 1980) and tensile and flexural 

fatiguing of wool (Hearle et aI., 1976). 

For untreated wool fibres broken in air at 65% RH and 22 C, clean 

shear fractures predominate over axial splits (Dobb and Murray, 1976; 

Orwin eLJ!L 1985). Scanning electron microscopy has revealed that both 

clean shear and axial split breaks pass through cortical keratin i.e. not 
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along cell membrane complexes (Orwin et aI., 1985), There is no 

indication in the literature that the stress-strain properties of wool 

fibres which rupture in these two break-types differ. 

The mechanical properties of the medullated core of cells often 

found in thicker fibres (Le. > 35~l.m) is uncertain. Mason (1964) 

reported that medullation had no. effect on the stress at break (SB) and 

extension at break (EB) of Merino fibres. In apparent contrast, 

Parthasarthy ~ (1981) found that small differences occurred in the 

stress-strain properties of medullated and non-medullated fibres from 

Indian crossbred sheep. 

1.4 Sources of Variation in the Stress-Strain Properties of Wool Keratin 

In this section common methods of measuring the tensile strength 

of wool keratin will be critically reviewed. Literature on sources of 

variation in the longitudinal stress-strain properties of wool will then 

be discussed. This includes work on variability along fibres, between 

body-sites in the fleece, within breeds, and between breeds. Finally 

previous experiments on the relationship between the intrinsic material 

strength of wool fibres and staple strength will be reviewed. 

1.4.1 Methods of Measuring the Tensile Properties of Wool Keratin 

The literature is contradictory as to whether variation in the 

tensile strength properties of wool keratin from different sources 

occurs. This uncertainty may relate in part to difficulties in the 

measurement of the intrinsic material strength of wool fibres. 
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Stress-at-Break (SB) is the most widely measured fibre stress 

parameter (e.g. Tables 2.1 -2.3). Many workers have used SB normalised 

for the mean cross-sectional area of the fibre (Tables 2.1-2.3). However, 

it was recognised quite early on that this was not an accurate measurement 

of intrinsic material strength (e.g. Roberts ~,1960). Collins and 

Chaikin (1971) determined that SB normalised for mean area of cross-

section is largely a function of the variation of thickness along the 

fibre. A more appropriate SB estimator is probably normalised for cross-

sectional area at the point of minimum fibre thickness (Banky and Slen, 

1955; Kenny and Chaikin, 1959; James, 1963a). In practice, consistently 

determining and measuring the true minimum cross-section on wool fibres 

poses major technical problems. The precision of the estimate is also 

probably reduced by the fact that a significant proportion of fibres do 

not break at their narrowest point (Orwin et aI., 1980; 1985), 

The theoretical work of Collins and Chaikin (1965b) indicated that 

the stresses at 15 (S 15) and 30 % (S30) extension were unaffected by 

cross-sectional area variation along the fibre. Hence these were 

proposed as measures of intrinsic material strength. SIS and S30 were 

also suggested to be free from the effects of fibre flaws (Le. stress 

concentrations)(Chapman, 1969). Flaws may make measurements taken at 

break (e.g. SB and EB) less representative measures of the strength of the 

material of the fibre. 

Studies with actual wool fibres have produced equivocal results as 

to whether SIS and S30 are unconfounded by the effect of cross-sectional 

area variability. Collins and Chaikin (1968) reported correlations 
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between the S15 and CV of cross-sectional area m Merino, Corriedale, and 

Lincoln fibres. Shah and Whiteley (1966) found that the S30 of wool fibres 

from a number of sources demonstrated no relationship with cross-sectional 

area variability. It remains uncertain whether yield region measurements 

(e.g. S 15) are accurate indicators of the ultimate fracture behaviour of 

wool keratin. 

There are a great number of other measurable wool fibre stress-

strain parameters. Those in the literature include the stresses and 

strains at various points on the curve and the slopes of the "Hookean II , 

yield and post-yield regions. Other parameters such as fibre plasticity 

have also been measured (see Tables 2.1 and 2.3). Most of these are 

probably not appropriate indices of intrinsic material strength. Collins 

and Chaikin (1965b) concluded that all stresses other than those at 15 and 

30% extension were subject to fibre dimensional non-uniformity. Extension 

properties (e.g. EB) are also influenced by variation in cross-sectional 

area along fibres (Banky and Slen, 1955; Collins and Chaikin, 1971). 

Similarly, the slope of the yield region is theoretically a function of 

area variability (Collins and Chaikin, 1965b). At relatively low 

extensions, stress-strain parameters such as the "Hookean" slope are 

complicated by the effects of fibre crimp (Evans, 1954; O'Connell & 

Lundgren, 1954; Dusenbury and Wakelin, 1958). 

Clearly, interpretation of the relationship between the fibre 

stress-strain curve and the tensile strength of wool keratin is not 

simple. This area would benefit from further work. 
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Table 2.1 

Studies on the Variation of Stress-Strain Properties of 

Wool: Stress-Strain and Fibre Diameter 

AUTHOR 

Bosman!!..!!. (1940) 

Anderson & Cox (1950) 

O'Connell & Lundgren 
(1954 ) 

Evans & Montgomery 
(1953 ) 

Meybeck & Glanola 
(1955) 

Thorsen (1958) 

Dusenbury & Wakelln 
(1958) 

Whlte~ & Speakman 
(1959) 

8urgmann (1959) 

Roberts et al. (1960) 

Ross (1960b) 

DeWet & Speakman 
(1965) 

Shah & Whlte~ (1966) 

Collins & Chaikin 
(1968) 

Smuts and Hunter (1981) 

Orwl n et.!l. (1985) 

58 • breaking stress 
E8 • breaking extension 
YM • Young's modulus 

MEASUREMENT 

530 
Yield stress 
YM 

Stress-strain 
curve (65 ~RH) 

58 
(65 ~RH) 

530 

Stress-stral n 
curve (65 ~RH) 

Fibre plasticity 

515 (loa ~RH) 

58' S15' 
(65 ~RH) 

E8 

S8 

Fibre plasticity 

52' 530' 58 
(100 ~RH) 

flSo ~RH) 
58, E8 

58 (65 ~RH) 

SOURCE 

Merino (fibre bundles) 

Romney lamb 

california Vaughn breeds 
i.e. Rambouillet, Colombia, 
Suffolk, Navajo, Lincoln 

Merino, Rambouillet 
Targhee, Corriedale 

South American, Australian 
and NZ wool s 

California Vaughn breeds (see 
above), superfine Merino, 
Southdale, Hampshire 

California Vaughn breeds 
(see above) 

Merino 

Merino, Corriedale 

Ibid 

Romney, Half-bred tops 

Merino 

Fine, carpet, down & 
long wool-types 

Merino, Corriedale 

Corriedale and 
Merino tops 

Romney 

RESULTS 

Small positive relationship betwe. 
and diameter ,s8 

Large positive relationship 
between S8 and diameter 

Stresses (3~ strain unrelated 
to breed diameter 

Small positive relationship 
of stresses at all strains and 
E8 with diameter 

Large positive relationship 
between S8 and diameter 

Positive relationships of 
S30 with fibre and breed diameter 

Within breeds Small positive 
relationships of S8 and E8 with 
diameter 

Differences between primary 
and secondary fibres 

Small positive relationships of 
SIS with diameter for Corrledale 
wool 

Ibid 

Small positive relationship 
between S8 and diameter 

Differences between primary 
and secondary fibres 

No difference between mean and 
COV cross-sectional area correcte 
stress-strain parameters 

Slight positive relationship 
between 515 and diameter 

Within tops 58 and E8 constant. 
Between tops S8 increases slightl 
with top diameter 

58 constant with diameter 

52 • stress at 2~ extension 
515 • stress at 15~ extension 
530 • stess at 3~ extension 

F8 • force at break 
F30 • force at 3~ extension 
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1.4.2 Fibre Ellipticity and the Measurement of Wool Fibre Stress-Strain 

Properties 

In normalising for the influence of the area of fibre cross-

section on the stress-strain behaviour of wool keratin it is often 

convenient to assume that fibres have circular transverse dimensions. 

However, the cross-sectional shape of fibres tends to be elliptical (e.g. 

Rossouw, 1931; reviewed Bosman 1937). Whilst a number of workers have 

taken ellipticity into account in studies of the physical properties of 

wool fibres (e.g. Burgmann, 1959; Roberts e.t....al.. 1960; James, 1963b; 

Collins and Chaikin, 1965a, 1966; Shah and Whiteley,1966; Orwin ~, 

1985). the majority of workers have not (e.g. Joseph, 1926; Leroy and 

Charlet, 1949; Anderson and Cox, 1950; Ventner, 1953; Evans and 

Montgomery, 1953; Evans. 1954; O'Connell and Lundgren, 1954; O'Connell and 

Yeiser, 1954: Meybeck and Gianola, 1955; Banky and Slen, 1955; Dusenbury 

and Wakelin, 1958; Ross, 1960b; Rigby, 1962; Collins and Chaikin, 1965b; 

Whiteley and McMahon, 1965; Orwin et al., 1980; Smuts and Hunter, 1981; 

Hunter ~, 1983). An accurate estimate of intrinsic material strength 

probably needs to incorporate the influence of fibre ellipticity. 

1.4.3 The Variation of the Stress-Strain Properties of Wool 

Fibres 

1.4.3(i) Along Fibres 

Collins and Chaikin (1968) found that cross-sectional area 

variability could only partly account for irregUlarities in the observed 

form of wool fibre stress-strain curves. The authors suggested that 
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underlying non-uniformities of fibre material must be occurring at a 

similar magnitude to area variation. A further observation by Collins and 

Chaikin (1966) was made on a Merino fibre with a pronounced region of 

narrowed diameter. On extension, this region did not strain in expected 

proportion to thicker regions of the fibre. The authors again sunnised 

that this was consistent with a non-uniform distribution of the stress-

strain properties of keratin along. the fibre. 

Rigby and Robinson (1981) reported differences in the physical 

properties and disulphide content of the root and tip of Merino wool 

fibres. The authors ascribed their observations to atmospheric oxidation 

of thiol linkages in the exposed tip-end of the fibres. Significant 

differences in the slopes of the "Hookean" and yield regions of the root 

and tip halves of Romney fibres have also been described (Weatherill, 

1988). However, it is uncertain whether these reflect variation in 

structure between fibre halves. This because "Hookean" slope and yield 

slope are influenced by crimp and non-uniformity in cross-sectional area 

along fibres respectively (see chapter 2 section 1.4.1). 

1.4.3(ii) The Relationship Between Wool Fibre Stress-Strain Properties and 

Diameter 

Table 2.1 provides a summary of work on the relationship between 

the wool fibre stress-strain behaviour and fibre diameter. 

Most authors find only small relationships between stress-strain 

parameters and diameter. This holds for wool from a variety of sources. 

There is perhaps an indication from the literature that SB and EB increase 

slightly with increasing diameter. However, in most cases SB and EB were 

normalised by mean cross-sectional area. It is therefore not certain 
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whether these trends reflect slight increases In thickness variability or 

in intrinsic material strength with diameter. 

S15 has also been reported to have small upward trends with fibre 

diameter (Burgmann, 1959; Roberts kL..al., 1960; Collins and Chaikin, 

1968). 

1.4.3(iii) The Relationship Between Wool Stress-Strain Properties and 

Crimp 

All authors in Table 2.2 found significant decreases in the slope 

of the "Hookean" region (i.e. Young's Modulus) with increasing fibre 

crimp levels. 

Beyond the yield-region any effect of crimp on the wool fibre 

stress-strain curve is probably negligible. 

1.4.3(iv) The Variation of Wool Fibre Stress-Strain Properties Within 

Fleeces, Between Sheep, and Among Breeds of Sheep (Table 2.3) 

Whiteleyand McMahon (1965) reported only small variations in S30 

between body-sites on the fleece and between breeds of sheep. Larger 

differences occurred among individuals of the same breed. These authors 

also determined that there was little relationship between the variation 

of S30 and the sulphur content of wool. 

Evans (1954) concluded that within the fleece of individual Merinos, 

the stress-strain characteristics of wool fibres were relatively 

homogeneous. Differences were found between individual sheep of the 

same Merino type. The author's conclusions were primarily based on the 



TABLE 2.2 

STRESS-STRAIN AND FIBRE CRIMP 

AUTHOR 

Evans (1954) 

O·Connell & Yeiser 
(1954 ) 

O·Connell & Lundgren 
(1954 ) 

Dusenbury & Wakelin 
(1958) 

Balasubramaniam & 
White~ (1974) 

Smuts and Hunter (1981) 

SB = breaking stress 
EB = breaking extension 
YM = Young·s modulus 

MEASUREMENT 

YM 
F30FB 
(65 %RH) 

YM 
(65 %RH) 

S~o 
Yleld stress 
YM 
(100 %RH) 

Stress-strain 
curve (65 %RH) 

Decrimping 
parameters 

SB EB 

SOURCE 

Fleece & shoulder 
samples from 9 
Merino type sheep 

Ca 1 Horni a 
Vaughn breeds 
(see Table 2.1) 

California Vaughn 
breeds 

Cal Horni a Vaughn 
breeds 

Heri no 

Corriedale 
Merino tops 

S2 = stress at 2% extension 
S15 = stress at 15% extension 
S30 = stess at 30% extension 

RESULTS 

Small effects of crimp on stress-strain 
up to 20% strain 

Lower crimped wool exhibit greater 
stresses for equivalent strains than 
highly crimped fibres 

Small negative relationship between YM 
and crimp. Highly crimped wools demon-
strated a negative relationship between 
SB and diameter. Low crimp wool demon-
strated a positive relationship between 
SB and diameter 

Small negative relationship between YM 
crimp. No effect of crimp on stress at 
20% extension' 
Recovery of crimp properties of fibres 
strained almost to break 

Within tops SB constant with crimp, ES 
constant with crimp· between tops. Small 
negative relationship between YM and crimp. 

FB = force at break 
F30 = force at 30% extension 
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forces measured at 20% extension and at break:. These were adjusted for 

mean cross-sectional area of the fibres tested. Therefore, it is difficult 

to relate the observed variation to the intrinsic material strength of 

fibres. 

O'Connell and Lundgren (1954) compared the stress-strain propenies 

of wool within and between Rambouillet, Columbia, Lincoln, Suffolk, and 

Navajo sheep breeds. These sheep had been grazed outdoors for a year 

under similar environmental and feeding conditions. Significant 

differences occurred between individuals of the same breed and 

amongst breeds in their mean S30 values. The authors concluded that this 

variation was due to differences in the intrinsic strength of the wool 

keratins compared. 

Rigby (1962) could detect no significant differences in the yield 

region stress-strain properties (including SIS) of wool fibres from the 

Merino, Corriedale and Lincoln breeds. Conversely Collins and Chaikin (1968) did 

find significant variations in SIS between the same three breeds. The 

authors proposed that these differences were related to the microfibril 

content of the wools tested. However, this correlation between structure 

and SIS must be questioned. First, no direct measurement of the 

microfibril content of wool was performed. Secondly, the authors 

described correlations between the SIS and the CV of cross-sectional area 

of fibres (see chapter 2 section 1.4.1). This result would undermine 

confidence in the use of SIS as an index of intrinsic material strength. 

In summary it would appear that little variation occurs in the 

stress-strain propenies of wool fibres sampled within a fleece (Table 

2.3). There is evidence that differences do occur among individuals of 

same breed and possibly between breeds (Table 2.3). However, given the 

uncertainties of the measurement of intrinsic material strength, it 

remains to be shown that the variations observed reflect real differences 

in the physical properties of wool keratin. 



Table 2.3 

FIBRE STRESS-STRAIN VARIATION WITHIN SHEEP, BETWEEN SHEEP AND AMONGST BREEDS 

AUTHOR 

Evans (1954) 

OIConnell & Lundgren 
(1954 ) 

Thorsen (1958) 

Dusenbury & Wakelin 
(1958) 

Ri gby (1962) 

Whit.e1 ey & McMahon 
(1968) 

Collins & Chaikin 
(1968) 

Smuts & Hunter (1981) 

Orwin et.!I.. (1985) 

SB = breaking stress 
EB = breaking extension 
YM = Young1s modulus 

MEASUREMENT 

YM 
F30 FB 
(65 %RH) 

S30 
Yield stress 
YM (100 %RH) 

S30 
(65 %RH) 

Stress-strai n 
curve 
(65 %RH) 

Yield region 
stresses 

S30 
pl asti city 

SIS 
(100 %RH) 

SOURCE 

Fleece and shoulder 
from 9 Merino-type 
sheep 

California Vaughn 
breeds (see Table 2.1) 

California Vaughn 
breeds, superfine 
Merino, Southdale, 
Hampshire 

RESULTS 

Differences between and within Merino-
types 

Differences within and between breeds 

Differences between breeds 

California Vaughn Differences between breeds 
breeds (see Table 2.1) 

Corriedale, Lincoln 
Meri no 

10 sheep breeds 

Merino, Corriedale 
Li ncol n 

Corriedale, 
Merino tops 

NZ Romneys 

No differences between breeds 

Differences within and between sheep 
breeds 

Between breeds 

Differences between Merino breeds 

Differences between sheep 

S2 = stress at 2% extension 
S15 = stress at 15% extension 
S10 = stess at 30% extension 

FS = force at break 
F30 = force at 30% extension 
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1.4.3(v) The Relationship Between Staple Strength and 

the Stress-Strain Properties of Wool Keratin 

lIWool break \I is principally caused by 

a simultaneous narrowIng of fibres within a localised region of staple 

(Hardy and Tennyson, 1930; Lang, 1945; Roberts ~, 1960; Story and 

Ross, 1960; Ross. 1962; reviewed Henderson 1968; Ryder and Stephenson, 

1968; Bigham et at. 1983). The reductions in fibre thickness are in turn 

associated with such factors as nutrition, pregnancy, lactation and 

photoperiod (reviewed Bigham et aI., 1983; Hawker, 1986). 

Over the years there has been a long-running controversy as to 

whether the thinning of fibres in the "break" is associated with 

concomitant changes in the intrinsic material strength of wool. Joseph 

(1926) could find little change in the average extension and tensile 

properties of wool fibres from Rambouillet sheep which were pregnant, 

lactating or subject to different nutritional treatments. In apparent 

contrast, Leroy and Charlet (1949) described reductions of the order 15% 

in the SB for lactating ewes on a reduced diet compared to another group 

of lactating ewes offered a high protein diet. Ventner (1953) found an 

increase of 30% to 40% in SB on changing the diet of a flock of South 

African Merinos from pQor to good quality Veldt hay. 

Roberts et aI., (1960) pointed but that aspects of these early 

studies must be treated with some caution as SB was normalised by mean 

cross-sectional area. As discussed previously, this estimate of SB 
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reflects more the variability of cross-sectional area along the fibre than 

the intrinsic material strength of the keratin composing it. 

Burgmann (1959) studied the variation of SIS along Merino and 

Corrie dale wool fibres with large reductions in cross sectional area. The 

decreases in area of cross-section had been induced by low feed levels. 

SIS was constant along Merino fibres irrespective of variations in fibre 

area. For Corriedale wool fibres, SIS increased only slightly with 

increasing mean cross-sectional area. 

In a similar study by Roberts ~, (1960), individually penned 

Merino and Corrie dale sheep were fed a "drought ration" (feed of low 

quality and quantity). Substantial decreases in cross-sectional area 

along fibres resulted from this treatment. However, no coincident change 

in SIS' SB (nonnalised for minimum cross-sectional area), or EB could be 

detected along Merino fibres. Corriedale fibres once again demonstrated a 

small relationship between SIS and mean cross-sectional area. The authors 

concluded that in much so-called "tender" wool the keratin was of nonnal 

strength. The loss of staple strength in "tender" wool was suggested to 

be due simply to a reduction in fibre thickness. 

Whilst the contributions of Roberts et al., (1960) and Burgmann 

(1959) are substantial, both groups may be criticised on a number of 

technical grounds. First, only 17 and 12 fibres were tested by Burgmann 

(1959) and Roberts et al., (1960) respectively. Such small sample sizes 

limit the general applicability of their conclusions. Secondly, the 

cross-sectional area of fibres was measured using a short (5 mm) gauge-

length vibroscope (Burgmann, 1959). This method probably gives accurate 
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measurement of the mean cross-sectional area of fibres (James, 1963a). 

However, the usefulness of the vibroscope in measuring the dimensions of 

the thinnest point of the fibre, as performed by Roberts et al. (1960) is 

questionable. The technique can only resolve cross-sectional area as the 

mean of 5mm lengths of fibre. The thickness of wool fibres has been shown 

to vary considerably within 5mm lengths (James, 1963a; 1963b; Collins and 

Chaikin, 1965a). Hence, the in<;lependence of the SB estimate used by 

Roberts et al. (1960) from cross-sectional area variation along the fibre 

is in doubt. 

Later authors also challenged Roberts Ja.....al. (1960) assertion that 

the keratin of "tender" wool was "normal" (Orwin, et aI., 1980; 1985: 

Hunter et al.. 1983; Fitzgerald, ~ 1984), Orwin et aI., (1980) in 

investigations of the relationship between load-at-break (Lb) and the 

minimum diameter of Perendale fibres, determined that above a diameter of 

22J.l.m, a significant divergence occurred in the respective plots of fibres 

from "tender"(i.e. staples with a "break") and "sound" staples. The 

authors also reported that a significant proportion of fibres broke away 

from their narrowest point. In addition to reducing the precision of SB 

estimates normalised for minimum cross-sectional area, this result also 

raises the question as to whether the point of minimum thickness 

corresponds to the weakest point on fibres. 

Hunter et aI.-, (1983) reported that the variation in staple 

strength (cNtex- 1) of "sound" (i.e. > 3 cNtex-1) and "tender" (i.e. < 2 

cNtex-1) Merino wools was largely explained by variation in the tenacity 

(based on load-at -break normalised for minimum cross-sectional area) of 

the fibres comprising individual staples. The single fibre tenacity of 
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"tender" wools was on average 12 cNtex-1 whilst the corresponding value 

for "sound" wools was 18cNtex-1. These results appeared to concur with 

those of Orwin et al. (1980;1985). However, the two authors came to 

different conclusions. Hunter et al. (1983) sunnised that staple 

"tenderness" resulted from reductions in both the fibre diameter and the 

intrinsic material strength of fibres, whereas Orwin and co-workers (1980) 

proposed that differences in intripsic material strength between "tender" 

and "sound" wools arose from variation in the properties of wool from 

different sheep. Resolution of these conclusions was not possible as 

both groups had compared only "tender" and "sound" staples and had not 

included investigations of variation in intrinsic material strength along 

staples or between sheep. 

The role of intrinsic strength in detennining the tensile 

properties of the staple needs to be clarified. In particular, the weak 

region of fibres from both "tender" (i.e. with "break") and "sound" 

stapled individuals should be identified and characterised. This may 

resolve the question of whether wool fibres undergo a change in the 

strength of keratin when they thin-down or whether variations between 

individual sheep are responsible for the differences in intrinsic material 

strength between "tender" and "sound " wools. 
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2 STAPLE STRENGTH 

In this section the measurement, the industrial significance and 

the physical factors that determine staple load-extension behaviour will 

be reviewed. Biologically-oriented work on staple strength will also be 

discussed. The literature cited will place special emphasis on studies of 

the tensile strength of long-wooled staples. 

Much of the early work on New Zealand wool was performed by Ross, 

Story and co-workers (e.g. Ross 1959; 1960a; 1960b; 1961a; 1961b; 

1965; Story and Ross 1959; 1960). These studies were comprehensive, 

covering many aspects of the tensile strength of wool staples including 

subjective and objective measurement, and the physical and biological 

factors that influence staple strength. In addition, these authors 

provided the initial evidence for the importance of staple strength in 

relation to the processing performance of wool (Ross, Bratt, & Story, 

1960; Bratt, Ross and Story, 1963). 

2.1. The Wool Staple 

The wool staple is usually a distinct structure within the fleece 

of a sheep. Fibres growing in proximity to one another form a bundle 

which may consist of anywhere between 1000 and 25,000 fibres (Teasdale, 

1986). Staples from long-wooled breeds such as the Romney are typically 

long (e.g., > 100 mm), with pointed or tapered tips, whilst staples from 

the short-wooled breeds such as the Merino are typically short (e.g. < 100 

mm), with a blocky or flat tip (Henderson, 1968). 
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2.2 The Subjective Assessment of Staple Strength 

Traditionally, the assessment of wool characteristics such as 

diameter, length, crimp, style and strength have been performed 

subjectively on wool fleeces by skilled individuals (reviewed Ryder and 

Stephenson, 1968). For appraisal, a staple is normally removed from the 

clipped greasy fleece intact. Its. strength is estimated by the ring of 

the staple when it is flicked between the fingers or the pull required to 

break it (Lang, 1945; Roberts ~ 1960; Ross, 1960a; Henderson, 1968; 

Bigham et al. 1983). 

In studies by Ross(1960aj1961b) staples from Romcross, Merino, and 

Halfbred breeds were hand-assessed for strength and placed into five 

grades (1 and 5 being the grades for staples with the lowest and highest 

strengths respectively). On average, hand assessment was found to 

accurately predict the objectively measured staple strength of a grade, 

however within a hand-breaking grade the variation in staple strength was 

high. Australian workers have also found that subjective assessment of 

. staple strength as practiced is not particularly sensitive (Roberts ~ 

al., 1960; Rottenbury, 1979; Teasdale, 1986). Rottenbury (1979) concluded 

that hand appraisal could not reliably judge staple strengths greater than 

20-25 Nktex -1. In a single Merino wool lot the author described staple 

strength varying in an approximately normal distribution between 5 and 85 

Nktex -1. This indicated that upwards of 70% of the potential range of 

staple strengths (i.e. 25-85 Nktex- 1) could not be accurately ranked by 

hand. This result is especially relevant to industry where, as discussed 

in the following section, it has become increasingly clear that more 

precise methods of objectively measuring staple strength are necessary. 
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2.3 The Objective Measurement of Staple Strength 

2.3.1 The Industrial Importance of Staple Strength 

The principal importance of staple strength to industry is its use 

10 the prediction of post-carded fibre length (e.g. Andrews, 1979; Turpie 

and Gee, 1980; Rottenbury ~, 1983; 1986a; 1986b; Brown ~, 1985; 

Ross and Meikle, 1985; Teasdale, 1985; Ranford et al., 1986; reviewed 

Douglas, 1986). The early work in this area was performed with New 

Zealand wools by Ross, Bratt and Story (1960, 1963). These authors 

determined that the level of fibre breakage during carding was 

significantly increased for "tender" as compared to "sound" wools. In 

Merino tops, a continuous relationship has been demonstrated between post-

carded fibre length (Hauteur) and staple strength (Nktex-1) (Andrews, 

1979; Rottenbury ~ 1986a). 

The TEAM (Trials Evaluating Additional Measurements) project has 

been the most comprehensive study of the relationship between staple 

strength and the processing performance of wool fibre (Rotten bury ~, 

1983; Brown et al.. 1985; reviewed Douglas, 1986). The project involved 

sending consignments of Merino wools to 14 combing mills in a number of 

countries. For the mills, between 42 and 97% of the variation in mean 

post-carded fibre length (Hauteur) in the top could be explained in 

multiple regressions with variables including staple length (mm), fibre 

diameter (11m), vegetable matter base (%) and staple strength (Nktex- 1). 

The level of variation in post-carded fibre length explained by multiple 

regressions for long-wooled staples are generally lower than those derived 

for fibre length in Australian Merino tops(Ross and Meikle, 1985; Ranford, 
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1986; Orwin ~,1987). The reason for this is not clear, although it 

may relate to the way in which carded fibre length is 

specified in Australian and New Zealand studies. Australian workers use 

length in the top, in which fibres have been carded, gilled and then 

combed to remove short fibre. In New Zealand studies fibre length is 

measured following carding or following carding and gilling. 

Staple strength-mediated reductions in post-carded fibre length 

influence the spinning performance of wool (Turpie and Gee, 1980; 

Rottenbury et al.. 1986b; reviewed Hunter, 1980) and probably alter the 

physical properties of yams (Rottenbury et aI., 1986a; reviewed Hunter 

1980; Wood, 1983/1984). Rottenbury et ai. (1986b) reported that the 

carding loss, combing noil, and the spinning potential of weaker wools 

( <35 Nktex -1) were poorer than those of "sounder" batches. Staple 

strength and Hauteur were also found to have a minor effect on yam 

strength, although their influence on yarn evenness was found not to be 

significant. 

The relationship between staple strength and processing has 

hastened the development of testing devices which perform accurate and 

efficient measurements on large numbers of staples (reviewed Ross and 

Story, 1986). These include the ATLAS (Apparatus for Testing Length and 

Strength; Commonwealth Scientific and Industrial Research Organisation, 

Division of Textile Physics), the PERSEUS (University of New South Wales, 

School of Wool and Pastoral Sciences) and the SA WTRI staple 

length/strength testers (South African Wool Textile Research Institute). 
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The three instruments described measure both the length and 

strength of staples. There are differences between the machines in the 

way these two tasks are carried out. For example, PERSEUS measures staple 

length and strength simultaneously as the clamped staple is extended. The 

ATLAS and SA WTRI devices measure length and strength in independent 

operations. There is some uncertainty as to whether these machines are 

suitable in their present form for the measurement of staples from long-

wooled sheep breeds (Ranford et aI., 1986). 

There are correlations between staple strength and the occurrence 

of other industrially important faults in the wool fleece (Henderson, 

1955; Ross, 1960a; reviewed Bigham et aI., 1983), Fleeces of low staple 

strength are generally lighter in greasy weight and demonstrate a tendency 

to cot (i.e. fibre entanglement) (reviewed Bigham e.La1, 1983). In 

addition, Henderson (1955) found a reduced level of staple strength was 

associated with increased incidence of "yolk stain", "cakey yolk", "pink 

rot" and "dingy wool" faults in fleece wool from New Zealand sheep breeds. 

2.3.2 The Physical Determinants of Staple Strength 

2.3.2(i) The Staple Load-Extension Curve 

Figure 2.2 is a typical load-extension curve for a "sound" long-

wooled staple (Ross, 1986). As the staple is extended its fibres are 

decrimped and straightened. As fibres are not of uniform length within 

the gauge (Ross, 1961a), not all fibres take up the load simultaneously. 

The registered load therefore rises to a peak and falls in accordance with 

the distribution of crimped fibre lengths and their extensions to break. 
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Figure 2.2 

The Staple Load-Extension Curve 
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The most commonly measured strength parameters taken from the 

curve are the peak-load which is then converted to peak-force (Newtons) 

and work (Joules = area under the staple load-extension curve) to break 

the staple (Figure 2.2). Other parameters measured from the curve include 

the respective extensions at peak-force and staple break and breaking 

angle (Figure 2.2) (reviewed Ro~s, 1986). 

Table 2.4 provides a summary of some of the literature on 

objective staple strength measurement. It includes details of wool types, 

conditions of testing, load-extension parameters, methods of linear 

density estimation and the units employed by a number of different 

workers. 

2.3.2(ii) Normalising Staple Tensile Strength Parameters for 

Differences in Staple Size 

Wool staples are not of uniform size. Thus, staple strength is 

expressed in units normalised for these differences. For peak-force this 

is usually achieved by dividing force (Newtons) by estimates of its 

average linear density (gm-1 = ktex) to give units of Nktex-1 (F#). The 

minimum linear density of the staple IS also used by some workers (Cizek 

and Turpie, 1985; Turpie and Cizek 1985; Orwin et al., 1987). 

The techniques used to ascertain the linear density of staples 

vary considerably. Perhaps the largest difference in methodology occurs 

between those techniques based on direct measurement of staple mass 

divided by the length of staple broken (Ross, 1960a; Edenborough and 



Table 2.4 

'HE OBJECTIVE MEASUREMENT OF STAPLE STRENGTH 

REFERENCE WOOL TEST CONDITIONS 

Device Gauge extension %RH,C load-extension Standardising UnHs 
1 ength (mm) rate (mm/mln) parameter parameter 

Ross (1959) Romney modified 62.50 100 peak force (lb) mass(g) l/b9 
Goodbrand work(lI1Il.lb) 
strength tester 

Ross (1960a) Romney Ibid 62.50 95.0 65% RH, Ibid Ibid l/bg 
Merino 37.50 20C II1Ill/bg 
Corrledale 

Ross (196lb) Romney Ibid 62.50 100 Ibid Ibid 
and 
variable 

Roberts et al. Australian 50 peak-force( I b) Ibid ,; of a standard 
(1960) wool lots staple's strength 

Ontons et al. Br1tish tops Leeds and 49 peak-force(N) lIIass N/9, J/g 0'1 
-l (1977) -- Instron tester work(J) 

Gee (197B) South African Instron depends on 200-500 peak-force(cN) mass 1 ength cN/tex 
wool lots staple length (constant rate) (tex) 

Cafft n Hertno ATLAS Ibtd 180-360 65% RH peak-force(N) staple thtckness N/ktex 
(1980; 1983) (constant rate) 20C work(J) gauge(Caffln; J/ktex 

1976)(ktex) 

Andrews et al. Ibid Ibid Ihld lbtd Ihld peak-force(N) staple thickness N/ktex 
(1982) gauge and 

mass/II ength 

Balnann (1981) CSIRO Ibid Hand cranked peak-force(N) staple thickness Nlktex 
manual tester gauge 

Ctzek and Turpte SAWTRI Length/ Ibid 1200 peak-force(N) supl e cross- Njktex 
(1985) strength tester mean force(N) section profile N,lktex.mm 
Turpte and Cizek (mean and min 
(1985) esttmates) 

Kennedy (1983) PERSEUS Ibid constant rate peak-force(N) sUpl e mass/ N/ktex 
gauge length 

Orwtn et ale Instron and 40 100 65% RH, peak force(N) mass(g) ,min Nktex 
(198,7)- manual ZOC work (K!JI1III) staple thickness Kgll1ll/g 

(Balnann 1981) (ktex) 
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Nossar, 1973; Onions et aI., 1977b; Keogh and Teasdale, 1984; Orwin et 

aI., 1987) and those which gauge staple thickness (Caffin, 1980; 1983; 

Cizek and Turpie, 1985; Turpie and Cizek, 1985; Orwin et· aI., 1987). 

Usually the mass or thickness of the staple is corrected to its 

proportion of clean wool (i.e. yield). In Merino wools, Keogh and 

Teasdale(1984) determined that li,near density estimated from the clean 

yield of individual staples and test-certificate yield for the lot from 

which the staple was derived did not differ significantly. These authors 

concluded that little accuracy was compromised in calculating staple 

strength on the basis of the mean strength, yield and staple length values 

from a lot, rather than from individual staples. The lot based method 

simplified the measurement of staple strength on large numbers of staples; 

an advantage in automated testing. However, information on the variation 

between staples is lost by this method. 

In studies on New Zealand Romcross wools, Ross and Meikle (1985) 

found that method of calculation of staple linear density had significant 

effects on staple strength (cNtex-1). Linear density estimates based on 

whole staple length and whole staple clean wool weight (i.e. staple 

length/ clean conditioned staple weight and staple length/greasy staple 

weight x sample yield) were higher than strength values nonnalised for the 

clean conditioned weight of wool between the clamps. 

For long-wooled staples, the yield of clean wool within the region 

of localised weakness is lower than the mean for the rest of the staple 

(Orwin et al.. 1987). Consequently, linear density measurements taken on 

staples from long-wooled breeds must relate to the region of wool broken. 

The varying wool yield along staples is probably caused by the seasonal 

variation in suint and grease production that occurs in long-wooled breeds 
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(Story and Ross, 1960). The amount of suint and grease along staples may 

also be affected by weather. 

Where gauge lengths vary, linear density is not the most accurate 

normaliser of staple work to break (de Jong ~, 1985; Carnaby, 1986; 

van Luijk, 1986). This is due to the introduction of variability from the 

relationship between the absolute. extendibility of fibres within a given 

length of staple and linear density normalised work to break. 

Staple clean wool mass normalised work to break (Jg-1) should not be 

influenced by this relationship (de Jong et aI., 1985; van Luijk, 1986). 

2.3.2(iii) The Effect of Test Conditions on Staple Strength 

If the fibre characteristics that determine staple strength are to 

be defined, the influence of the procedure of testing on tensile strength 

must be limited. In this section factors associated with the method of 

staple strength measurement such as gauge length, extension rate, and 

method of clamping the staple will be reviewed. 

2.3.2(iii)a Gauge Length 

The "weakest-link" theory (Pierce, 1926; reviewed Morton and 

Hearle, 1975) predicts that the probability of including a weak region of 

staple in the test length rises as gauge length increases. Accordingly, a 

negative relationship between wool staple strength (Nktex-1, Jg- 1) and 

gauge length has been reported by a number of workers (Ross, 1961a; 
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Edenborough and Nossar, 1973; Onions et al. 1977b: Caffin, 1983; de Jong 

et al.. 1985). 

Typically in summer shorn wools from New Zealand long-wooled 

breeds the region of "break" (i.e. the "weak-link") occurs as a visually 

distinct region 20% to 40% up the staple from its butt end (Ross, 1961b). 

In Merino wools however, such. regions are not usually as distinct and may 

" occur at any point along the length of the staple (Caffin, 1983). Wool 

break" in Australian fleeces often results from drought and a consequent 

shortage of feed. 

The importance of including the weak region In the test length was 

demonstrated in a study by Ross (1961a) of the staple strength of 10 

Romney sheep. For most sheep, staple strength (cNtex- 1) decreased as 

gauge length increased from 25 to 102 mm. However, the most pronounced 

reductions were found in the strength of "tender" staples as their regions 

of "break" became included within the gauge length. 

As fibre breaking extension variability rises, the effect of gauge 

length on staple load-extension becomes more pronounced (van Luijk, 

1986). This occurs as the probability of the occurrence of a "weak-

link" is related to the level of breaking extension variability between 

fibres. 

2.3.2(iii)b Extension Rate 

Staple strength is normally tested at constant rates of extension 

(see Table 2.4). The effect of speed of extension on staple strength 
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does not appear to be great (Gee, 1978; Caffin, 1983: de Jong et aI., 

1985). Gee (1978) described small increases in peak-force based 

estimates for constant extension rates between 200 and 1000 mm min-I. 

Similarly, de Jong and his co-workers (1985) noted that both peak-force 

and work to break increased slightly with faster constant extension rates 

between 0.1 and 1000 mm min-I. For extension rates between 1800 and 6000 

mm min-I, Caffin (1983) found. no significant change in either peak-force 

or work to break. 

2.3.2(iii)c Other Factors Associated with Test 

Staple Strength 

Conditions Affecting 

Both relative humidity (%RH) and temperature are known to affect 

single wool fibre stress-strain behaviour and hence may influence staple 

strength. Caffin (1983) has suggested that these factors will probably 

only have small effects. Nonetheless, staple strength is nonnally tested 

in conditions standardised for relative humidity and temperature. 

A number of different methods of clamping staples for strength 

testing have been developed (reviewed Ross and Story, 1986). Ross (1960a) 

used clamps that were serrated, leather-lined and had a flat region of 2-3 

mm at the testing edge. Caffin (1976) reported the development of a clamp 

consisting of interleaved plates. These held staples efficiently without 

damaging fibres. Caffin-clamps were used on prototypes of the ATLAS 

strength/length testing device. However, they have now been superceded by 

an open-type jaw (Whiteley, 1986). In these jaws, two rounded metal rods 

press the staple end into a rubber-like pad with sufficient force to grip 

fibres. 
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Small negative correlations between staple strength and mass have 

been reported by some authors (Ross, 1960a; Onions ~,1977b). The 

basis of this trend is uncertain, although Onions and co-workers (1977b) 

attributed it to a decreasing effectiveness in gripping the staple with 

increasing staple size (Le. mass). Variation from this source can be 

minimised by standardising the &ize of staple tested. 

2.3.2(iv) The Effect of Fibre Characteristics on Staple Strength 

2.3.2(iv)a Single Fibre Properties 

The decrease in the strength of wool staples with a "break" is 

ascribed primarily to a localised and simultaneous reduction in the 

cross-sectional area of fibres (Hardy and Tennyson, 1930; Lang, 1945; 

Roberts et al.J960; Story and Ross, 1960; Ross, 1962; reviewed 

Henderson, 1968; Ryder and Stephenson, 1968; Bigham ~,1983). Such 

reductions in thickness result in a lowering of fibre breaking extensions 

and consequently a loss of staple strength (de Jong et ai., 1985; van 

Luijk, 1986). The decreases in fibre thickness are largely the result of 

changes in wool growth rate which in turn are mediated by factors such as 

photoperiod, nutrition, and lambing (see chapter 2 section 2.4). 

In simulations of staple load-extension, reductions in fibre 

thickness are modelled as the level of variation (Le. CV ) in cross-

sectional area along fibres (e.g. de Jong ~,1985). Both peak-

force and work to staple break have been shown to be sensitive to this 

variable (de Jong kUll" 1985; van Luijk, 1986). 
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A relatively low correlation was described between staple strength 

(peak-force) and the average minimum cross-sectional area of fibres in 

long-wooled staples (Fitzgerald et aI., 1984; reviewed Bigham ~, 

1983). This result was taken as evidence that fibre cross-sectional area 

was of limited importance in determining variation in staple strength. 

However, the mean cross-sectiona,l area of fibres varies from staple to 

staple. This complicates the use of average minimum cross-sectional area 

as an index of change in mean fibre thickness and consequently some 

caution is required in the interpretation of its relationship with staple 

strength. A high correlation was also described by the above authors 

between average minimum fibre cross-sectional and the mean cross-sectional 

area of fibres in the region of staple "break". There is however an 

uncertain relationship between mean cross-sectional area of fibres in the 

region of staple "break" and the mean cross-sectional area of individual 

fibres at their true position of break. Hence once again, the 

appropriateness of using average minimum cross-section in relationship 

to staple strength must be questioned. 

There is some evidence that the intrinsic material strength of 

wool fibres influences staple strength (Orwin et aI., 1980; Hunter et 

aI., 1983; Orwin et al.. 1985). Hunter and co-workers (1983) found a 

close correlation (r=0.92) between the tenacity (normalised for minimum 

cross-sectional area) of single fibres and the tensile strength (cNtex-1) 

of the staple that the fibres composed. However, other workers have found 

no evidence for differences in intrinsic material strength between so-

called "tender" (Le. wools of low staple strength) and "sound" wools 

(Roberts et aI.. 1960). To date, intrinsic material strength has been 
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omitted as a variable from physical models of staple strength (e.g. de 

Jong ~, 1985; van Luijk, 1986). 

Differences in the level of breaking extension variability among 

fibres has also been shown to be an important variable in theoretical 

studies of staple load-extension behaviour (de Jong et al., 1985; van 

Luijk, 1986). 

2.3.2(iv)b Staple Fibre Length Distribution 

Within wool staples, individual fibres have differing crimped 

lengths (Lang and Chaundri, 1948; Goldsworthy and Lang, 1954; Ross, 

1961a). This results in a greater than unity fibre/staple length ratio 

(Ross, 1961a). As this ratio increases the reduction in peak-force is 

quite marked although the area under the staple load-extension curve (i.e. 

work) remains constant (van Luijk, 1986). Differences in the coefficient 

of variation (CV ) of fibre length within the gauge will also influence 

peak-force, but not work to break estimates of staple strength (de Jong et 

aI., 1985; van Luijk, 1986). 

Ross (1961a) noted that irregularities in the load-extension curve 

shape from the typical single-peaked variety occurred in some Romney 

staples. This shape variation was more marked in staples of lower 

strength. The author suggested that this variation was principally 

associated with the fibre length distribution of the staples. Non-

normal distributions of fibre breaking extensions theoretically might 

also cause irregularities in staple load-extension curve shape. Caffin 
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(1983) found that Merino wool staple load-extension curves rarely departed 

from the single peaked or near-Gaussian type. 

2.3.2(iv)c Other Fibre Characteristics Influencing Staple Strength 

Fibres that do not completely span the gauge length affect staple 

strength. The origin of fibres . not continuous between the clamps of the 

strength tester include; fibres that have ceased growth such as observed 

in staples with a pronounced region of "break" (Lang, 1945; Ross, 1962; 

Henderson, 1968), fibres that have not ceased growth but are too short to 

span the gap between the tester's clamps (Onions et ai., 1977b; van Luijk, 

1986) and fibres that have been broken owing to handling of the staple 

prior to testing. 

Cotted or entangled fibres may affect staple strength by 

increasing the probability of fibre-to-fibre interaction during staple 

extension (Orwin et ai.. 1987). 

2.3.3 Distinctions between Peak-Force and Work to Break as Measures of 

Staple Strength 

The differing sensitivities of peak-force and work to break to a 

number of the physical determinants of staple strength are summarised in 

Table 2.5. The influence of variables associated with the staple fibre 

length distribution (e.g. staple to fibre length ratio, CV of staple 

fibre length, staple fibre length distribution shape) on peak-force and 

the insensitivity of work to break to these variables probably represents 
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the most important distinction between the two tensile strength estimates 

(see chapter 2 section 2.3.2iv(b) ). 

Table 2.5 

Factors Affecting Work and Peak-Force at Break 

(Ross, 19611; Edenborough and Nossar, 1973; Onions et al., 19771,; Caffin, 1983; 
de Jong et al., 1985; van Luijk, 1986) 

Degree of Effect 

Peak-force (F#) Work (W#) 

Cross-sectional area moderate high 
variation along fibres 

Stapl elfi bre 1 ength ratio high low 

Stapl e fi bre 1 ength high low 
variation 

Breaking extension variation moderate low 

Gauge 1 ength low high 

As peak-force is strongly influenced by the arrangement of crimped 

fibre length within the staple and work to break is not, the latter has 

been suggested in theory to be a more accurate index of the tensile 

strength of wool fibres within staples (e.g. Caffin, 1983; de Jong et ai., 

1985). In practice peak-force has been found to be a more sensitive 

predictor of the post-carded fibre length of Merino tops than work to 

break (de Jong ~) 1985). Work to break has also been shown to be a 

more variable estimate of staple strength in Australian Merino lots than 

peak-force (de Jong et al., 1985). De Jong et al. (1985) ascribed the 

increased variability of work to break to a relatively uniform level of 

crimped fibre lengths within Merino staples and difficulties in accurate 
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measurement of staple extension and gauge length. To date, this 

discrepancy between the theoretical and practical application of staple 

strength measurement remains unresolved. 

In conclusion, it is emphasised that the load-extension behaviour 

of wool staples is a matter of some complexity. Many factors underlie the 

detennination of staple strength, including the conditions of testing and 

the physical characteristics of the fibres compromising the staple. 

Meaningful interpretation of staple strength estimates must also take into 

account the units in which strength is expressed (e.g. Newtons vs Work) 

and the method by which these units are nonnalised for differences in 

staple size. 

2.4 Biological Factors Affecting Staple Strength 

A large number of biological factors are associated with staple 

strength variation. These include the influence of season, nutrition, 

pregnancy, lactation, age and breed (reviewed Bigham et aI., 1983; Ross 

and Story 1986). Systematic variations of staple strength have also been 

identified within fleeces and between individual sheep. 

2.4.1 The Annual Wool Growth Cycle 

Ferguson et ai. (1949) found that pen-fed Merinos and Corriedales 

given a unifonn level of nutrition exhibited an approximately sine-wave 

shaped variation in wool growth. This cycle had a 12-month period and 

troughed in winter. Although these authors attributed the variation to 

temperature, it is now generally regarded as being caused by the annual 
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variation of day-length or photoperiod (Hart, 1955; Morris, 1961; Bennet, 

1962; Hart et aI., 1963). 

In modern domestic breeds the wool growth cycle is thought to be a 

vestige of the photoperiod-induced shedding of the spring fleece which 

still may be observed in primitive breeds such as the Soay and the Mouflon 

(reviewed Ryder, 1978). Ryder. (1969) characterised the fibre shedding 

cycle in the Wiltshire sheep, a modern meat breed which moults its coat 

annually in spring. Primary follicles were found to have largely ceased 

growth during winter. Secondary follicles became inactive somewhat later 

and remained quiescent for a shorter period. Wool fibres were held in 

inactive primary and secondary follicles by "brush ends". The fibres were 

shed in spring following the initiation of new fibre growth. 

2.4.2 Seasonality and Staple Strength 

The annual cycle of wool growth in New Zealand long-wooled breeds 

IS such that wool production rates during the summer may be up to three to 

four times those of winter (Coop, 1953; Story and Ross, 1960; Ross, 1962; 

Sumner and Wickham, 1969; Bigham et aI., 1978a; Sumner, 1979, 1983; Geenty 

et al.. 1984; Hawker et aI.. 1984; Hawker and Crosbie, 1985). Wool fibres 

narrow as a consequence of the winter trough in wool growth (June-August). 

This occurs to the extent that a region of localised weakness or "break" 

may form in the staple. At its most pronounced the "break" is associated 

with a complete cessation of fibre growth (Lang, 1945; Ross, 1962; 

Henderson, 1968). 
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If sheep are shorn post-lambing, as is the usual practice, the 

region of weakness will occur 20 to 40% up the staple from its shorn 

(butt) end (Ross, 1986). Pre-lamb wools are substantially stronger than 

post-lamb shorn wools (Story and Ross, 1959; Ross, 1960a). This is as the 

pre-lamb shear coincides with the occurrence of the seasonal fibre cross-

sectional area minimum and hence the "break" will be at the staple butt 

rather than further into the staple. 

Merinos on uniform levels of nutrition demonstrate virtually no 

thinning of fibre in response to photoperiod (Ferguson et aL. 1949). 

The day-length-induced drop in wool growth in this breed is probably not 

an important factor in its staple strength variation. In Australian 

studies, seasonal variations in Merino wool growth are generally 

attributed to cyclic changes in pasture composition and feed availability 

(Roe et al.. 1959; Williams and Schinckel, 1962;. McManus et aI., 1964; White 

and McConchie, 1976). Hawker (1986) suggests that the seasonal wool 

growth changes observed in New Zealand Merinos are also largely related to 

annual pasture growth cycles in the high country to which this breed is 

mainly confined. 

A complex and relatively poorly understood set of interactions 

influencing staple strength occurs between season and other factors such 

as nutrition, breed, and age. There is also evidence that variation in 

the degree of wool growth seasonality between sheep may affect the tensile 

strength of staples within long-wooled breeds (Bigham et al., 1978a; 

Hawker and Crosbie, 1985; Hawker, 1986). 

Long-wooled breeds are less responsive in terms of wool growth to 

increases in feed availability during winter as compared to summer 
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(Sumner, 1979, 1983; Hawker et al., 1984; Hawker and Crosbie, 1985). The 

low winter wool growth in response to feed has been suggested to 

exacerbate the occurrence of staple "break" in these breeds (Hawker and 

Crosbie, 1985; Hawker, 1986). 

Small differences in the amplitude of the seasonal rhythm of wool 

growth occur between long-wooled breeds (Bigham et al., 1978a; Sumner 

1983). Bigham and co-workers (1978a) ranked breeds in terms of their 

mean winter/summer wool growth ratio from highest to lowest as; Perendale 

> Coopworth > Romney > Corriedale > Cheviot. It is uncertain whether 

these differences in seasonality influence staple strength. Bigham ~ 

(1978b) could identify only limited variation in the incidence of 

subjectively-assessed "tenderness" between Romneys, Coopworths and 

Perendales. 

A reduction in the seasonality of wool growth with age has been 

proposed as one factor that might underlie changes to staple strength 

(Bigham et aI., 1978b; 1983). A number of workers have identified that 

staple strength and "soundness" increase with age in long-wooled breeds 

(Sumner and Wickham, 1969; Bigham et al., 1978b, 1983, Ross, 1986; 

Wickham, 1986). However, other reports have indicated little systematic 

change in staple tensile strength with the maturity of long-wooled sheep 

(Horton and Wickham, 1979; Fitzgerald et aI., 1984), Brown (1971) 

determined that the incidence of subjectively-assessed "tenderness" 

decreased with age in 2, 3 and 4 year old Merino wethers. 

Variation in the degree of seasonalility of wool growth between 

individual sheep has been proposed to have an important affect on staple 
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strength (Hawker and Crosbie, 1985; Hawker, 1986). Hawker and Crosbie 

(1985) selected 40 long-wooled ewes (Romney and Perendale) with a history 

of either low (W -) or high (W +) winter wool growth from a flock of over 

600 sheep. In a pen-feeding trial it was found that the differences in 

winter wool growth were maintained independent of nutritional level and 

that a relatively large increase occurred in the staple strength (peak-

force) of the high winter wool producing sheep over that of the low group. 

2.4.3 Nutrition and Staple Strength 

The incidence of subjectively-assessed fleece "break" has been 

found to increase with higher stocking levels of sheep at pasture 

(Lambourne, 1956 ; Sumner and Wickham, 1969). This is probably caused by 

a lowered mean availability of feed with increased intensity of grazing. 

Bigham et al. (1983) described an inverse relationship between pasture 

allowance and the incidence of "tenderness". 

The quality of diet may have an effect on staple strength. Horton 

and Wickham (1979) investigated a number of winter grazing systems. The 

authors concluded that forage crops (swedes) resulted in reduced feed 

intakes, decreases in staple strength (peak-force), and reductions in 

subjectively-assessed "soundness" when compared with pasture grazing 

treatments. A sudden change of diet from 100% pasture hay to 100% forage 

resulted in sheep growing wool staples with the lowest mean tensile 

strength of all treatments examined. A similar observation was made in a 

study by Brown (1971). The author determined that the incidence of 

"tenderness" (subjectively-assessed) was higher in Merino wethers that had 

been fed conserved fodder and released directly to green pasture than in 



82 

animals that had been gradually weaned from their conserved diet onto 

fresh feed. It has been suggested that such sudden changes in feed 

quality induce "break" by causing digestive or metabolic upsets (Brown, 

1971; Horton and Wickham, 1979). As yet, this hypothesis has not been 

substantiated. 

A number of workers. have shown that feed level during mid-

pregnancy has a significant influence on staple strength (Monteath, 1971; 

Fitzgerald ~;l 1984). Monteath (1971) found that sub-maintenance 

feeding of grazing Romney ewes during mid-pregnancy resulted in large 

reductions in staple strength (peak-force) compared to gestating ewes fed 

ad-lib. Smaller effects of differential feeding on Coopworths and Romney 

during mid-pregnancy were reported by Fitzgerald et ai. (1984). 

Restrictions on feed during late pregnancy and post-partum had little 

effect on staple tensile strength in this study. 

Thus far, nearly all of the studies reviewed in this section have 

involved pasture-grazed sheep. Coop (1953) pointed out that unknown 

variations in the quantity and quality of feed intake makes control of 

nutrition of sheep at pasture difficult. Pen-feeding of sheep allows 

relatively good control over the nutritional· circumstances of individual 

animals (e.g. Ferguson et al., 1949: Coop, 1953; James, 1963a; Geenty et 

ai., 1984). Barry (1969), in a study of penned twin-bearing Romneys found 

that staple breaking extensions were strongly influenced by plane of 

nutrition. The author also reported that protection of protein (casein) 

from ruminal digestion by formaldehyde fixation resulted in increased 

staple breaking extensions. 
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A small difference in staple strength was detennined between two 

groups of penned long-wooled sheep fed at either a high or low plane over 

winter (Hawker and Crosbie, 1985). The means of the two feed treatments 

in this study were low (2.5 and 2.0 gftex- 1 for the high and low groups 

respectively) and by usual standards the levels for both groups would be 

considered "tender". 

Prolonged nutritional stress has been implicated In predisposing 

sheep to form a fleece "break" (Barnard, 1962; Thwaites, 1972). Thwaites 

(1972) reported that short-term semi-starvation (10% maintenance for two 

weeks) did not result in a fleece "break" (subjectively-assessed) in 

penned Merino wethers. Cortisol treatment of sheep fed at 75% maintenance 

for ten weeks resulted in the formation of pronounced "break" in their 

fleeces. No such "break" occurred in the wool of sheep fed at 150% 

maintenance prior to cortisol treatment. 

2.4.4 Staple Strength and Pregnancy and Lactation 

As wool growth In the breeding ewe is reduced below that of the 

non-breeding ewe (reviewed Corbett, 1979), it is thought that pregnancy 

and lactation influence staple strength and staple "soundness" (Stevens 

and Wright, 1952; Ross, 1965; Hight et al., 1976.:. Horton and Wickham, 

1979; Bigham ~ 1978b; Fitzgerald et aI., 1984: reviewed Bigham ~ 

aI., 1983; Ross and Story, 1986). The majority of workers have found that 

small decreases in staple strength occur for ewes bearing and rearing more 

than one lamb. Conversely, however, Ross (1965) reported that Romneys 

bearing two lambs demonstrated slightly higher mean staple strengths 

(peak-force) than single-bearing ewes. 
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Bigham e.t.J!L (1983) observed in flocks in which all ewes were 

joined to the ram that barren and single-bearing ewes demonstrated a 

similar incidence of fleece "tenderness". The authors suggested that 

this may have been explained by factors such as poorer health in barren 

ewes. 

Historically in 10ng-w09led sheep, the wool staple "break" has 

been referred to as the lambing "break". Most workers now agree that 

this is a misnomer (Horton and Wickham, 1979; reviewed Bigham et aI., 

1983; Hawker, 1986). The association between lambing and "break" is 

probably due to the seasonally-related localised weakness in the staple 

becoming obvious at parturition. 

2.4.5 Follicle Productivity, Fibre Shedding and Staple Strength 

Fibre cessation of growth and shedding influences staple strength 

(Lang, 1945; Ross, 1962; Orwin et aI., 1987). 

Ross (1962) concluded that variation in wool growth rate 

(volume/day) resulted in a change to fibre dimensions that was constant In 

its proportion. This occurred irrespective of the thickness of the fibre. 

The author also proposed that with decreasing wool production in response 

to factors such as season, nutrition and pregnancy, fibres would 

eventually reach limiting diameters below which their growth would cease. 

Lang (1945), in a study of the "break" region of staples, found that for 

long-wooled breeds, cessation of fibre growth occurred in a diameter range 

between 10-12 Jlm. There is some evidence that thicker and thinner fibres 

respond differentially in terms of thickness change to varying wool growth 

rates (Lang, 1945; Lockart, 1956; Ross, 1960a; Downes and Lyne, 1961). 
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An increased level of fibre shedding with increasing nutritional 

stress has been reported for Merino (Lyne, 1964) and Scottish Blackface 

sheep (Doney and Smith, 1961). However, Ryder (1956) detennined in the 

Masham long-wool-type breed that the level of fibre shedding of sheep 

well-fed over winter was significantly higher than that of undernourished 

animals during summer. Hence, there may also be a seasonal aspect to the 

cessation of wool growth and s~bsequent shedding of fibres in this breed 

in response to factors such as nutrition. 

2.4.6 Variation of Staple Strength within Fleeces 

Considerable variations in staple strength occur within the 

fleeces of individual sheep (Ross, 1961a; Rottenbury et al., 1981; Teasdale, 

1986). Ross (1961) reported that the CV of staple strength (peak-force 

and work to break) within samples from a group of Romneys was 

approximately 15%. The CV for "tender" fleeces in this study was higher 

than that of sounder fleeces (20% vs 10%). 

Bigham (1986), lfl studies with Romneys, Coopworths and Perendales 

detennined that the component of variance due to differences between 

staples within these fleece body-sites was 8~ktex -It Within a single 

Merino fleece Teasdale (1986) found that staple strength varied from 33 to 
1. 

60 (Nktex-~. 

A further source of staple strength variability within fleeces 

results from differences between body-sites (Ross, 1961a; Gordon and 

Engel, 1980; Rottenbury et al, 1981; Ross and Meikle, 1985; Bigham, 1986; 

reviewed Ross and Story, 1986). This variation has been attributed to 
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factors such as weathering of the back (dorsal) fleece (Ross, 1961a; 

Rottenbury et al.. 1981) and microbial degradation of belly wool (Gordon 

and Engel, 1980). There is some indication that "neck" staples are 

"sounder" than those from other body-sites, although accounts of the 

degree to which the strength of neck staples differ from other body-sites 

vary(Ross, 1961a; Ross and Meikle, 1985; Bigham, 1986). 

2.4.7 Variation of Staple Strength Between Sheep 

Differences between sheep have been identified as an important 

biological source of variation in staple strength (Story and Ross, 1960; 

Ross, 1965; Rottenbury et aI., 1981; Orwin et aI., 1980; 1985; Ross and 

Meikle, 1985; Bigham, 1986). In flocks of "sound" long-wooled pre-lamb 

shorn Romneys, Ross (1961a) determined that yearly estimates of the CV of 

staple strength (peak-force) between sheep ranged from 18 to 27%. 

Similarly high between sheep variabilities have been reported in studies 

of Merinos (Rotten bury et aI., 1981; Teasdale, 1986). Rottenbury~, 

(1981) found that 61% of the variation in staple strength (peak-force) 

within five Merino mobs could be attributed to differences between sheep. 

There is evidence that between-sheep differences in staple 

strength are determined at least in part by factors inherent to 

individual animals. In early work, Ross (1965) found that significant 

correlations occurred between yearly estimates of staple strength (peak-

force) taken from the same Romney sheep. The author proposed that this 

repeatability between years indicated a reasonable level of heritability 

for staple strength. More recently, Bigham and co-workers (1983) have 
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reported that staple strength (peak-force) has a highly significant 

heritability in flocks of hoggets. 

There is some disagreement as to what factors might underlie 

between-sheep variation in staple strength. A number of workers have 

identified a link between the efficiency with which sheep grow wool and 

staple strength (Geenty et aI., 1984; Hawker and Crosbie, 1985; Hawker, 

1986). Geenty et al. (1984) reported a high correlation between the 

efficiency of wool growth and staple strength (peak-force) for six penned 

Romney ewes fed a maintenance diet for one year. In a larger study 

involving 40 pen-fed sheep, Hawker and Crosbie (1985) concluded that -the 

efficiency of wool growth over winter was an important determinant of 

staple strength variability in long-wooled breeds. Whilst the winter 

efficiency hypothesis is attractive, it remains to be shown that 

efficiency is the sale factor underlying sheep-to-sheep differences in the 

tensile strength of wool staples. Other workers have proposed that 

intrinsic material strength differences among sheep may determine this 

source of staple strength variation (Orwin et aI., 1980, 1985). 
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3 THE RESEARCH PROJECT 

The role of the intrinsic material strength (IMS) of wool fibres 

in determining staple strength has been controversial for many years (see 

chapter 2 section 1.4.3v). A number of authors have proposed that IMS has 

no influence on staple strength (Burgmann, 1959; Roberts et aI., 1960; 

Thwaites, 1972; Hawker, 1986) .. Conversely other authors have determined 

that IMS does contribute to variation in staple strength (Leroy and 

Charlet, 1949; Ventner, 1953; Slinger et aI., 1966; Orwin et al.. 1980, 

1985; Hunter et aI.. 1983; Fitzgerald et aI., 1984; Fitzgerald, 1986). 

Within the latter view there is also disagreement. Some workers have 

suggested that reductions in staple strength are mediated by a weakening 

of IMS within the "break" region of "tender" staples (Hunter et aI., 1983) 

whereas other authors have suggested that variation in the mean IMS of 

individual sheep account for the differences in staple strength between 

so-called "tender" and "sound" wools (Orwin et aI., 1980; 1985), 

More recently Hawker (1986) has concluded that variation in wool 

keratin structure (i.e. IMS) accounts little for variation in staple 

strength. The author proposed that in long-wooled breeds, winter wool 

growth efficiency explained much of the variation in staple tensile 

strength between sheep, irrespective of level of nutrition. 

A number of reasons underlie the non-uniformity of opinion 

described above. Such reasons include difficulties in reliable 

measurement of IMS (see chapter 2 section 1.4.1). However, perhaps more 

importantly to date there has been no systematic study of variation in 
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wool fibre IMS and its relationship with staple strength. Here, such a 

study is perfonned. The aims of the work are summarised as follows: 

1. Conduct a controlled pen-feeding trial with a flock of 

Romney sheep, varying winter nutrition in order to 

generate wools of varying staple strength. 

2. Characterise the principal sources of variation in staple 

strength in the trial (e.g. due to winter nutrition, due 

to differences between sheep). 

3. Detennine what factors, other than IMS, have a role in 

detennining the principal sources of staple strength 

variation identified in the trial. 

4. Devise an accurate method of measuring the IMS of wool 

fibres. 

5. Detennine whether winter nutrition results in a change in 

IMS within the "break" region of low strength staples. 

6. Detennine whether the IMS of wool varies between fleece body-

sites. 

7. Detennine whether the IMS of wool varies between sheep. 
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8. Establish if any observed variations in the IMS of wool 

fibres account for the principal sources of staple 

strength variation identified in the trial. 
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CHAPTER 3 

1 INTRODUCTION 

In this experimental chapter the fIrst three aims listed in 

chapter 2 section 3 are addressed. In order to generate wools varying in 

staple strength (i.e. aim 1), non-;pregnant Romney ewes were divided into 4 

groups. Each group was offered one feed treatment over winter. The 

treatments ranged from sub-liveweight to above-maintenance feed levels. 

The ewes were penned and the nutritional status of each animal was 

carefully monitored over the treatment period. 

The first part of the results provides background data on the 

nutrition, wool growth, wool growth effIciency, and fIbre diameter 

measurements taken on the sheep during the trial. The second part of the 

results details the mid side staple strength measurements taken on the 

trial sheep. This includes data on the range of staple strengths (i.e. aim 

1) and the major sources of staple strength variability in the trial (i.e. 

aim 2). The final part of the results examines some of the factors that 

might account for the sources of staple strength variation identified 

(i.e. aim 3). This includes investigations of the relationship between 

staple strength and factors such as nutritional status, winter wool growth 

effIciency, fibre cross-sectional area, and staple load-extension curve 

shape. 
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2 MATERIALS AND METHODS 

2.1 General 

An experimental trial was conducted between April and November of 

1984 at the Ministry of Agriculture and Fisheries (MAF) Templeton 

Research Station. Templeton Station is situated 17km South-West of 

Christchurch, New Zealand. 

The sheep studied were non-pregnant and selected from 60 New 

Zealand Romney ewes. The mean age of all sheep at the start of the 1984 

trial was similar at 30 months. The flock had been used in a preliminary 

study of staple strength over winter of 1983. As outlined in section 2.2 

information on staple strength, fleece weight and liveweight from the 1983 

trial were used to allocate animals to the ~ 1984 treatments. 

During the 1983 trial all sheep were 2-tooth hoggets. Over the summer of 

1983/1984 prior to the 1984 winter trial the sheep were run on pasture as 

a flock at Templeton and allowed to feed ad-libitum. 

The management of the sheep (Le. care and feeding) and some of 

the experimental measurements taken during the trial were performed by 

staff at the Station. These will be indicated as (MAFtech) in the 

following description. Other measurements were carried out at the Wool 

Research Organisation of New Zealand (WRONZ) unless otherwise stated. 

Appendix table B4 summarises some important trial variables measured on 

individual sheep including; sheep identification number, liveweight at the 

trials start, bodyweight change over the nutritional treatment period, 

mean midside wool production rate over the treatment period, mean midside 
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fibre diameter over the treatment period, mean wool growth efficiency over 

the treatment period, peak-force at staple break, work to staple break, 

mean single fibre stress at break at the fibre's point of break, mean 

single fibre extension at the end of the yield region, mean single fibre 

extension at break, and mean single fibre cross-sectional area at the 

fibre's point of break. 

2.2 The 1984 MAFTech/WRONZ Winter Nutritional Trial 

Table 3.1 summarises the design of the experiment. Eleven sheep 

were allocated to each of the four nutritional treatment groups. Each 

group was "balanced" for sheep with comparable ranges of staple strength 

(Nktex-1, 1983 November shearing, measured as in section 2.4.5,l greasy 

fleece weight (1983 November), and sheep live weight. 

Table 3.1 

The Design of the 1984 MAF/WRONZ Winter Nutritional Trial 

1983 Stapl e 1983 greasy fleece Pre-treatment 
strength (Nktex-1) weight (kg) 1 iveweight (kg) 

Nutritional 
Group Range Mean Range Mean Range Mean 

Lo 13.9-53.5 26.5 3.4-6.4 4.6 44.0-68.0 52.5 

(M 10.3-32.7 22.3 3.4-6.4 5.0 46.0-60.0 53.6 

)M 13.3-35.8 25.5 4.3-5.9 5.0 46.0-61. 0 52.3 

Hi 12.7-35.2 22.9 3.9-6.6 5.2 44.5-64.5 53.3 

Number of sheep/treatment = 11 
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The trial is summarised in Figure 3.1. The experiment was divided 

into three parts. The flrst part was a 10 day pre-treatment period. The 

second part constituted the nutritional treatment which spanned the months 

from the beginning of May to the end of August. The third period ran from 

the end of the nutritional treatment up until the time the sheep were 

shorn in mid-November. During this period the sheep were run as a flock 

on pasture and were allowed to .feed ad-libitum. 

2.2.1 The Pre-treatment and Nutritional Treatment Periods 

On 26th April the 44 trial sheep were taken from pasture and 

placed in individual stalls within an enclosed shed. The shed was well 

ventilated and exposed to natural light. Over the following 12 days the 

sheep were introduced to their treatment period diet of chaffed lucerne 

hay. Feed was not limited until the 7th May, at which time the 

nutritional treatments commenced. 

The nutritional treatments were designated; 

a) below liveweight maintenance (Lo) , 

b) slightly below liveweight maintenance «M), 

c) slightly above liveweight maintenance (>M) , 

d) above liveweight maintenance (Hi). 

The objective of each treatment was to achieve a uniform rate of 

change in the mean liveweight of the group toward a "target" weight that 

would be reached at the end of the 116 day treatment period. For the Lo 

and <M groups, respectively 8 and 2 kg reductions in group mean 
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Figure 3.1 

Time Course of Treatments and Measurements over the 1984 Trial 

April May June July Aug Sept Oct Nov 

The Trial Divisions 

Pre-t reatment 
period 

26 Apr - 7' May 

Nut rit i ona 1 
treatment period 

Pasture grazing 
period 

Trial Measurements 

.OM1 & OG2 of feed 
offered refused 

sheep liveweight 

Plasma FFA levels 

Midside wool clipping 

Midside staple 
dye-handing 

Midside, shoulder, 
and thigh staples 

Sheari ng 

7 May _______ 31 Aug 

31 Aug ______ 19 Nov 

7 May 31 Aug 
(weekly intervals) 

7 May 31 Aug 19 Nov 
(weekly intervals) (4-weekly intervals) 

7 May 31 Aug 
02-weekly intervalS) 

7 May ________________ 19 Nov 
(4-weekly intervals) 

7 May ___ --:-____________ 19 Nov 
(4-weekly intervals) 

19 Nov 

20-21 No' 

10M = dry feed matter 
2DG = in vitro digestible feed matter 
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liveweight were "targeted". Thus, the animals in these two groups would 

be in continuous negative nutritional balance over the treatment period. 

For >M and Hi treatments, 5 kg and 8 kg gains in group mean liveweight 

were respectively "targeted". Sheep in these two groups would be in 

positive nutritional balance over the treatment period. 

Figure 3.2 
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The nutritional group feed levels were reviewed weekly in relation 

to liveweight and appropriate adjustments were made if necessary 

(MAFfech). The mean feed allowances offered to each of the four groups 

over the treatment period are plotted in Figure 3.2. 
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2.2.2 The Pasture Grazing Period 

On 31st August all sheep were released from their stalls and run 

together on pasture. Over the fIrst week the sheep were gradually taken 

off the chaffed lucerne hay diet and onto grazed feed. During the 

subsequent pasture grazing period the sheep fed ad-libitum. 

2.3 Trial Measurements 

The timing of trial measurements over the 1984 trial are 

summarised in Figure 3.1. 

2.3.1 Feed Measurements (MAFfech) 

Fresh feed was weighed out and offered to sheep each morning 

during the nutritional treatment period. 

The % dry matter (DM) and % in-vitro digestibility (DG) was 

measured on the feed stock each week (Geenty, 1983). Feed refused by 

individual sheep was also accumulated over a week, weighed and its % DM 

and % DG were estimated. 

2.3.2 Liveweight (MAFfech) 

The sheep were weighed (kg) at weekly intervals during the 

nutritional treatment period. Prior to weighing all sheep were fasted 

overnight. 
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During the grazing period the sheep were weighed at four-weekly 

intervals. All liveweight measurements were adjusted for the estimated 

weight of greasy fleece (kg) on the sheep at the time of weighing (see 

chapter 3 section 2.4.2.). The adjusted measurement is referred to as 

bodyweight. The mean liveweight of trial sheep did not undergo a 

significant change between the beginning and end of the 12 day pre-

treatment period (51.0 vs 51.9 kg, SEM = 0.86). 

2.3.3 Blood Plasma Free Fatty Acid Levels 

The blood plasma free fatty acid levels (FFAs) of sheep were 

determined at two-weekly intervals during the nutritional treatment 

period (figure 3.1). 

Blood samples were taken following liveweight measurement. The 

samples were withdrawn from the jugular vein using needle-tipped 10 ml 

heparinised vacutainer tubes (Becton-Dickinson, Rutherford, New Jersey, 

U.S.A.) and were immediately placed in iced water. The samples were 

centrifuged at 6000 rpm for ten minutes and the plasma was separated and 

stored at -20 C. 

FF As were extracted from the plasma samples using the method 

described by Patterson (1963). The concentration of the extracted FFAs 

was determined spectrophotometrically (Mosinger, 1965; Crane and Lane, 

1977). 
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2.4 Wool Measurement 

2.4.1 Wool growth Rate 

Rectangular patches of approximately 100 cm2 of skin, measured at 

the trials start, were clipped on the right midside of sheep at four-

weekly intervals over the trial (Figure 3.1) (Bigham, 1974). All wool 

was clipped using Oster animal clippers (Oster Manufacturing Co., 

Milwaukee) with size 30 blades. The greasy wool clipped from the 

patches was conditioned at 65% RH, 20·C for 24 hours and weighed. The 

samples were then cleaned in hot (50-60·C) solutions as follows; 

(a) 1.5% Teric GN9 (I.e.I. Ltd.) 5 minutes, 

(b) 1.0% teric 5 minutes, 

(c) 2 x 5 minute rinses in hot tap water. 

Individual wool samples were scoured in small linen cloth sacks 

(made from 225 cm3 of material) that were secured by rubber bands. 

Following scouring, the samples were dried at 60·C for 20 minutes (CSIRO 

Regain Drier) and reconditioned at 65 % RH 20·C for 24 hours within the 

sacks. The samples then were removed from the sacks and the interior of 

the sack was carefully brushed onto a black card to remove the small 

number of wool fibres adhering to the cloth. Each of the cleaned midside 

wool samples were then weighed. 

The monthly growth rate is expressed as g wool cm -2 skin day -1. 

Gross efficiency for each monthly period of wool production is given as g 

wool cm-2 skin g-l digestible dry feed matter intake. 
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2.4.2 Greasy Fleece Weight Estimation 

The greasy weight of the fleece for each four-weekly sampling was 

estimated as follows. 

The greasy weight of. the full-length fleece (November 1983 -

November 1984) (GFW-TOT) was divided by the greasy weight of midside 

patch wool grown over the same period (GMS-TOT). This gives the MS-

RATIO; 

i.e. MS-RATIO = GFW-TOT/GMS-TOT 

The greasy weight of fleece grown over any gIven four-weekly 

sampling interval can be calculated by multiplying the weight of greasy 

midside wool grown in that sampling by the MS-RA TIO. For example, the 

weight of greasy fleece grown· over the fIrst sampling interval (GFW(l)) 

equals; 

GFW(l) = GMS(l) x MS-RATIO 

The general expression for the calculation of total fleece weight 

carried by the sheep at a given sampling (i) is; 

n 

GFW(i) = L GMS(i) x MS-RA TIO 

i=1 

Weekly body weight of a sheep was estimated by subtracting the 
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weight of greasy fleece at the end of the four-weekly sampling interval 

from each of the liveweight measurements taken within that interval. 

2.4.3 Wool Fibre Diameter 

Fibre diameter was measured on all midside patch clippings and a 

wool sample taken just prior to. the start of the trial (i.e. pre-

treatment) using a CSIRO Fibre Fineness Distribution Analyser (FFDA). 

This instrument is at the Ministry of Agriculture and Fisheries Hill 

Country Research Station at Whatawhata. The pre-treatment sample was 

clipped 1 cm from the base (i.e. butt) of staples. These staples had 

been cleared from mid side patch sites prior to the start of the trial. 

Sub-samples of the midside clippings and five standard wool tops 

were cut into fibre snippets 1.5 to 2.0 mm in length using a leather 

punch. The standards had mean diameters of 20.2 Jlm, 23.6 Jlm, 33.4 Jlm and 

39.5 Jlm. The snippets were conditioned at 65% RH, 20 C for 24 hours. and 

the diameter of fibres (1000 fibres per sample) were determined (Lynch and 

Michie, 1976). The FFDA was programmed to measure diameter optimally in 

the range from 0 to 60 Jlm. In this mode the measurement of fibres greater 

than 60 Jlm in diameter is performed slightly less accurately than fibres 

of diameter between 0 and 60 Jlm. Readings below 7 Jlm were not included in 

any calculations. 

The standard tops were measured at hourly intervals during the 

operation of the FFDA. 
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The frequency distribution, mean, standard deviation (SD), and 

coefficient of variation (CV ) of diameter were recorded for each midside 

wool sample. 

Mean midside fibre cross-sectional area was calculated from the 

diameter frequency distribution as: 

n 

L 1t (di/2)2/n 

i = 1 

n = 1000 fibres 

di = diameter of individual fibres 

1t = 3.142 

Fibre cross-sectional area is generally used rather than fibre 

diameter in discussion of fibre thickness in relation to staple strength. 

The CV of cross-sectional area between the nutritional treatment 

samplings (COV-CSA) was used as an index of the degree to which cross-

sectional area changed over the treatment period. 

2.4.4 Staple Dye-Banding 

Growing staples on the left midside were stained at skin level 

using Durafor-black dye at four-weekly intervals. 

The technique used was modified from that of Chapman and Wheeler 

(1963). Dye was dispensed from a hypodermic syringe onto the base of the 

staple as a thin stream of gel (1 % Durafur-black, 2.25% gelatin (Davis 

Gelatin (NZ) Ltd., New Zealand), and 1 % hydrogen peroxide (British Drug 

Houses Ltd., Poole, England). This modification usefully improved dye-

band definition on the staple. 
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The dye-banded staples were clipped from the sheep before shearing 

on 19th November 1984 (Figure 3.1). 

2.4.5 Staple Strength 

The method used to test staple strength was modified from that 

described by Ross (1959; 1960a). 

A full-length fleece sample was clipped from the right midside of 

each sheep on 19th November. Five staples were sub-sampled from 

different regions of this wool. Each staple was marked lightly with a 

felt pen at positions along its length corresponding to the dye-bands on 

staples from the same sheep. 

All staples for strength testing were adjusted to the same linear 

density (1.73 ktex) at their predetermined region of break. The 

predetermined region of break on staples from each sheep was identified 

visually and checked by comparison to the break-level on hand-broken 

staples from the same sheep. Staple linear density at the region of break 

was determined using a calibrated staple thickness gauge (Caffin, 1976). 

The greasy staples were conditioned at 65% RH, 20 C for 24 hours 

and then broken on a Schimadzu Autograph strength testing machine (40 mm 

gauge length, extension rate 100 mm min-I) at the Wool Science 

Department, Lincoln College. The predetermined point of staple break was 

always placed between the clamps. This region was generally below the 

middle of the staple and always well below the level of the staple tip. 
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No staples had a "break region" in which a major visible cessation of 

fibre growth had occurred. No fibre slippage was observed during staple 

extension. 

After breaking the staple, the point of staple "break" was 

recorded in relation to the reference bands marked on the staple. 

Staples from the Lo and <M gJ;"oups tended to break with relatively well 

defined bands across the staple. Thus, the point of break was relatively 

easy to judge. However, staples from the Hi and >M group generally 

demonstrated only a slight degree of localisation of break. For staples 

from these two groups the apparent mean level of break was estimated by 

eye. 

The wool between the clamps was then cut and its clean mass was 

detennined as in section 2.4.1. The mean linear density (tex) of this 

region of staple was calculated as the clean weight of wool broken (g) 

divided by the gauge length (m x 1000). 

The staple peak-force (N) and work (J), (Le. area under the load-

extension curve) to break were recorded. 

The peak-force and work to break load-extension parameters were 

both nonnalised by the mean linear density of wool within the 40 mm gauge 

length to give: 

Nktex-1 or (F#) and 

Jktex-1 or (W#) 



105 

Nonnalised peak-force to break and nonnalised work to break are 

respectively designated as F# and W#. W# will be directly proponional to 

the 19-1 estimate of staple strength (e.g. de long et aI., 1985; van 

Luijk, 1986) as gauge length did not vary in this study. 

The shape of the staple load-extension curves were subjectively 

classified into two types: (see Figure 3.15) 

(I) single-peaked curves, and 

(II) double-peaked curves. 

Staple load-extension curve type (LEC) is incorporated in multiple 

regression equations in chapter S. LEC type was treated as pseudo-

variable (Draper and Smith, 1981); single-peaked curves being designated 

o and double-peaked curves being designated 1 in the multiple regression 

equations. 

2.4.6 Shearing (MAF) 

The sheep were shorn on either 20th or 21st November. The greasy 

weight of the fleece was added to the total weight of greasy midside wool 

sample to give GFW-TOT; the total amount of fleece wool grown by the sheep 

since the November 1983 shearing (see chapter 3 section 2.4.2). 

2.5 Statistical Analysis 

The data subjected to ANOVA was checked for nonnality, homogeneity 

of variance, and lack of proponionality between sample SDs and means. 
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This was perfonned using the Minitab statistical package (Minitab Inc., 

U.S.A.). Some of the trial variables demonstrated significant 

correlations between sample means and sample SDs. The raw data for each 

of these variables were transfonned so that they could be appropriately 

analysed by ANOVA. This was done by applying various transfonnations 

until one was found which reduced the correlation between means and SDs to 

non-significance (p > 0.05). The. transfonnations used for each variable 

are given in Table 3.2. ANOV A was perfonned using the general statistical 

package GENS TAT (Rothamsted Experimental Station, England). 

ANOV As of midside wool production rate, midside wool production 

efficiency, and midside fibre diameter over the nutritional treatment 

period were perfonned using a split-plot design (Little and Hill, 1978). 

The nutritional groups represent the main-plot effects and sampling 

intervals represent the sub-plot effects. The trends of the variables 

over sampling intervals were partitioned into their polynomial components 

in the ANOV As. 

ANOVAs of FFAs were perfonned by treating the samplings as 

replicates (i.e. blocks) to which the nutritional treatments were 

applied. 

Staple strengths (i.e. F# and W#) were analysed by treating the 

five sub-sampled staples as randomised blocks. The separate ANOV As were 

perfonned to measure staple strength variation between nutritional 

treatment groups and amongst sheep within each of the treatments. 
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Table 3.2 

Transformation of Variables for ANOVA 

Variable Transformation 

(a) bodyweight none (see below) 

(b) wool growth rate x 0.25 

(c) wool growth efficiency 1 ogarithmi c log (x) 

(d) wool diameter none 

(e) FFAs logarithmic log (x) 

(f) F# (N ktex- 1) logarithmic log (x) 

(g) W# (J ktex-1 ) none 

The sample bodyweight means and SOs were negatively correlated in 

the Lo and (M treatments, whereas in the )M and Hi groups the sign of this 

relationship was positive. This occurred as the SO of bodyweight in the 

four nutritional groups increased over the nutritional treatment period. 

No transformation was found that would decrease the correlation between the 

SOs and the means in )M and Hi treatments without increasing the correla-

tion within ( M and Lo treatments (and vice-versa). As a result of this 

ANOVAs for the effect of nutrition on bodyweight were performed for each of 

the weekly samplings. This is not usually the analysis considered most 

appropriate for repeated samplings on the same experimental unit (e.g. a 

sheep) over time (Rowell and Walters, 1976). 
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The significance of differences between compared means was 

detennined using Duncan's Multiple Range Test. Unless otherwise 

specified all errors are given as the standard error of the differences 

between the means (SED). 

Simple linear correlations and regressions and were carried out 

using the Minitab statistical package (Minitab Inc., U.S.A.). 
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3 RESULTS 

3.1 Nutritional Measurements Made on the Trial Sheep 

3.1.1 Bodyweight 

Figure 3.3 plots the ~ean body weights for the Lo, <M, >M, and Hi 

nutritional groups over the trial. The F-statistic for the ratio of the 

variance between these four groups to the mean variance of bodyweight 

among sheep within the groups is plotted in Figure 3.4. At the start of 

the trial (7th May) the mean bodyweights for the groups ranged from 48.1 

to SO.8kg with an overall mean of 49.73 kg (Table 3.3). The group 

bodyweight means did not differ significantly (p>O.OS) at the start of the 

trial (Figure 3.4). The divergence in group bodyweights first became 

significant (p<O.OS) in the fifth week of the nutritional treatment. 

The Lo and <M group (Le. the negative nutritional balance 

treatments) underwent sharp declines in bodyweight during the first 14 

days (Figure 3.3). In the third week a slight upward adjustment to feed 

level was made to check the rate of these initial weight losses (Compare 

Figures 3.2 and 3.3). 

On average, the Lo and <M groups underwent -74 and -26 gd-1 rate 

reductions in bodyweight over the period of nutritional treatment 

respectively (Table 3.4). These rates culminated in 8.S kg (Lo) and 3.0 

kg «M) net % losses in mean bodyweight for these two groups. 
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The >M and Hi group (i.e. the positive nutritional balance 

treatments) underwent relatively steady increases in weight over the 

nutritional treatment period at rates of +49 and +89 gd-1 respectively 

(Figure 3.3 and Table 3.4). These resulted in 5.7 kg 

Figure 3.3 

Nutritional Group Bodyweight During the 1984 Trial 
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Figure 3.4 

The Effect of Nutritional Treatment on Group BodyWeight 
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Figure 3.4 shows the significance of divergence in bodyweight between 
the Lo, <M, >M and Hi nutritional groups over the treatment period. The 
horizontal line at F-RATIO = 2.9 indicates the level at which differences 
between groups become significant at the 5% level of confidence (Le. 
p<O.OS). 
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Table 3.3 

THE MEAN BODYWEIGHT (kg) OF NUTRITIONAL GROUPS AT THE START AND END 

OF THE NUTRITIONAL TREATMENT PERIOD AND AT THE END OF THE PASTURE GRAZING PERIOD 

Nutrit i ona 1 
Group 

Lo 

<M 
)M 

Hi 

Nut rit 1 ona 1 
Treatment Pp.riod 

Start End 

50.8 (2.0) 42.3 

50.0 (1. 3) 47.0 

48.1 (2.0) 53.8 

50.0 (1. 7) 60.3 

Pasture Grazing 
Period 
End 

(2.1) 53.0 (2.1) 

(1. 6) 55.2 (1. 7) 

(2.0) 54.9 (2.0) 

(1. 9) 59.0 (2.1 ) 

mean 49.73 (0.88) 50.80 (1.1) 55.52 (1.0) 

SEMs are given in parantheses 

Table 3.4 

THE CHANGE IN· MEAN BODYWEIGHT FOR NUTRITIONAL GROUPS OVER THE 

TREATMENT PERIOD 

Nutritional "Targetted" Actual Rate of Overa 11 % 
Group Change (kg) Change (kg) Change (gd-1) Change 

Lo -8.0 -8.5 (0.6) -74 (4.8) -16.6 (1.3) 

(M -2.0 -3.0 (0.7) -26 (6.0) -6.0(2.0) 

)M +5.0 5.7 (0.9) +49 (8.3) +11.9 (2.3) 

Hi +8.0 10.3 (1.1) +88 (9.5) +20.6 (1.8) 

SEMs are given in parentheses 
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(>M) and 10.3 kg (Hi) mean % net gains in bodyweight for sheep in these 

two groups. Data on the change in group bodyweight over the nutritional 

treatment period are summarised in Table 3.4. There was agreement between 

the actual and "targeted" nutritional group weight changes. 

At the end of the treatment period (31st August) the sheep were 

released from their pens onto pa~ture. The grazing animals were allowed 

to feed ad-libitum as one mob. The mean bodyweights of the groups then 

converged (Figure 3.3). At the second weighing of sheep on pasture (i.e. 

52 days after the finish of the nutritional treatment) the differences in 

mean bodyweight between the Lo, <M, >M, and Hi groups were not significant 

(p>0.05) (Figure 3.4). At the final trial weighing (21st November), group 

mean bodyweights ranged from 53.0 kg (Lo) to--' 59.0 kg (Hi) with an overall 

mean of 55.52 kg (Table 3.3). 

3.1.2 Blood Plasma Free Fatty Acid (FFA) Levels 

The mean treatment period FFAs of the Hi, <M and >M groups ranged 

from 380 to 474 IlMeqr1 (Table 3.S). The differences in mean FFAs 

between these three groups were not significant (p>O.OS). The FFAs of 

sheep in the Lo nutritional group (7S0 IlMeqr1) were significantly 

(p<O.OS) higher than the mean levels determined for the <M, >M and Hi 

groups. 

In Figure 3.S group mean FF A levels are plotted over the period of 

nutritional treatment. Group FF A levels varied widely between samplings. 

Lo group FFAs were always greater than those of the other three groups. 



Table 3.5 

log (FFA) 

FFA Aleql-l 
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THE NUTRITIONAL GROUP MEAN FFA LEVELS 

Lo(a) 

2.875 

750 bcd 

Nutritional Group 

(M(b) 

2.676 

474a 

)M(c) 

2.598 

396a 

Hi (d) 

2. 579 

380a 

SED 

0.06233 

Subscripts (i .e. a,b,c,d) indicate significant (p(O.05) differences between the 

untransformed nutritional group mean FFAs. 

Figure 3.5 

Nutritional Group Mean FFA Levels over the Treatment Period 
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The mean FFAs for the <M group also tended to be raised slightly above the 

FFAs of the >M and Hi groups. 

Summary: Each group of 11 sheep were subjected to one of four 

treatments in a range from negative (sub-maintenance) to positive (above-

maintenance) nutritional balance. Bodyweights changed at relatively steady 

rates, with animals in the Lo. <M, >M and Hi groups undergoing mean 

changes of -72.0, -26, +49.0 and +89 gd- 1 respectively. The FFAs of the 

Lo group were significantly (p<0.05) higher than the FFAs of the other 

three groups. There was no significant (>0.05) difference in the mean 

FFAs of sheep in the <M, >M and Hi treatments. 

3.2 Midside Wool Measurements on the Trial Sheep 

3.2.1 Wool Growth Rate 

As nutritional balance decreased from above to below maintenance 

(i.e. Hi to Lo) the amount of wool grown by nutritional groups decreased 

(Table 3.7). The variation that occurred between nutritional groups was 

highly significant (p<O.OI) (Table 3.6). 

The variation in flock mean wool growth rate between the 

nutritional treatment samplings is illustrated in Figure 3.6. This 

variation was significant (p<0.05). Overall flock wool growth rate 

decreased between the first (5th June) and the second (3rd July) 

samplings. Rises in growth were then recorded at the subsequent third 

(31st July) and fourth (28th August) samplings. 
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Table 3.6 

ANOVA OF GROUP (MIDSIOE WOOL GROlHH RATE)O.25 OVER THE 

NUTRITIONAL TREATMENT PERIOD 

Source 

Nutrition 

Sampl e time 

Interaction 
(Nutr. X Sample.) 

Residual 

* = 
** = 

(p(0.005) 
(p(0.01) 

Legend for Table 3.6 

Sources of Variation 

df Mean Sguare 

3 0.5060** 

3 0.0056* 

9 0.0162** 

160 0.0024 

Nutrition; variation due to differences between nutritional groups 

Sample time; variation due to differences between nutritional treatment 
samplings 

Interaction; variation due to the nutrition by sample time interaction 
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Ta b 1 e 3.7 

THE TREATMENT PERIOD MEANS AND SEDs OF(MIDSIDE WOOL GROWTH RATE)0.25 , 
FIBRE DIAMETER AND LOG (WOOL GROWTH EFFICIENCY) FOR NUTRITIONAL GROUPS 

Nutritional (Wool grolt/th 
Group rate)0.25 

Fibre Diameter log (wool growth 
( JJ) efficiency) 

Lo (a) 0.78 b,c,d 29.3 c,d 0.92 

(M (b) 0.88 a,c,d 30.2 c,d 0.93 

)M (c) 0.97 a,b,d 34.7 a,b 0.91 

Hi (d) 1.04 a,b,c 36.4 a,b 0.87 

SED 0.021 1. 22 0.046 

Subscripts (i.e. a,b,c,d) indicate significant (p(0.05) differences between 
nutritional group means. 

Figure 3.6 

Pooled Mean Wool Production Rate for the Flock over the Treatment 
Period 
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Each nutritional group demonstrated a distinctive variation in 

wool growth rate over the treatment period (figure 3.7). This interaction 

between nutritional treatment and time of sampling was highly significant 

(P<O.Ol) (Table 3.6). At the first sampling group wool growth rate ranged 

from O.600(Lo) to 1.040(Hi) gcm-2d- 1 x 10-3. The differences between the 

transformed means were highly significant (p<O.Ol) (Table 3.8). The Lo 

and <M groups underwent decliQes in wool growth rate as the nutritional 

t'l 
I 

Figure 3.7 

Nutritional Group Mean Wool Production 
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Table 3.8 

THE NUTRITION BY SAMPLE TIME INTERACTION MEANS AND SED FOR MIDSIDE 

WOOL GROWTH RATE OVER THE NUTRITIONAL TREATMENT PERIOD 

Transformed (wool growth rate)0.25 means 

Nutritional June July July August 
Group 5 3 31 28 

Lo 0.88 0.79 0.76 0.75 

(M 0.90 0.87 0.86 0.87 

)M 0.95 0.96 0.98 1. 01 

Hi 1. 01 1.04 1.05 1. 06 

Untransformed (gcm-2d- 1xl0-3) means 

Lo 0.600 0.390 0.334 0.316 

(M 0.656 0.572 0.547 0.572 

)M 0.815 0.849 0.922 1.060 

Hi 1.040 1.170 1. 216 1. 262 

SED (transformed means) = 0.021 
only 
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treatment progressed. A slight non-significant (p>O.05) rise in mean rate 

was measured for <M group animals at the final sampling of this period. 

The >M and Hi groups demonstrated steady rises in wool growth rate during 

the treatment period. 

In the final sampling of the nutritional treatment the Lo, <M, >M 

and Hi groups respectively had wool production rates of 0.316, 0.572, 

1.06 and 1.262 g cm-2d- 1 x 1O~3. There was a 300% difference between the 

Lo and Hi group means at the end of the nutritional treatment period. The 

differences between the transformed group means for this sampling were 

highly significant (p<O.Ol) (Table 3.8). 

On release of sheep from their pens onto pasture, increases In 

wool growth rate occurred in all four nutritional groups (Figure 3.7). 

The positive responses were particularly marked for sheep formerly in the 

negative balance groups. For the Lo group, a 384% increase occurred from 

its sampling of lowest mean wool growth rate (28th August = 0.316 g cm-2d-1 

x 10-3) to that at the last sampling of the trial (19th November = 1.53 

g cm-2d- 1 x 10-3). 

3.2.2 Wool Fibre Diameter 

There were highly significant (p<O.01) variations In mean 

mid side fibre diameter between nutritional groups and between samplings 

over the period of nutritional treatment (Table 3.9). Table 3.7 gives the 

mean overall treatment period diameter for each of the four groups. 

Figure 3.8 illustrates the systematic variation with time of the pooled 

mean of diameter for the flock. 
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Figure 3.9 shows the trends of diameter with time for each 

nutritional group. This interaction between nutrition and sampling time 

was highly significant (p<O.Ol) (Table 3.9). The mean pre-treatment (8th 

May) diameters of the groups ranged from 35.3 J.lm «M) to 37.2 J.lm (>M) with 

an overall mean of 36.2 J.lm (Table 3.10). The pre-treatment group means 

did not differ significantly (P>O.05). At the final sampling of the 

treatment period (28th August), ~here was a highly significant (p<O.Ol) 

45% difference in mean diameter between the Lo and Hi nutritional groups 

(i.e. Lo = 26 J.lffi Hi = 37.7 /-lIn). 

The Lo and <M groups both demonstrated curvilinear declines in 

fibre diameter over the period of nutritional treatment (Figure 3.9). The 

greatest change in fibre diameter was undergone by Lo group sheep, whose 

mean diameter was reduced by 27% from a mean pre-treatment level of 35.8 

J.lm to a diameter of 26 J.lm at the end of the nutritional treatment. 

The > M and Hi groups initially demonstrated small decreases in 

mean diameter between the pre-treatment and flrst trial samplings (Figure 

3.9). However subsequent to this, rises in flbre diameter were measured 

for both these groups. 

The degree of change in diameter over the treatment period for 

nutritional groups is expressed as the CV of diameter between samplings 

in Table 3.11. The CV for nutritional groups increased systematically 

from 2.8% for the Hi group to 13.8% for the Lo group. 
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Table 3.9 

ANOVA OF GROUP MIDSIDE FIBRE DIAMETER OVER THE NUTRITIONAL 

TREATMENT PERIOD 

Source 

Nutrit ion 

Sample time 

Interact ion 
(Nutr. X Sample.) 

Residual 

* = 
** = 

(p(0.005) 
(p(0.02) 

Sources of Variation 

df Mean Sguare 

3 650.9** 

4 176.2** 

12 47.0** 

200 8.2 

Nutrition; variation due to differences between nutritional groups 

Sample time; variation due to differences between nutritional treatment 
samplings 

Interaction; variation due to the nutrition by sample time interaction 

Ta b 1 e 3.10 

THE NUTRITION BY SAMPLE TIME INTERACTION MEANS AND SED FOR MIDSIDE 

~IBRE DIAMETER (~m) OVER THE NUTRITIONAL TREATMENT PERIOD 

Nutritional Pre-treatment June July July 
Group 5 3 31 

Lo 35.8 30.4 27.9 26.1 

(M 35.3 29.8 29.0 28.5 

)M 37.2 33.2 33.5 34.1 

Hi 36.3 34.9 36.7 36.4 

SED = 1.22 

August 
28 

26.0 

28.6 

35.5 

37.7 
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Figure 3.8 

Pooled Mean Midside Diameter for the Flock Over the Treatment 
Period 
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Figure 3.9 

Nutritional Group Mean Midside Fibre Diameter 
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Table 3.11 also gIves the degree of change in mean fibre cross-sectional 

area (i.e. COY -CSA) over the 'period of treatment for each of the four 

nutritional groups. 

Tahle 3.11 

CV OF MEAN MIDSIDE DIAMETER AND CROSS-SECTIONAL AREA BETWEEN THE 

NUTRITIONAL TREATMENT PERIOD SAMPLINGS 

Nutritional Diameter Cross-sectional 
Group (% ) area (%) 

Lo 13.8 29.8 

(M 9.9 20.8 

)M 4.8 12.3 

Hi 2.8 9.0 

3.2.3 The Time of Occurrence of Minimum Wool Growth Rate and Minimum 

. Diameter 

Nearly all trial sheep (Le. 42 out of 44 sheep) produced their 

lowest amount of wool and thinnest mean fibre diameters during the 

nutritional treatment period. The mean time at which wool growth rate and 

fibre diameter reached minimum levels varied between the nutritional 

groups (P<O.01) (Table 3.12). The occurrences of these minima were delayed 

systematically with decreasing group feed level (Le. Hi to Lo) (see also 

Figures 3.7 and 3.9). The mean time of occurrence of minimum diameter for 
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Hi group sheep was 28 days, whilst for Lo group sheep it was 99 days after 

the start of the trial (i.e. 71 days later). 

Table 3.12 

THE MEAN OCCURRENCE TIME (days) FOR MINIMUM MIDSIDE WOOL GROWTH RATE, 

FIBRE DIAMETER AND POSITION OF STAPLE BREAK FOR EACH NUTRITIONAL GROUP 

Wool Measurement 

Nutritional Mi nimum Wool Minimum Diameter 
Group Growth Rate Occurrence (days) 

Occurrence (days) 

La 102 99 

(M 76 92 

)M 41 46 

Hi 54 28 

SED (between nutritional groups) = 6 
SED (between wool measurements) = 10 

day 1 = 7th May 

Stapl e Break 
Occurrence (days) 

113 

102 

60 

40 

There was no significant (p>O.05) difference between the mean 

occurrence time of minimum wool growth rate and diameter for the 

nutritional groups (Table 3.12). 

3.2.4 Wool Growth Efficiency 

There was no significant (p>O.05) variation of mean wool growth 

efficiency between nutritional groups (Tables 3.13 and 3.7). However, 

there was highly significant (p<O.01) variation in mean flock efficiency 

between treatment period samplings (Table 3.13). A highly significant 
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(p<O.01) nutrition by sample time interaction also influenced wool growth 

efficiency (Tables 3.13 and 3.14). These individual trends of efficiency 

with time for the four nutritional groups are illustrated in Figure 3.10. 

The mean wool growth efficiency of the Lo group decreased by 50% in a 

pronounced curvilinear trend from 12.58 at the first sampling to 6.31 g 

cm-2 g-1 x 10-8 at the last sampling of the nutritional treatment period. 

Table 3.13 

ANOVA OF GROUP MIOSIDE LOG (WOOL GROWTH EFFICIENCY) OVER THE NUTRITIONAL 

TREATMENT PER IOD 

Source df 

Nutrit i on 3 

Sample time 3 

Interaction 9 
(Nut r. X Sampl e.) 

Residual 160 

NS = not significant at (p(O.05) 
** = (p(O.01) 

Sources of Variation 

Mean Sguare 

O.0257NS 

0.0861** 

0.0401** 

0.0114 

Nutrition; variation due to differences between nutritional groups 

Sample time; variation due to differences between nutritional treatment 
samplings 

Interaction; variation due to the nutrition by sample time interaction 
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Table 3.14 

THE NUTRITION BY SAMPLE TIME INTERACTION MEANS AND SED FOR MIDSIDE 

WOOL GROWTH EFFICIENCY OVER THE NUTRITIONAL TREATMENT PERIOD 

Transformed log (wool growth efficiency) means 

Nut rit i ona 1 June July July August 
Group 5 3 31 28 

Lo 1.10 0.92 0.88 O.SO 

(M 0.98 0.91 0.92 0.90 

)M 0.96 0.89 0.89 0.89 

Hi 0.85 0.86 0.89 0.90 

Untransformed means (gcm-2 (wool) g-l (feed) x10-S) 

Lo 12.58 8.32 7.59 6.31 

(M 9.55 8.13 8.32 7.94 

)M 9.12 7.76 7.76 7.76 

Hi 7.08 7.24 7.76 7.94 

SED (transformed means) = 0.046 



128 

At the last sampling of the treatment Lo group sheep were significantly 

(p<O.05) less efficient at converting feed to wool than sheep in the 

other three groups (Table 3.14). A less marked downward trend occurred In 

efficiency for the other negative balance nutritional group, <M. This 

group also reached its lowest mean efficiency in the last sampling 

interval (August) of the treatment period. The >M group sheep 

demonstrated a curve in form similar to that of the <M group. Hi group 

mean efficiency increased over the treatment period. 

The mean efficiency of individual sheep over the treatment period 

varied widely within all four nutritional groups (Table 3.15). The CV of 

mean efficiency between sheep within nutritional groups was similar, 

ranging between 15 and 26 % for the Lo, <M, >M and Hi treatments. 

Table 3.15 

THE MINIMUM, MAXIMUM, MEAN, AND COV OF WOOL GROWTH EFFICIENCIES FOR 

SHEEP WITHIN THE NUTRITIONAL GROUPS 

Efficiency (g(wool) cm2 g-l(feed} x10-8} 

Nutritional Minimum Maximum Mean C V (%) 

Lo 5.2 12.7 8.52 25.6 

(M 7.0 10.0 8.61 15.0 

)M 5.7 13.0 8.36 26.3 

Hi 4.1 13.0 7.66 26.0 

MEAN = 67.9% 
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Figure 3.10 

Nutritional Group Wool Production Efficiency During the Treatment 
Period 
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Summary: The four nutritional groups demonstrated trends distinct 

from one another in wool growth rate, wool growth efficiency and fibre 

diameter. As nutritional balance became more negative (i.e. Hi to Lo), the 

degree to which growth and diameter decreased became more pronounced and 

the time at which these wool measurements reached their minimum levels 

were delayed. Large variations in mean efficiency occurred between the 

sheep within the nutritional groups. 

3.3 Staple Strength 

3.3.1 The Range of Staple Strength 

Figures 3.11 and 3.12 respectively illustrate the frequency 

distributions for the F# (normalised peak-force to break) and W# 

(normalised energy to break) values of the 220 staples broken from the 

trial sheep (i.e. 5 staples x 44 sheep). F# ranged from 9.1 to 75.6 

Nktex- 1, with an overall mean of 39.3 Nktex-1. The five staples sampled 

per sheep allowed F# to be estimated with a precision of± 1.56 Nktex -1 (p 

= 0.05) which is 3.9% of the overall mean for F#. 

W# ranged from 40.9 to 212 x 10-2 Jktex- 1, with an overall mean of 

118 x 10-2 Jktex -1. The precision of estimation of W # for a sheep was 

2.93 x 10-2 Jktex-1 (p = 0.05) which is! 2.5% of the overall mean for W#. 
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3.3.2 The Variation of Staple Strength Between Nutritional Groups 

There were highly significant (p<O.OI) variations in F# and W# 

between nutritional groups (Table 3.16). Figures 3.13 and 3.14 

respectively plot the systematic variations of F# and W# with nutritional 

Table 3.16 

ANOVA OF N~TRITIONAL GROUP log (F#) AND W# 

Source Mean Squares 

log (F #) Nutrition 1. 410** 

Residual 0.060 

W# (x 10-2) Nutrition 23661. 8** 

Residual 3561. 5 

** = (P < 0.01) 

Table 3.17 

NUTRITIONAL GROUP F# AND W# MEANS AND SEDS 

Nutri tiona 1 Group 

Lo (M )M Hi 

10g(F#) 1.372 b,c,d 1. 544 a,c 1. 712 a,b 1. 6·74 a ,b 

F# (Nktex-1) 23.6 35.0 51.5 47.3 

W# (Jktex-1 
x 10-2) 

87.6 h 119.5 a 132.4 a 132.4 a 

Subscripts indicate significant (p(O.05) differences between means 

SED 

0.047 

8.64 
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group. F# underwent a highly significant (p<0.01) increase of 118% from a 

mean of 23.6 Nktex- 1 for the Lo group to 51.5 Nktex- 1 for the >M treatment 

(Table 3.17). A slight non-significant (p>O.05) decrease occurred between 

the > M and Hi group mean F# values. 

W# ascended curvilinearly from the Lo to Hi nutritional groups 

(Figure 3.14). The largest diffe~ence in W# occurred between the Lo and 

>M groups, where W# increased 51% from 87.5 to 132.4 x 10-2 Jktex- 1 (Table 

3.17). There was no significant (p>0.05) difference in the mean W# values 

for the <M, >M and Hi nutritional groups. 

3.3.3 The Variation of Staple Load-Extension Curve Shape Between 

Nutritional Groups 

The shape of staple load-extension curves (LECs) were observed to 

fall in into two broad types (see chapter 3 section 2.4.5); 

(I) single-peaked curves 

(II) double-peaked curves. 

Examples of these are given in Figure 3.15. The occurrence of the two LEC 

types demonstrated marked differences between nutritional groups (Figure 

3.16). Approximately half of the staples in each of the two negative 

balance groups (Le. Lo and <M) broke in double-peaked LECs. By contrast 

only one of the 110 staples sampled from sheep of the >M and Hi groups 

broke with a double-peaked curve. 
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Figure 3.15 

Staple Load-Extension Curves 
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Figure 3.16 

Nutritional Group % of Staple LEe Types 
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Note - of the 110 staples tested from the >M and Hi groups only one 
staple (in the Hi treatment) broke with a single-peaked LEe. 

3.3.4 The Time of Occurrence of Staple "Break" 

Of the 220 staples tested, 190 (86%) broke within dye-band 

delimited wool grown during the period of nutritional treatment. Between 

nutritional groups there was highly significant (p<O.OI) variation in the 
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timing of the staple "break" (Table 3.12). As nutritional balance became 

more negative (Le. Hi to Lo) the timing of "break" was progressively 

delayed. On average, staples from Hi group sheep broke on day 40 of the 

trial, whilst Lo group staples broke on day 113 (Le. 73 days later). 

Table 3.18 

ANOVA OF STAPLE STRENGTH BETWEEN SHEEP IN THE NUTRITIONAL GROUPS 

Stapie Strength Source df Mean Sguare 

log (F#) Lo Sheep 10 0.1190** 
Residual 40 0.0044 

(M Sheep 10 0.0402** 
Residual 40 0.0053 

)M Sheep 10 0.0372** 
Residual 0.0024 

Hi Sheep 10 0.0443** 
Residual 40 0.0037 

W# Lo .Sheep 10 1748.2** 
Resi dual 40 88.1 

(M Sheep 10 376.0 NS 
Residual 40 234.0 

)M Sheep 10 3223.4** 
Residual 40 246.2 

Hi Sheep 10 2867.3** 
Residual 40 238.6 

* = (p(0.05) 
** = (p(O.Ol) 
NS = not significant at the 5% 1 evel of confidence 
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On average, staple "break" occurred at a slightly later time than 

minimum diameter for each nutritional group (Table 3.12). However, 

these differences between the timing of staple "break" and minimum 

diameter for nutritional groups were not significant (p>O.05). 

3.3.5 The Variation of Staple Strength Between Sheep Within 

Groups. 

Nutritional 

The variations of log (F#) between sheep within each of the four 

nutritional groups were highly significant (p<O.OI) (Table 3.18). There 

Tabl e 3.19 

THE MINIMUM AND MAXIMUM MEAN STAPLE STRENGTHS FOR SHEEP WITHIN 

THE NUTRITIONAL GROUPS 

Nutritional Minimum Maximum % Difference 
Group ((max-min) f min) 

F# Nktex-1 

Lo 11.8 32.9 180% 

(M 23.3 51.1 120% 

)M 36.4 69.8 92% 

Hi 32.1 65.0 103% 

Wit Jktex-1 
x 10-2 

Lo 57.7 118.5 106% 

(M 102.3 132.9 32% 

)M 90.6 182 100% 

Hi 97.3 , 168.8 73% 

x 102 
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were also highly significant (p<O.OI) differences 10 W# among the animals 

within the Lo, >M, and Hi groups. The variation in W# between sheep of 

the <M group was not significant (p> 0.05). 

The highest and lowest staple strengths (i.e. F# and W#) for sheep 

within each of the nutritional groups are given in Table 3.19. The 

ranges of sheep F# and W# values within anyone treatment were generally 

large. On average, F# and W#, varied by 124 and 78 % respectively between 

their lowest and highest values for sheep within nutritional groups. 

Summary: A broad range of staple strengths (i.e. F# and W#) were 

generated in the winter feeding trial. As the nutritional balance of 

treatment groups became more negative (i.e. Hi to Lo), the mean F# and W# 

values for the group diminished, the frequency of staple load-extension 

curves with double-peaks increased and the timing of break along the 

staple was progressively delayed into wool grown later during the trial. 

Large differences in staple strength occurred between sheep on the same 

level of nutritional treatment. 

3.4 Some Factors Determining the Variation of Staple Strength Between and 

Within Nutritional Groups 

3.4.1. The Relationship Between Staple Strength and the Nutritional 

Status of Sheep over the Treatment Period 

In Figures 3.17 and 3.18 the F# and W# values for sheep are 

respectively plotted against their % change in bodyweight over the period 

of nutritional treatment. Overall, both F# and W# demonstrated highly 

significant (p<O.OI) correlations with % bodyweight change (Table 3.20). 

However, within each of the four nutritional groups the correlations 
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Figure 3.17 

The Relationship Between Fi and % Bodyweight Change 
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Figure 3.19 

The Relationship Between F# and FFA Levels 
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The Relationship Between W# and FFA Levels 
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between staple strength (i.e. F# and W#) and % bodyweight change were 

low and not significant at the 5 % level of confidence. 

Figures 3.19 and 3.20 respectively plot the relationships of F# and 

W# with FFAs for each of the 44 sheep. 

3.4.2 The Relationship Between Staple Strength and the Winter 

Efficiency of Wool Growth 

The winter efficiency of wool growth of individual sheep was 

calculated as either; 

a) as a mean over the winter period of nutritional treatment (i.e. MEAN-

EFF) or 

b) efficiency in the four-weekly sampling in which the sheep's fibre 

diameter was at its minimum level (i.e. EFF-MIN). 

Overall, neither F# nor W# demonstrated significant (p<0.05) 

correlations with MEAN-EFF (Table 3.20). 

A significant (P<0.05) positive correlation occurred between F# and 

EFF-MIN (Table 3.20).In Figure 3.21 the mean F# values of the 44 sheep 

are plotted against EFF-MIN. 

relationship is; 

The regression equation for this 

F# = -155 + 0.037 EFF-MIN 

MSE = 221 

EFF-MIN explained 18.5% (~) of F# variation among the trial sheep. 
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W# also demonstrated a small positive correlation with EFF-MIN. 

The regression equation for this relationship is; 

W# = 85.1 + 0.052 EFF-MIN, 

~---.-------- MSE = 806 

Figure 3.21 

The Relationship Between Fi and Wool Growth Efficiency (EFF-MIN) 
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Table 3.20 

THE CORRELATIONS OF % BODYWEIGHT CHANGE (BW), COV-CSA, MEAN-EFF and EFF-MIN 

Nutritional %BW 
Group 

Lo 0.28 

<M 0.24 

)M 0.05 

Hi -0.11 

Overall 0.77** 

df (groups) = 9 
df (overall)= 42 

* = (p(O.05) 
** = (p(O.Ol) 

COV-CSA 

-0.27 

-0.67* 

-0.45 

-0.43 

-0.78** 

WITH STAPLE STRENGTH 

F# W# 

MEAN-EFF EFF-MIN %BW COV-CSA MEAN-EFF 

0.10 0.17 0.50 -0.32 0.13 

0.36 0.32 -0.38 -0.36 0.10 

0.43 0.55 -0.32 -0.06 0.11 

0.09* 0.81** 0.37 -0.68* 0.33 

0.10 0.43** 0.55** -0.69** 0.02 

(Table 3.20). Of the four groups, only Hi sheep had significant (p<0.05) 

relationships between the estimates of staple strength and winter wool 

growth efficiency. 

EFF-MIN 

0.36 

-0.12 

0.23 

-0.62 

0.33* 
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3.4.3 The Relationship Between Staple Strength and Change in Midside 

Fibre Cross-Sectional Area Over the Nutritional Treatment Period 

In Figures 3.22 and 3.23 group staple strength values are plotted 

against group changes in mean fibre cross-sectional area (i.e. COV-CSA = 
CV of mean cross-sectional area between treatment period samplings). As 

COV-CSA increased there was a general decrease in both F# and W#. 

In Figures 3.24 and 3.25 the mean F# and W# values for individual 

sheep are respectively plotted against COV-CSAs. Both indices of staple 

strength demonstrate highly correlated linear declines with an increasing 

level of cross-sectional area variation between treatment samplings. 

The regression equations for the relationship plotted In figures 

3.24 and 3.25 are; 

F# = 67.3 - 1.34 COV-CSA 

MSE = 99.1 

W# = 164 - 2.22 COV-CSA 

MSE = 436.0 

These regressions explain 64 and 52% (xl) of the variation In F# 

and W# between trial sheep respectively. 

Sheep staple strength and COY -CSA were not well correlated within 

nutritional groups (Table 3.20). In three out of the four groups the 
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Figure 3.22 

The Relationship Between Group Mean F# and CV of Cross-
Sectional Area (COV-CSA) 
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Figure 3.24 

The Relationship Between F# and CV Cross-Sectional Area (CQV-CSA) 
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Figure 3.25 

The Relationship Between Wi and CV Cross-Sectional Area 
(COV-CSA) 

220 

200 

• 
180 

• 
• .. 160 • • • • • • • X 140 •• X '" • • • (l) 

~ • +- • • .:!JL 120 • ....... • • • • • -, • • • 
* • • :::I: 100 • • • 

• • 
80 • 

• 
60 

• • 
40 

0 5 10 15 20 25 30 35 40 
COV-CSA (;0 

45 50 



149 

COY -CSA demonstrated no significant (p>O.05) relationship with either F# 

or W#. 

3.4.4 The Relationship Between Staple Strength and Load-Extension Curve 

Shape 

The F# values of staples breaking in double-peaked LECs were 

significantly lower (p<O.Ol) than staples breaking with single-peaked LECs 

(Table 3.21). For the Lo and <M groups, staples with double-peaked curves 

broke with F# values respectively 51% (19.2 vs 28.9 Nktex- 1) 30% (29.8 vs 

38.7 Nktex-1) lower than staples with single-peaked curves. 

Table 3.21 

MEAN F# AND W# FOR STAPLES BREAKING IN DOUBLE- AND SINGLE-
PEAKED LOAD-EXTENSION CURVES IN THE Lo and (M GROUPS 

LEC type 

Single-peaked 

Double-peaked 

Lo 

F# W# 

28.9 (1.2) 91.2 (3.7) 

19.2 (1.2) 81.5 (3.3) 

F# 

38.7 (1.7) 

29.8 (1.0) 

Standard errors are given in the brackets adjacent means. 

(M 

W# 

117.9 (3.3) 

116.5 (2.5) 

N.B. One staple from the )M and Hi groups broke with a double-peaked LEG. Hence 
mean F# and W# values for double-peaked LECs wascalculated for these two groups. 

Summary: For the flock as a whole, staple strength (Le. F# and 

W#) demonstrated good relationships with indices of the nutritional 

status of sheep (i.e. bodyweight change and FFAs) . Similarly, strong 

correlations were found between staple strength and midside fibre cross-
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sectional area change (i.e. COV-CSA). However, within nutritional groups 

these relationships were generally small and not significant. Small 

correlations were found between staple strength and winter efficiency of 

wool growth. Staples that broke with double-peaked load-extension curves 

had lower F# values than staples breaking in single-peaks. 
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4 DISCUSSION 

In this chapter variation In midside staple strength in a flock of 

Romney ewes subjected to differential winter feeding was investigated. 

Fleece wool representing a broad range of two indices of staple strength 

(i.e. peak-force and work to staple break) were generated in the trial 

(aim 1 chapter 2 section 3). Tw.o principal factors were found to underlie 

the variability in staple strength in the trial flock (aim 2 chapter 2 

section 3). Large differences in staple strength occurred between groups 

of sheep on different nutritional levels. Within nutritional groups there 

was broad variability in staple strength between sheep. Whilst the effect 

of winter nutrition appeared to be mediated by its effect on fibre 

dimensions (e.g. fibre cross-sectional area), no explanation was found for 

the large differences in staple strength occurring between sheep within 

the nutritional groups. This variation was not explained by differences in 

the nutritional status, fibre cross-sectional area change, or winter wool 

growth efficiency of sheep within the nutritional groups. 

4.1 The Nutrition of the Trial Sheep 

The nutritional regime applied to sheep during the winter feeding 

trial represents an important aspect of this study. The main features of 

this regime may be summarised as follows. The sheep were; 

- penned individually, 

- non-pregnant, 

- not subjected to extreme nutritional stresses, 

- underwent treatment for a prolonged period (i.e. 116 days), 

- offered feed consistent in quality, 
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- and not subject to a sudden change in feed composition at 

the end of the treatment. 

With a small number of exceptions (e.g. Geenty et aI., 1984; 

Hawker and Crosbie, 1985), the majority of studies on the "biology" of 

staple strength of New Zealand long-wooled breeds have involved 

experiments with sheep at pasture (e.g. Stevens and Wright, 1952; Story 

and Ross, 1959; Ross, 1965; Su~er and Wickham, 1969; Monteath, 1971; 

Horton and Wickham, 1979; Fitzgerald et aI., 1984; reviewed Bigham et aI., 

1983;Ross and Story, 1986). Whilst this approach is useful in that it 

provides information of immediate relevance to the farmer, it also 

presents limitations. As proposed by Coop (1953), interpretation of 

results from grazing trials is complicated by "variable and unknown feed 

intake and variations in the quality of feed". 

In this present work single penning of sheep was used to regulate 

the nutrition of individual animals. The nutritional status of sheep was 

monitored by measurements of liveweight and plasma free fatty acid levels. 

Penning generally enabled a high level of feed control. The animals in 

the nutritional groups changed from equivalent nutritional balance at the 

trials start toward "targeted" weights at relatively steady rates. There 

were some initial problems in maintaining a consistent bodyweight change 

for groups. This problem was quickly recognised and appropriate 

adjustments were made to feed level at the beginning of the third week of 

the trial. 

Non-pregnant sheep were used in order to simplify measurements of 

nutritional status. Part of this study involved an examination of 

relationship between the nutritional status of sheep and their staple 

strength (see chapter 3 section 3.4.1 ). Uncertainties in accurately 
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measunng nutritional status would have complicated interpretation of 

this relationship. In pregnant sheep, bodyweight change and FFA levels may 

not accurately reflect the nutrititional status of individual animals. 

This is because the assessment of maternal bodyweight change is difficult 

during pregnancy and whilst FFAs are a sensitive indicator of the mean 

nutritional status of groups of pregnant sheep (e.g. Russel, 1977), 

variability in baseline levels of ~As may occur between individual sheep 

(Wastney, 1983). This variation would complicate the distinction of 

differences in nutritional status between sheep. 

The sheep were not subjected to extreme levels of nutritional 

stress during the treatment. FFAs are an index of the extent to which the 

undernourished ewe is catabolising body fat (Annison, 1960; Reid and 

Rinks, 1962a, 1962b; Russel '~, 1967), Patterson (1963) demonstrated 

that for well-nourished non-pregnant sheep and cows, FFAs varied between 

100-500 IJ.Meqr1. Annison (1960) determined that with starvation or 

continued under-nourishment the plasma FFAs of sheep increased until 

maximum levels of 1500-2000 IJ.Meqr1 were reached. The mean FFAs for 

nutritional groups in this current study ranged from 380 

(Hi) to 750 IJ.Meqr1 (Lo), well below the maximal levels 

above. The mean FFAs for the >M and Hi groups indicated no appreciable 

level of nutritional stress. The <M group FF As were consistent with a 

slight degree of nutritional stress. Lo group FF As indicated a mild level 

of undernourishment over the treatment period. 

The nutritional treatment was applied over a 116 day period. At 

the end of this time a 18.8 kg difference in mean bodyweight occurred 

between the Lo and Hi groups (Table 3.4). This large difference should be 
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viewed as being accrued at a relatively uniform rate over a prolonged 

period of time. The long term nature of the nutritional treatments 

probably also account for the broad variation in staple strength occurring 

between nutritional groups. Thwaites (1972) suggested that prolonged 

nutritional stresses may be important in predisposing sheep to form a wool 

"break". 

The sheep were offered feed of consistent quality during the 

treatment. The feed was derived from the same stock of lucerne hay. This 

stock was tested weekly by MAFfech staff to ensure that it maintained its 

dry matter content and digestibility. There is some evidence that feeding 

sheep with a "poor" quality diet may cause "tenderness" (Roberts et al., 

1960). Sudden changes in feed composition have also been reported to 

result in lowered staple strength in Merino wethers (Brown, 1971) and 

Romney ewes (Horton and Wickham, 1979). For this reason the sheep were 

weaned off their lucerne hay diet onto fresh pasture over a week at the 

end of the treatment. 

In overview, care was taken to ensure that the four nutritional 

levels represented the primary differential effect on the experimental 

flock over winter. The treatments varied in the amount rather than 

quality of feed offered to sheep. Depending on nutritional grouping these 

treatments placed animals under prolonged and relatively steady levels of 

nutritional stress which ranged from low to moderate. 

4.2 Staple Strength 

4.2.1 The Methodology of Staple Strength Estimation 
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A major source of variation in staple strength results from the 

techniques used to measure it (Ross, 1960a; Ross and Meikle, 1985). In 

many studies this consideration is given limited attention. For example, 

in most previous work concerning the influence of winter nutrition on the 

tensile strength of wool staples the methods used have frequently been 

given only in the briefest detail and sometimes not at all (Monteath, 

1971; Horton and Wickham, 1979; Bigham ~, 1983: Fitzgerald n....a.L, 

1984; Hawker and Crosbie 1985). As there is no standard method it IS 

assumed differences will exist between studies in the machinery and 

conditions used to measure staple strength. 

In this present study careful attention was paid to standardising 

the method used to measure staple strength in order to reduce variability 

arising from the method of testing. The investigation also included 

measurement of both peak-force and work to staple break (i.e. F# and W#). 

The major experimental and physical factors considered m the method 

were as follows; 

- gauge length 

staple size 

- method of linear density normalisation 

- sample size. 

The gauge length of all tests was kept constant at 40mm. this was 

done as both F# and W# vary with gauge length (Ross, 1961; Edenborough 

and Nossar, 1973; Onions et aI., 1977: Caffin, 1983; de Jong et aI., 

1985; van Luijk, 1986). 
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Prior to extension, all staples were adjusted to the same linear 

density at their pre-determined region of localised weakness (i.e. 

"break") (see chapter 3 section 2.4.5). Onions et al. (1977b) suggested 

that differences in clamping efficiency may occur for staples of varying 

size. Indeed, these authors reported a negative correlation between the 

F# value of a staple and its mass. In Romney wools, Ross (1960a) also 

found that there was a negative ,correlation between F# and the sample mass 

of staple broken. 

As outlined in chapter 2 section 2.3.2ii of the literature review 

there are a large number of techniques for normalising staple load-

extension for differences in staple size. The method used in this study 

was that described by Ross (1960a) in which linear density is estimated 

from the clean mass and the length of staple wool within the test gauge. 

This technique has advantages of being easy, quick and accurate. However, 

perhaps more importantly it is necessary to ensure that linear density 

relates specifically to the region of wool broken in long-wooled staples 

(Ross and Meikle, 1985). This is as the yield of clean wool within 

. regions of localised weakness is lower than the mean for the rest of the 

staple (Orwin et aL~ 1987). The varying wool yield along these staples 

probably relates to the marked seasonal variation in suint and grease 

production in Romneys (Story and Ross, 1960). 

A sufficient sample size must be taken to allow a reasonable level 

of precision in the estimation of a sheep's mean staple strength. As 

indicated in the results, both F# and W# were calculated with a high 

degree of precision and hence demonstrated a low level of variation 

between staples from the midside of sheep. Bigham (1986), in studies of 
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Romney, Coop worth and Corriedale flocks reported a relatively large 

component of variance due to differences in F# between staples within 

fleece sites (80 Nktex-1), although this variance was slightly lower than 

those due to the differences between fleece sites (140 Nktex -1) and 

between sheep (120 Nktex-1). In midside samples tested for farmers, the 

A WTA (Australian Wool Testing Authority) indicates that a precision of ± 

6 Nktex-1 may be achieved from' the measurement of ten staples (Douglas, 

1986). This value is three times greater than the ± 1.56 Nktex-1 

precision for F# determined from just five staples in the present study. 

This perhaps suggests that careful control of factors such as gauge 

length, staple size, and linear density normalisation method allow 

significant gains in the precision of staple strength measurement. 

4.2.2 The Major Sources of Midside Staple Strength Variation in the 

Trial Flock 

There were two main sources of variation in F# and W# found In this 

study. First, differences occurred between the four nutritional groups, 

and secondly there were large differences in staple strength between 

sheep within nutritional groups. The relative importance of these two 

sources was similar. For example, F# differed by 126% between its 

highest and lowest mean values for nutritional groups (22.2 (Lo) vs 50.2 

(>M) Nktex-1 see Table 3.17). F# varied by a simple average of 120% 

between its smallest and greatest values for sheep within nutritional 

groups (see Table 3.19). The relative mean range of W# values for sheep 

within the groups was slightly greater (80%) than that occurring between 

nutritional groups (51%). 
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4.2.2(i) The Influence of Winter Nutrition on Staple Strength 

4.2.2(i)a Variation in Staple Strength Between Nutritional Groups 

A number of other workers have determined that differential winter 

nutrition has an influence on th~ staple strength (F#) of long-wooled 

breeds such as the Romney (Monteath, 1971; Bigham et aI., 1983; Fitzgerald 

et al.. 1984; Hawker and Crosbie, 1985; Bigham, 1986; Hawker, 1986). 

Accounts of its importance vary among these authors. 

The use of grazing and pregnant sheep and the paucity of 

information on the method of staple strength measurement used complicates 

the comparison of much previous work to the present study. Nonetheless, 

some useful parallels can be made. 

Monteath (1971) reported differences of between 116-150% in F# (kg 

g -1) between treatments with grazing Romney ewes which had been fed 

differentially during a winter mid-pregnancy period. These are comparable 

to the level of variation in F# reported here. 

There have been a number of studies in which the level to which 

winter nutrition influences F# was reported as less than determined in the 

present work (e.g. Bigham~, 1983; Fitzgerald et al., 1984; Hawker 

and Crosbie, 1985). Of these studies perhaps the most directly comparable 

is that of Hawker and Crosbie (1985). These authors also utilised 

individually penned and non-pregnant long-wooled ewes. The sheep were 

divided between "high" and "low" feed level treatments and were offered 

these two levels for eight weeks over winter. Mean values of 20 and 25 
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Nktex- 1 were detennined for the "high" and "low" treatments, a difference 

of 25 % between the two treatments. This is substantially smaller than the 

118% range found between the Lo and >M nutritional groups in the current 

study. Why this discrepancy in range should occur between the two studies 

is uncertain. It might be noted that the staple strength level of the 

"high" group in the study of Hawker and Crosbie (1985) was low. Possibly a 

"break" had fonned in the fleec~ of the sheep prior to the start or 

following the end of differential feeding in this trial. In the present 

study 86% of wool staples broke within wool grown during the nutritional 

treatment period. 

The levels of the F# and W# did not increase linearly as group 

nutritional balance became more positive. Instead the rate of increase in 

the two estimates of staple strength diminished with increasing 

nutritional level (Figures 3.13 and 3.14). This phenomena has not been 

reported previously in studies of the influence of winter nutrition on the 

strength of long-wooled staples. The above result may be of some 

practical use. This is because it indicates that a sound (Le. > 30 

Nktex -1) mean value for F# may be achieved by feeding sheep at the <M 

group level (Le. slightly below body weight maintenance). Aiming for 

nutritional balance levels beyond maintenance apparently does not lead to 

appreciably useful returns in staple strength. 

There perhaps needs to be some caution in extrapolating the above 

result into a pastoral farming situation. The feed treatments were 

highly controlled in this experiment. A similar level of nutritional 

control within a grazing flock would not be possible. Thus, the level of 

variability of mean staple strength would expected to be higher. It 

would also appear that for sheep in negative balance the margin of error 
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for estimating feed level is reduced. For example, W# does not vary 

significantly between the <M., >M and Hi groups. However, between the Lo 

and <M groups a substantial drop in W# occurs. Hence, a relatively small 

decrease in feed availability for a sheep already in slight negative 

balance may cause a quite marked decrease in the mean W# values of its 

wool staples. 

4.2.2(i)b The Influence of Winter Nutrition on the Position of 

"Breaku 

Staple 

In addition to influencing the level of staple strength, 

nutritional treatment also affected the time at which the "break" 

occurred in the staple. As nutritional balance became more negative 

(i.e. Hi to Lo), the mean time of occurrence of "break" was delayed 

further within the period of treatment. The effect was such that a 73-day 

gap occurred between the mean position of ''bre~1 for staples from the Hi 

and Lo groups. The delay in the timing of l'break" was concomitant with a 

reduced level of strength in staples. This is probably explained by 

variation in group fibre cross-sectional area over the nutritional 

treatment period. As indicated on Figure 3.9, Hi group mean midside fibre 

diameter ( and hence cross-sectional area) reached its lowest level within 

the first four weekly sampling of the trial. This corresponded with the 

mean occurrence time of staple "breakN for sheep in this group. Similarly, 

in the other three groups there is reasonable agreement between minimum 

diameter and "break". 
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Delays in the occurrence of winter minimum diameter have been 

described in intensively grazed Romney hoggets (Sumner and Wickham, 1969) 

and lactating Corriedale ewes (Coop, 1953). However, contrary to these 

results and those of the present work, Fitzgerald et al. (1984) could find 

little effect of winter nutrition on the position of staple "bre~1 in 

pasture-grazed pregnant Romney or Corriedale ewes. 

4.2.2(i)c The Physical Factors Determining the Influence of Winter 

Nutrition on Staple Strength 

It is generally accepted that the reduction in the cross-

sectional area of fibres associated with factors such as season, nutrition 

and pregnancy causes variation in staple strength. In the current work, 

it is likely that changes in the thickness of fibres was a major 

determinant of the differences of F# and W# between nutritional groups. 

As demonstrated in Figure 3.9 the mean fibre diameter (and hence 

cross-sectional area) of Lo sheep decreased markedly over the period of 

nutritional treatment. This decrease corresponded to a relatively low 

mean level of F# and W# for animals in this group (Table 3.17). By 

comparison, the mean diameter of the Hi group was relatively uniform over 

the treatment and accordingly the strength of staple wool from this group 

was comparatively high. 

In Table 3.11 the degree of thinning of fibres is expressed in 

terms of the CV cross-sectional area over the treatment (COV -CSA). The 

pronounced decrease in Lo group fibre diameter is associated with a COV-

CSA 3.5 times higher than that of the Hi group (e.g. 29.8 (Lo) vs 9.0 
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(Hi)). As may be observed on Figures 3.22 and 3.23 there is a decline in 

both mean F# and W# for groups as COV-CSA increases. Similarly, the COV-

CSA values for individual sheep are highly correlated with their F# and W# 

values when the relationship involves all 44 animals in the trial flock. 

De Jong et al. (1985) demonstrated that the CV of cross-

sectional area along fibres withiq a staple was an important detenninant 

of its load~ extension behaviour. The COV-CSA value calculated in the 

present work is not equal to the variable used by de Jong and co-workers 

(1985). This is as it estimates the variations in mean fibre cross-

sectional area between the five four-weekly midside wool clippings of the 

treatment rather than the average level of non-unifonnity in cross-

sectional area along intact fibres grown during this time. However, James 

(1963a) reported good agreement between the cross-sectional area profile 

along intact fibres and the plot of mean diameter of fibres clipped at 

fortnightly intervals. Hence, it is assumed that COV-CSA will give a 

reasonable approximation of the relative differences in average along-

fibre area variability within staples. 

A number of workers have found that the mean nnmmum diameter of 

fibres within staples has low correlations with F# (Bigham et al., 1983; 

Fitzgerald!L&. 1984). This has been suggested to indicate that 

factors other than fibre cross-sectional area influence staple strength. 

The minimum cross-sectional area of a single wool fibre has an important 

role in detennining its load at break (Banky and Slen, 1955). However, 

the relationship between the average minimum cross-sectional area of 

fibres in a staple and the tensile strength of the staple is somewhat more 

complex (see chapter 2 section 2.3.2iv(a)). Hence, some care must be 
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taken in the interpretation of this relationship. The level of change in 

cross-sectional area along fibres is a more appropriate correlate of the 

strength of wool staples (de Jong et al., 1985~ Teasdale, 1985). 

Discontinuous fibres do not span the gap between the strength 

tester's clamps. These increase the linear density of the wool broken, 

without contributing to the strength of the bundle (Lang, 1945; Onions JU. 

at, 1977b; van Luijk, 1986), resulting in a lower apparent staple 

strength. If the proportion of discontinuous fibres within staples varied 

systematically between the four treatments, then such fibres would have 

contributed to the variation of both F# and W# between the nutritional 

groups. Such fibres may have had a number of origins including those 

broken during handling and fibres that had grown continuously but with a 

tip end which fell short of the strength testers top clamp. In the 

present experiments the occurrence of variation in F# and W# between 

nutritional groups due to these two sources is unlikely. First, 

inadvertent fibre breakage was avoided by careful handling of the staples 

prior to strength testing. Secondly, continuously grown fibres short of 

the top clamp were probably negligibly represented as the 40mm portion of 

staple tested was always in the lower half of its length. 

Discontinuous fibres may have occurred within the staple "break" 

region as a result of cessation of fibre growth. A number of authors 

have noted that in some particularly low strength wools, almost all 

fibres ceased production and the "break" across staples has been near 

complete (e.g. Lang, 1945; Henderson, 1968). No obvious cessations of 

growth were observed in the regions of staple tested in the present work. 

However, an increased level of wool fibre shedding has been reported with 
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increased nutritional stress in sheep (Lyne, 1964; Doney and Smith, 1961). 

Ross (1962) suggested that changes in dimensions down to the limiting 

thickness below which fibres are shed, can be predicted from the linear 

relationship between cross-sectional area (Le. diamete~) and wool 

production. Hence, the high COY -CSA values of undernourished sheep in the 

Lo and <M groups are probably correlated with increased cessation of fibre 

growth and shedding. This may, have had a small influence on the mean F# 

and W# values of sheep in these nutritional groups. 

A further cause of variation in F# between treatments related to 

the shape of the load-extension curve (LEe) of staples. In general, the 

form of LECs could be categorised into either single- or double-peaked 

types. Examples of single-peaked LECs were recorded from staples for all 

four nutritional groups. However, the double-peaked type was observed 

almost exclusively in the lower strength staples of the Lo and <M groups. 

Within these two groups, the occurrence of twin peaks on the LEC was 

associated with a significantly reduced level of F#, although no 

difference in the value of W#. 

Ross (1961a) described similar irregularities in the shape of low 

strength Romney staples. The author attributed this to the fibre length 

distribution within these staples. It is likely that the variations in 

staple LEe shape have a similar origin in the present study. These 

irregularities were confined to sheep in the Lo and <M groups. Hence, the 

reduced rate of wool growth of animals in these treatments may be 

associated with alterations to the staple fibre length distribution. 

These did not occur for the well-nourished sheep in the Hi and >M groups. 
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Caffin (1983) in tests of tens of thousands of Merino staples 

rarely observed LECs other than single-peaked in shape. This suggests 

that the phenomenon of LEC form irregularity may be specific to long-

wooled staples. This has important implications in the comparative 

ranking by staple strength of wool from different breeds. A low strength 

Romney staple which broke with a double-peaked LEC would be ranked by F# 

disproportionately lower than a weak Merino staple that broke with a 

single force peak. The difference in F# between two such staples would 

reflect differences in fibre length distribution between the two staples 

rather than strength. As W# is not significantly affected by LEC shape, 

it would seem a more appropriate estimate of strength for Romney staples. 

4.2.2(ii) The Variation of Staple Strength Between Sheep Within 

Nutritional Groups 

A high degree of variation occurred in the mean F# and W# values 

for sheep undergoing the same level of nutritional treatment. These 

differences were largely independent of the degree of change in bodyweight 

and hence the nutritional balance of sheep over the treatment period. 

The results of previous workers have provided indications that 

factors intrinsic to sheep may affect staple strength independent of 

external influences, such as nutrition (e.g. Ross, 1965; Bigham et aI., 

1983; Geenty et aL. 1984; Hawker and Crosbie, 1985). However, the role 

of this potential in determining staple tensile strength remains poorly 

understood. A direct demonstration of large sheep to sheep variations In 

F# independent of nutritional balance was provided by Geenty and co-
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workers (1984). These authors maintained six Romney ewes at near constant 

bodyweights for one year. The mean staple strength of these animals 

ranged from 6.7 to 54.3 Nktex-1. This variation was largely accounted for 

(~ = 88) by annual wool growth efficiency. The current study expands 

this work in that large differences in F# appear to be maintained 

irrespective of whether sheep are subjected to positive or negative 

nutritional balance treatments. Bowever, the present study does not 

support a major link between the efficiency of wool growth and F#. It 

should be noted however, that the efficiency indices used (Le. MEAN-EFF, 

EFF-MIN) relate only to the winter period of nutritional treatment and 

not to the sheep's mean annual efficiency as measured by Geenty et al. 

(1984). The relationship between winter efficiency and staple strength 

will be discussed further in the subsequent section. 

Australian workers have reported that differences between fleeces 

(Le. sheep) within grazing mobs of Merinos are the largest source of 

variation in F# (Rotten bury ~ 1981; Teasdale, 1986). It is 

uncertain whether the basis of this variation is the same as in the 

current work. This is because the nutritional circumstances of individual 

grazing animals in this study was unknown. Differing nutritional status 

among Merinos within the mobs may have accounted for at least some of the 

between fleece differences. 

4.2.2(iii) The Factors Determining Differences In Staple Strength between 

Sheep Within the Nutritional Groups 

In general, the magnitude of variation In staple strength between 

sheep was consistent within all nutritional groups. Only differences in 
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the mean W# values of the <M group animals failed to reach significance 

at the 5 % level of confidence. 

A model for how differences in staple strength might occur between 

long-wooled sheep independent of nutrition was suggested by Hawker and 

Crosbie (1985). These authors proposed that irrespective of feed level, 

some animals have an increased ability to allocate nutrient to fibre 

production during the seasonal depression of wool growth. This results 

in a lessening of the degree to which fibres narrow in cross-sectional 

area over winter and consequently higher staple strengths. 

In the present study large differences occurred between sheep in 

mean wool growth efficiency (MEAN-EFF) over the period of nutritional 

treatment (e.g. Table 3.15). These differences in MEAN-EFF between 

animals demonstrated no significant overall correlation with either F# or 

W#. This low level of relationship generally held both between the 

eleven sheep within each of the nutritional groups and for the overall 

correlation of F# and W#. with MEAN-EFF for the 44 animals in the trial 

flock. 

A second index of winter wool growth efficiency, EFF-MIN was also 

calculated for each sheep. EFF-MIN was the efficiency of wool growth in 

the four-weekly sampling interval within which a sheep's mean fibre 

diameter was at its minimum level. This measurement was taken, as it was 

postulated that since the mean position of minimum cross-sectional area 

along fibres had a strong influence in determining the point at which the 

staple broke, any differences in the winter efficiency of sheep would 

have had their most critical effect on staple strength during this time. 

A small degree of correlation was found 
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to occur between EFF-MIN and the two staple strength estimates for the 

overall relationship involving the 44 sheep. Within treatment 

groups these relationships were generally not significant. 

Winter efficiency did not appear to be a major factor underlying 

the large differences in staple strength that occur between sheep within 

the same nutritional group in this study. This conclusion IS further 

supported by the low within group relationships of sheep F# and W# values 

with COY -CSA levels. Such a result would not be expected if winter 

efficiency did generate differences in staple load-extension behaviour via 

its influence on the dimensions of fibres as proposed by Hawker and 

Crosbie (1985). Nonetheless, winter efficiency may have a small role in 

detennining the staple strength of long-wooled sheep. In the present work 

only 44 sheep were studied. In the experiment of Hawker and Crosbie 

(1985) the 40 animals utilised were selected as the lowest and highest 

winter wool producers from a flock of over 600 sheep. The potential range 

of winter efficiency would have therefore been great and hence the 

observed effect of winter efficiency on staple strength would have been 

more accentuated than in the current study. 

The shape of staple load-extension curves may have accounted In 

part for differences in F# that occurred between sheep within the same 

nutritional groups. This is as the five staples from any given trial 

sheep tended to break consistently in either single- or double-peaked 

LECs. This suggests that only some sheep undergo alterations in their 

staple fibre-length distributions (as hypothesised in chapter 3 section 

4.2.2i(c)). These changes in the arrangement of fibre length within 

staples will affect F# (e.g. Ross, 1961a; Edenborough and Nossar, 1973; 
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Onions et al.. 1977b; Caffin, 1983; de Jong et al. 1985; van Luijk, 

1986), but should have no influence on the level of W#. This prediction 

concurs with the observations made in this work (e.g. Table 3.21). 

4.3 The Role of Nutrition and Seasonality In Wool Growth Rate and 

Efficiency 

The interaction of season and nutrition were found to have a role 

In determining the rate and efficiency of wool production. 

The underlying influence of season is demonstrated In Figures 3.6 

and 3.8 where "trough" shaped variations in the overall mean flock wool 

growth rate and fibre diameter may be observed over the treatment period. 

It is likely that these variations were related to the pronounced 

photoperiodic rhythm of wool growth known to occur in breeds such as the 

Romney (Coop, 1953; Hart, 1955; Story and Ross, 1960). For nutritional 

groups this underlying seasonal variation was altered by the treatment 

level applied. 

No estimate of wool growth rate was measured for the nutritional 

groups prior to the start of the trial. There is a significant divergence 

of group wool growth rates at the first treatment sampling (Figure 3.7). 

However, the trial sheep did not undergo any change in nutritional balance 

prior to the start of the trial. There was also no significant variation 

between groups in pre-treatment midside fibre diameter. Fibre cross-

sectional area varies linearly with wool production in Romney sheep (e.g. 

Ross, 1962). Hence, it is likely that differences also did not occur 
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between groups in wool growth rate before the application of the feed 

treatments. 

When group wool growth rates over the treatment were normalised 

for feed intake to give variation in gross wool production efficiency the 

complex pattern seen in Figure 3.10 emerged. This variation seemed likely 

to be determined by two factors.. First, there was a possible "carry-over" 

on wool growth rate from previous nutrition. Accounts differ among 

authors on the duration of the so-called "carry-over" effect, although 

most indicate a time of between three to six weeks (Coop, 1953; Reis and 

Schinckel, 1961; Carrico~, 1970; Barry, 1972, 1973; Nagorcka 1977). 

Nagorcka (1977), in a reanalysis of a study by Ferguson (1962) deduced a 

first order time lag of 25 days between feed intake and wool growth. 

Similarly, Barry (1973) in a specific study of "carry-over" effects 

determined that animals supporting a higher wool growth in treatment 

periods continued to display enhanced growth for up to 21 days post-

treatment. Hence, in the present work, if "carry-over" from previous 

nutrition did influence group efficiencies, it would have done so within 

the first 28 day sampling interval of the trial. However, clear 

systematic variation in the group wool growth efficiencies occurred 

subsequent to the first sampling. One explanation may be that level of 

nutrition is modulating the efficiency of wool growth of sheep over 

winter. This is most apparent in contrasting the trends of the Lo and Hi 

nutritional groups over time. The mean efficiency of the Hi group 

increased continuously during the treatment period, whereas Lo group 

efficiency underwent a pronounced curvilinear descent. Therefore, the Hi 

group sheep were increasing and the Lo group sheep were concurrently 
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decreasing the proportion of nutrients that they were allocating to wool 

growth over the treatment period. 

The above results are preliminary, however they suggest that 

degree of undernourishment may retard any potential for efficiency to 

improve following the day of shortest photoperiod. This factor may 

explain the delayed rises in wool growth rate and fibre diameter which 

occur with increasing nutritional ,stress and hence may be an important 

detenninant of the position of "break" on wool staples. 

5 CONCLUSIONS 

The nutrition of sheep over winter had an important influence on 

the strength of wool staples. Pronounced differences in staple strength 

also occurred between sheep on the same level of nutritional treatment. 

These between-sheep within-group differences were largely independent of 

the nutritional balance, winter efficiency, and fibre cross-sectional area 

change of sheep over the treatment period. The principal cause of 

variation in staple strength between sheep within the nutritional groups 

was not identified in this chapter. 
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CHAPTER 4 

1 INTRODUCTION 

In this chapter aims 4 to 8 of the research project (i.e. chapter 

2 section 3) are addressed. A systematic study of variation in the 

intrinsic material strength (IMS) of wool fibres from the trial flock is 

performed and the role of IMS in determining staple strength is examined. 

The experiments are divided into two parts. The first of these 

involves a preliminary set of experiments with wool from five of the 

trial sheep. The development of a method for accurately measuring the IMS 

of single fibres is described (aim 4, chapter 2 section 3). It is then 

determined whether the IMS and extensibility of wool fibres change in 

regions of localised weakness on wool staples (aim 5, chapter 2 section 

3). Variations in these single fibre physical properties between fleece 

body-sites are also studied in this group of sheep. 

The second part describes the main experimental work of this 

thesis. This involves a study of the IMS and extension properties of 

fibres from 40 of the trial sheep. The variability of IMS between the 

sheep is characterised (aim 7, chapter 2 section 3) and the relationship 

between wool fibre IMS and variation staple strength in the trial flock is 

determined (aim 8, chapter 2 section 2.3). 
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2 MATERIALS AND METHODS 

2.1 General 

Wool from 40 of the 44, 1984 trial sheep were used for the 

experiments described in this chapter (10 sheep per nutritional group). 

From each sheep, five full-length staples (Le. November 1983 - November 

1984) were selected from shoulder, midside, and thigh samples (see Figure 

4.1). A length of wool, including the nutritional treatment and grazing 

periods of the trial, was cut from each staple. This was done by 

comparison to a Durafar-black (see chapter 3 section 2.4.4) dye-banded 

staple from the same sheep. The unmarked staple was laid parallel to a 

dye-banded staple and its tip-end was cut off at a level corresponding to 

the start of the trial on the banded staple. The staples were cleaned in 

three washes of petroleum ether and then rinsed in distilled water. 

The ends of wool fibres sampled for testing were secured to small 

acetate tabs by loctite cyanoacrylate adhesive type 495 (Loctite 

Corporation, Dublin, Ireland) (Orwin et al., 1985). These aided handling 

of the fibre during subsequent tests and measurements. 

For 24 hours prior to and during all tests and measurements, the 

fibres were conditioned at 65% RH ( ;t;2%) and 20 C. If fibres were to be 

strength tested, conditioning was preceded by relaxation in water at 20 C. 

All strength tests were carried out on an Instron strength testing machine 

at an extension rate of 20% min -1 unless otherwise stated. Following 

extension, the broken pieces of fibre were left to recover in distilled 

water for 72 hours, dried with absorbent paper and then reconditioned. 
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Figure 4.1 
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2.1.1 Fibre Sampling Methods 

Two sampling techniques were used in the experiments described. 

These were designated method A and B. 

Method A involved a. selection of fibres on the basis of 

subjectively-assessed thickness. This method was devised to increase the 

Figure 4.2 
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Figure 4.3 

The POB-CSA of Fibres from Sheep 485 Sampled Using 
Methods A and B 
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frequency of fibres in the lower and upper ends of the fibre POB-CSA 

distribution. The five staples for each sheep were sampled in turn for 

fibres. Small bundles of fibres were pared from the base of the staple 

and inspected against a black background. From these bundles, 10 fibres 

were selected for apparent thinness, 10 for apparent thickness and the 

remaining 10 were chosen against a white background with no thickness 

bias. 

Fibres sampled by Method B were all chosen with no thickness bias. 
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A small experiment was perfonned to compare the two methods. Two 

sheep (sheep 180 and 485) were sampled for 90 fibres using each method 

(i.e. 90 fibres x 2 methods x 2 sheep). Thickness bias selected fibres 

above 1200 IJ.m2 were found to be slightly reduced compared to the non-

biased sample (Figures 4.2 and 4.3). Thus, method A appeared to decrease 

rather than expand the POB-CSA range of fibres sampled. 

Method A was only used in the between fibre region experiment 

(i.e. EXPERIMENT B, chapter 4 section 2.3.2). In all other experiments 

the non-biased method B was used for fibre sampling. The study is confined 

to non-medullated wool fibres, hence fibres demonstrating medullation were 

rejected if selected. 

2.2 General Measurements 

A number of parameters were nonnally taken from fibre load-

extension curves (e.g. Figure 2.1). These included; 

- load (gf) at break (Lb), 

- extension at the end of the yield region (Ey)' 

and - extension (mm) at break (Eb). 

2.2.1 Fibre Dimensional Propenies 

End-on views of magnified (Zeiss LM, 1000 x) fibre fracture 

surfaces were used to measure the fibre's minor and major elliptical axes 

at its point-of-break (Figure 4.4). A mean for the minor (ELminor) and 



178 

major (ELmajor) elliptical axes were calculated from the complementary 

fracture surface pairs of each fibre broken. 

Figure 4.4 

End-On Viewing of the Fracture Surfaces of Broken Fibres 

of-break 

J:;;-
, , , , 

\ 

viewer 

fracture surface 

fibre 

From these measurements the following were calculated; 

- the elliptical cross-sectional area of the fibre at the point-

POB-CSA = 1t (ELmajot2) (ELmino!2), 

and - the contour or ellipticity ratio of the fibre at the point-of-

break 

POB-ELR = ELmajo!ELminor 

During measurement the fibres were held on a simple device which 

allowed the adjustment of the fibre's position under the microscope. The 

device consisted of a five cm length of one cm diameter translucent 

plastic tubing which could be rotated around a horizontal axis. Small 
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slits were cut into the tube at angles between 0° and 180°. The acetate 

tab on which broken fibre pieces were secured could be inserted in the 

slit and rotated such that the fracture surfaces of fibres could be viewed 

face-on. The device was constructed by Tom Jannan and Don Orwin. 

2.2.2 Fibre Stress-Strain Properties 

The fibre load-extension parameters (Le. Lb, Ey' and Eb) were 

normalised for the effect of fibre dimensions as follows; 

- Lt/P0B-CSA = stress-at-break at the point-of-break (POB-SB), 

- (E/decrimped fibre length) x 100 = % extension at the end of 

the yield region (Ey) 

-(Etldecrimped fibre length) x 100 = % extension-at-break (EB). 

2.2.3 Fibre Break-Type Morphology 

The broken ends of the fibre were inspected under a Zeiss LM light 

microscope (400x magnification), and break-type morphology was recorded as 

either; 

(i) a clean shear (CS) (Figure 4.5a); 

a smooth fracture surface at a right-angle to the fibre 

axis, 

or (ii) an axial split (AX) (Figure 4.5b) 

a fracture involving splitting along the fibre axis. 
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Figure 4.5 

The Morphology of Fracture Surfaces 

a clean shear b axial 

---fibre---

b) (dotted line indicates the plane of fibre trimming prior to 
measurement). 

In axially split fibres with stepped breaks (Figure 4.5b), the 

stepped fragment of fibre was trimmed off with a sharp scalpel blade. 

This was done prior to measurement of the elliptical axes of the fibre. 
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2.3 A Preliminary Study of Wool Fibres from Five of the Trial Sheep 

In the preliminary study, five animals from the 44 trial sheep 

were used. Two of the animals were from the Lo nutritional group (sheep 

168 and 180), two from the <M group (sheep 217 and 358), and one from the 

Hi group (sheep 485). The staple strength of these animals ranged from 

very low (Le. with a pronounced "wool break") to moderately high (Table 

4.1). 

Infonnation on the nutritional status and staple strength of the 

five sheep studied in the preliminary study are given in Table 4.1. 

Table 4.1 

The Staple Strength and Nutritional Status of the Sheep 

the Preliminary Study 

Stapl e Strength 

in 

Sheep Nutritional FF~ %BW Subjective NktjX-1 Jktex- 1 
Group JJeq -1 change (F# x 10-2 (W#) 

168 Lo 893 -21. 3 break 11.8 57.6 

180 Lo 588 -17.3 slight break 30.6 89.0 

217 (M 622 -13.2 break 23.4 117.2 

358 (M 545 - 4.2 no break 40.1 129.0 

485 Hi 476 +20.4 no break 39.6 128.2 

Sheep 168, 180 and 217 all lost greater than 10% in bodyweight 

over the nutritional treatment period, and had FFAs raised above those of 

the other two sheep. Sheep 358 maintained bodyweight. Sheep 485 gained 

substantially in bodyweight over the nutritional treatment period. 
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In Figure 4.6 the mean cross-sectional area of midside fibres of 

each of the five sheep are plotted over the nutritional treatment period. 

Sheep 168, 180 and 217 demonstrated pronounced thinning in cross-sectional 

area. These three animals had correspondingly high COY -CSA values 

(chapter 2 section 2.4.3) of 25%, 32% and 28% respectively. The cross-

sectional area of sheep 358's fibres also narrowed. Its COV-CSA was 

Figure 4.6 

The Mean Fibre Cross-Sectional Area of the Five Sheep Over the 
Nutritional Treatment 
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17.2%. Sheep 485 had a small COV-CSA of 7.7%. That is, only a slight 
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decrease in the thickness of fibres from sheep 485 occurred over the 

treatment. 

Wool fibres from the five sheep were used in development of a 

method for IMS estimation (EXPERIMENT A) and investigations of the 

physical properties of fibres in regions of localised weakness on staples 

(EXPERIMENT B) and between fleece body-sites (EXPERIMENT C). 

2.3.1 EXPERIMENT A: Fibre Stress-at-Break at the Point-of-Break as an 

Index of Intrinsic Material Strength 

In these experiments the rationale for the development of stress-

at-break at the point-of-break (POB-SB) as an estimate of IMS is outlined. 

2.3.1(i) Do Permanent Deformations In Fibre Thickness Occur Following 

Break? 

As the cross-sectional area estimate used to normalise POB-SB was 

taken following stretching the fibre to break it was thought necessary to 

ensure that no irreversible changes in fibre thickness occurred after 

break. This was achieved as follows (see also Figure 4.7). 

For each of the five sheep, 20 full-length fibres (Le. treatment 

and grazing period wool) were sampled from midside staples (Le. 20 

fibres x 5 sheep). The fibres were secured by cyanoacrylate ester 

adhesive to acetate sheets under just enough tension to decrimp them. 

All fibres were in a known orientation with respect to their shorn (Le. 

butt) ends. Each fibre was scanned with a Zeiss light microscope (100x 
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Figure 4.7 

Illustration of EXPERIMENT A: Do Permanent deformations of fibre 
thickness occur at the POB following fibre breakage? 

For 20 fibres from each of the sheep in the preliminary study; 

1. 5mm segment of fibre centred on the POM isolated. 

fibre 

2. Segment mounted and marked at Imm intervals. 

I .. __ <t .. -.-.~ ,--.... ~ .. __ J .. 

3. Magnified profile of the segment traced at OOand 900 witt 
marks. 

.. .............. ~------... . .... --.. --.... ~~ .... --~ .. ~ 
4. Break segment and measure diameter at broken ends to get 

POST-OIA • 

.. I ___ ~,.- ~ 

5. Use reference marks on the broken fibre pieces and on 
previously traced profiles to determine diameter at the 
POB prior to break (i.e. PRE-OIA). 
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magnification) to identify the point of minimum diameter (POM) along its 

length. 

The POM on the full-length fibres from sheep 168, 180, and to a 

lesser degree 217, could be readily identified within thinned regions of 

the fibre. However, such thinning was less obvious along fibres from 

sheep 358 and 485. The POM ,on 358 and 485 fibres could therefore not be 

determined with the precision of that for the fibres from the other thr~e 

animals. 

A 5mm segment centred on the POM was isolated from each fibre and 

mounted on acetate tabs. Each fibre segment was marked at 1 mm intervals 

along its length with small dots from a felt tip pen. These acted as 

reference marks and subsequently aided the accurate identification of the 

POB on the fibre. 

The magnified (200x) profile of the entire length of each 5mm 

segment was traced onto a large sheet of paper. The fibre was rotated 

through 90° and its profile was retraced. The 1mm-spaced marks on the 

. fibre segment were included in the magnified profile tracings. Tracing was 

performed using a camera lucida attachment on a Zeiss LM. The two 

tracings will be referred to as profile 0° and profile 90 0• 

Following the drawing of the profiles, the fibre segments were 

extended to break and the L15 and Lb were recorded. 

The traced profiles (Le. 0° and 9(0) were used to determine 

diameter at the point-of-break on intact fibres before rupture (PRE-

DIA). This was done by identifying the POB on the profile tracings by 
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reference to the corresponding marks on the broken fibre pieces and the 

profiles. The diameter at the POB on the 0° and 900 profiles was averaged 

to give PRE-DIA. 

The diameter of the fibre following break (POST-DIA) was measured 

on the fibre's fracture surface and calculated as the mean of the ELmajor 

and ELminor axes (i.e. ELmajor' + ELminot2). The comparison of fibre 

dimensions before (PRE-DIA) and after (POST-DIA) break was done on the 

basis of diameter as measurement of the true cross-sectional area of the 

fibre prior to break (i.e. from the profile tracings) could not be easily 

performed. 

2.3.1(ii) Other Tests of POB-SB as a Measure of IMS 

The criteria for the use of POB-SB as an estimate of IMS will be 

discussed at length later in the chapter (i.e. chapter 4 section 4.1). 

Briefly these included an examination of the relationship between POB-SB 
and variation in cross-sectional area along fibres and a comparison of the 

properties of POB-SB with other estimates of fibre IMS (Le. stress at 15 

. % extension (S 15) and stress at break normalised for minimum fibre cross 

sectional area (MIN-SB». The measurements for these experiments were 

taken on the fibres used in the previously described investigation of the 

cross-sectional area of fibres before and after break (Le. section 

2.3.li). These measurements are described in the subsequent two 

paragraphs. 

The mean and variability (Le. CV ) of cross-sectional area along 

the 20 fibres from each of the five sheep were calculated from 10 evenly-

spaced corresponding points on the two profile tracings of the intact 
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fibre (Le. 0° and 90°). In addition, an estimate of minimum cross-

sectional area was derived from the profile of 0° tracing for each of 

these fibres. In estimation of the mean and minimum areas (Le. 

1t(diameter/2)2), the fibres were assumed to be circular in cross-sectional 

shape. Circular estimates were used as the true elliptical cross-sectional 

area of the fibre could not be calculated from the profile tracings. 

An estimate of S 15 (L1S/mean cross-sectional area) and minimum 

cross-sectional area normalised SB (i.e. Lb"minimum cross-sectional area = 
MIN-SB) were made for each fibre. These two IMS estimates were used in a 

comparative study with POB-SB as they have been used as indices of IMS by 

previous workers (see chapter 2 section 1.4.1). 

2.3.2 EXPERIMENT B: An Investigation of the Region of Localised 

Weakness on Wool Staples with "Break" 

The subsequent description outlines the approach used to identify 

the position of localised weakness on wool fibres and determine whether 

the IMS and extensibility of fibres change at this point (see also Figure 

4.8). 

2.3.2(i) Identification of the Region of Localised Weakness on Full-

Length Single Fibres 

It was assumed that the POM thickness of fibres corresponded to 

the point at which they broke within the staple. This hypothesis was 

tested by comparing the mean position of break and the mean position of 

minimum thickness on fibres drawn from the same midside staples. 
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Thirty full-length fibres (i.e. treatment and grazing period wool) 

were sampled from each of the midside wools of the five sheep (Le. 30 

fibres x 5 sheep). The fibres were secured by cyanoacrylate ester 

adhesive to acetate sheets as in chapter 4 section 2.3.1. The length of 

each fibre was recorded (mm). The full length of each fibre was cut from 

the acetate sheet and extended to break at an extension rate of 20 mm min-~ 

The fibre's point-of-break (POB) was expressed as the ratio of the 

length of the broken butt fibre segment to the full-length of fibre (Le. 

POB ratio = butt/total fibre length. The mean and SEM of POB were then 

calculated for the 30 fibres from each sheep. 

A further thirty full-length fibres were selected from each of the 

midside wools of the five sheep (Le. 30 fibres x 5 sheep). The POM of 

each of these fibres was determined as in chapter 4 section 2.3.1. The 

fibre's total length and the length from the fibre's butt-end to the POM 

were recorded (mm). As with the POB (point-of-break), the length to the 

POM is expressed as a ratio of the full-length fibre. The mean and SEM of 

POM were then calculated for the 30 fibres from 

each sheep. These 30 fibres are used in the tensile tests in the 

subsequent section (Le. 2.3.2ii). 
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Figure 4.8 

Illustration of EXPERIMENT B: Do changes in the stress-strain 
properties of wool fibres occur in regions of localised staple 
weakness? 

1. Mean POB determined on 20 fibres from each sheep. 

POB 
fibre 

2. DetermIne the POM on a further 30 fibres from each sheep. 

3-. Isolate two 10mm segment:s from each of these 30 fibres. 
One centred on the POM, the other at random along the 
remaining length of fibre. 

random 
segment 

POM 
segment 

4. Fibres extended to break and POB-CSA, POB-S B, ~Y' EB, 
and break-type determined for 2 segments from each 
fibre. 
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2.3.2(ii) Comparison of the Stress-Strain Properties of the Region of 

Localised Weakness on Full-Length Fibres with Regions Chosen at Random 

Along the Remainder of the Fibre 

A 10 mm segment centred on the POM was isolated from each full-

length fibre. A second 10 mm. segment was isolated at random from the 

remaining length of each fibre. Thus, 30 pairs of fibre region segments 

were isolated from the wools of the five sheep (Le. 30 fibres x 2 fibre 

regions x 5 sheep). These segments were then used in a comparison of the 

IMS and extension properties of fibres within and outside of the staple 

"break" region. 

POB-CSA, POB-ELR, POB-SB, Ey , EB and break-type were measured on 

each of the fibre segments. The measurement of Ey was sometimes made 

difficult by poorly defined post-yield regions, as a result in this and in 

subsequent experiments up to five fibres per sheep were not measured for 

their extension parameters (i.e. Ey and EB). 

2.3.3 EXPERIMENT C: A Comparison of Wool Fibre Stress-Strain Properties 

Between Body-Sites (aim 6, chapter 2 section 3) 

Shoulder, midside, and thigh wool from sheep 168, 180, 217 and 485 

were studied. For each sheep Durafar-black dye-banded staples were used 

to determine the region of wool on unmarked staples that corresponded to 

the nutritional treatment period. 
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Thirty fibres were sampled from each of the shoulder, midside, and 

thigh staples from each sheep (Le. 30 fibres x 3 body-sites x 4 sheep). 

A single 10 mm segment was isolated from the mid-region of each fibre and 

measured for POB-CSA, POB-ELR, POB-SB, Ey , EB, and break-type, as in 

section 2.3.2iL 

2.4 The Main Study: A Comparison of Wool Fibre Stress-Strain Properties 

Between 40 Sheep (aim 7, chapter 2 section 3) 

The length of midside wool grown during the treatment period was 

cut from staples for each of the 10 sheep from the four nutritional 

groups. Thirty 10 mm fibre segments from the staple wool of each sheep 

were isolated at random and measured for POB-CSA, POB-ELR, POB-SB, Ey , EB, 

and break-type (e.g section 2.3.2ii) (Le. 30 fibres x 10 sheep x 4 

nutritional groups). Appendix Table B4 summarises single fibre property 

means for individual trial sheep. 

2.5 Statistical Analysis 

All data subjected to ANOYA were examined for normality, 

homogeneity of variance and lack of proportionality between sample SDs and 

means using Minitab (Minitab INC., USA). The single fibre properties (i.e. 

POB-SB, POB-CSA, POB-ELR, Ey , EB) all demonstrated normal or near-normal 

distributions. 

ANOY A and analysis of covariance (COY AR) were performed usmg 

GENS TAT (Rothamsted Experimental Station, England). 
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In the ANOV A of fibre diameter pre- and post extension to 

break, a split-plot design was used (Little and Hill, 1977). In this 

experiment the sheep represented the main-plot effect and extension to 

break represented the sub-plot effect. 

Split-plot designs were also used in the ANOV As of POB-SB, Ey , and 

EB between fibre regions. The .sheep represented the main-plot and fibre 

regions represented the sub-plot effects in these experiments. A COY AR 

was also performed for the variation of Ey between fibre regions. In this 

COY AR a covariate of Ey , POB-CSA, was included in the analysis. 

ANOV As for the influence of the body-site on POB-SB, Ey , and EB 

were performed by placing the main effects of sheep and body-site in 

factorial combination. 

ANOV As for the influence of nutritional treatment on POB-SB, Ey , 

and EB were performed by treating the sheep within the groups as 

replicates to which the treatment main effects were applied. COY ARs were 

also performed in which covariates of POB-SB (Le. POB-CSA, POB-ELR), Ey 

(Le. POB-CSA), and EB (POB-CSA, POB-ELR) were included in the analyses. 

Separate ANOV As for the effect of differences between sheep on 

POB-SB, Ey , and EB were performed for each nutritional group. In these 

experiments the sheep represented replicates to which this "treatment" of 

"sheep" was applied. COVARs were also performed in which covariates of 

POB-SB (Le. POB-CSA, POB-ELR), Ey (POB-CSA), and EB (POB-CSA, POB-ELR) 

were included in the analyses. 



193 

The significance of differences between compared means was 

determined using Duncan's Multiple Range Test (Little and Hill, 1977). 

Unless stated otherwise all errors are given as the standard error of the 

difference between means (SED). 

Where the term % difference is used to compare two means, a 

relative comparison based on the. equation below is implied; 

[(higher mean value - lower mean value) / lower mean value] x 100 = % 

difference 
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3 RESULTS 

3.1 The Preliminary Study 

3.1.1 EXPERIMENT A: POB-SB as an Estimate of Intrinsic Material 

Strength 

3.1.1(i) The POB Diameter of Fibres Pre- and Post-Extension to Break 

Figure 4.9 

% Change in POB Diameter Following Fibre Extension to Break 
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In Figure 4.9 a histogram of the % change in POB diameter pre- and 

post-extension to break (i.e. % change = [(PRE-DIA - POST-DIA / PRE-DIA] x 

100) is presented for the 100 fibres. The % change in POB diameter ranged 

between -20 to +16%. For 93% of fibres the range was between :!: 10%. 

Table 4.2 

ANOVA of Point-of-Break Diameter Pre- and Post-Extension t 

Break 

Source df Mean Square 

Sheep 4 710.2** 

Residual 95 131. 9 

Extension 1 2.8 NS 

Sheep x extension 4 3.0 NS 

Residual 95 2.0 

** (p(0.01) 
NS not significant at 5% level of confidence 

Sources of Variation 

Sheep; variation due to differences between the five sheep 

Extension; variation due to differences pre- and post-fibre extension 

Sheep x extension; variation due to the sheep by extension interaction 
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Table 4.3 

DIAMETER (~m) MEANS PRE- and POST-EXTENSION-TO-BREAK 

Sheep PRE-OIA POST-OIA 

168 27.9 27.6 

180 27.7 27.6 

217 32.2 32.7 

358 38.1 37.7 

485 32.2 31. 2 

Pooled mean for 
the five sheep 31.6 31.4 

SED (between PRE- and POST-DIA) = 0.20 
SED (with sheep between PRE- AND POST DIA) = 0.45 

Table 4.4 

THE CORRELATIONS (r) BETWEEN % DIAMETER CHANGE FOLLOWING 

BREAK AND FIBRE POB-CSA 

Sheep 

168 

180 

217 

358 

485 

Pooled for 
(the five sheep) 

df(sheep) = 28 
df(pooled) = 98 

* = (p(O.05) 

Correlation 

-0.55 

-0.36 

-0.25 

0.48 

0.20 

-0.22* 
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Overall, no significant (p>O.OS) change occurred in the mean POB 

diameter of fibres measured pre- and post-extension to break (Table 4.2 

and 4.3). Similarly, for fibres from individual sheep no significant 

(p>O.OS) change in POB diameter occurred following break (Tables 4.2 and 

4.3). There was highly significant (p<O.OI) variation in wool fibre 

diameter between the sheep (Table 4.2). 

The correlations between % change m diameter pre- and post-

extension to break and POB-CSA were not significant (p>O.OS) within sheep 

(Table 4.4). A small significant (p<O.OS) correlation occurred between % 

change and POB-CSA for data pooled from the five sheep. That is, there 

was a slight tendency for thicker fibres to decrease in POB diameter 

following break. 

Overall, 64% of the 100 fibres broke in clean shear fractures and 

the remaining 36% of fibres demonstrated axial splitting during failure. 

The mean % change in POB diameter for clean shear fractures was 1.41 % (SEM 

= 0.74) and for axial splits was 0.01% (SEM = 0.86). The % change in POB 

diameter for either break-type was not significantly (p>O.OS) different 

from zero. Hence, irrespective of break-type no significant change in 

diameter occurred following rupture. 

Summary: Little change in the POB diameter of fibres occurred 

following break. 

3.1.1(ii) Other Tests of POB-SB as a Measure of IMS 

The ranking of the five sheep by their mean POB-SB and stress at 

IS% extension (S IS) showed reasonable agreement (Table 4.S). The 
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correspondence between the ranking of sheep by POB-SB and stress at break 

based on minimum cross-sectional area (i.e. MIN-SB) was low. 

Table 4.5 

The Means and CV s of POB-SE", MIN-SEt and Sl.S (mgf.um- 2 ) for 

the Sheep in EXPERIMENT A 

POB-SB 

Sheep r~ean Rank 

485 

168 

180 

358 

19.37 1 

217 

20.47 

20.86 

20.97 

21.06 

Pooled 20.55 
(for the 
five sheep) 

2 

3 

4 

5 

c. V 

12.9 

16.6 

14.8 

17.6 

15.2 

15.6 

tlIN-SB 

Mean Rank 

25.91 1 

35.39 

31.14 

31. 60 

27.95 

30.37 

5 

3 

4 

2 

c V 

35.9 

37.2 

34.0 

37.0 

22.5 

34.5 

Mean Rank 

9.79 1 

10.00 

11. 35 

10.98 

10.77 

10.58 

2 

4 

5 

3 

The pooled CV of POB-SB was less than half that of MIN-SB and 

also slightly less than the pooled CV for SIS (Table 4.5). The CV of 

POB-SB was also more consistent between sheep than the CV s of either MIN-

SB and SIS' 

Within each of the five sheep no significant (p>O.05) correlation 

was found between POB-SB and the CV of cross-sectional area along fibres 

(Table 4.6). Similarly, there was no significant (p>O.05) correlation 

between POB-SB and CV of Cross-sectional area for data pooled from the 

five sheep. 

Summary: POB-SB was considerably less variable than MIN-SB and of 

c V 

20.6 

20.0 

11.8 

15.5 

13.0 

16.8 
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equivalent CV to S15' It was moderately well correlated with S15 and 

independent of variations in cross-sectional area along fibres. 

Table 4.6 

THE CORRELATIONS (r) BETWEEN POB-SB AND C V OF 

ALONG FIBRE CROSS-SECTIONAL AREA 

Sheep 

168 

180 

217 

358 

485 

Overall 
(the five sheep) 

df(sheep) = 18 
df (overail)= 98 

Correlation 

-0.04 

0.27 

0.29 

0.06 

0.03 

-0.05 

3.1.2 EXPERIMENT B: Investigations of the Region of Localised Weakness on 

Wool Staples 

3.1.2(i) The Regions of Localised Weakness on Full-Length Single Fibres 

Correspond to their Point of Minimum Cross-Sectional Area 

The histograms in Figure 4.10 summarise the patterns of break: 

observed in full-length fibres from the five sheep. The POB rarios of 
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fibres from sheep 168 and 180 formed relatively clustered distributions 

about their respective medians. A region of localised weakness occurred 

along fibres from these two sheep. Sheep 217' s fibres also tended to 

break In a moderately localised pattern. The POB distributions for sheep 

358 and 485 were broadly spread along their respective full-length fibres. 

The fibres from these two sheep displayed little tendency to break within 

a localised region. 

Figure 4.10 

The Distribution of the POB on Fibres in EXPERIMENT B 
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Table 4.7 

The Means for the POB and POM Ratios for the sheep 

EXPERIMENT B 

Sheep Mean POB Mean POM 
Rati 0 Rat io 

168 0.34 (.10) 0.36 (.06) 

180 0.42 (.11 ) 0.43 (.10) 

217 0.43 (.20 ) 0.42 ( .07 ) 

358 0.42 (.48 ) 0.43 ( • 06) 

485 0.71 ( .43) 0.72 (. 07) 

SEMs are given in brackets adjacent the means. 

1. POB - point of break 

2. POM - point of minimum diameter 

For each sheep there was no significant (p>O.05) difference 

between the mean POB and the mean point-of-minimum diameter (POM) on 

full-length fibres. Hence, there is good agreement between the mean point 

in 

at which midside fibres from a sheep broke and the mean point of minimum 

thickness on fibres from that sheep. 

3.1.2(ii) The Stress-Strain Properties of the Region of Thinnest Cross-

Sectional Area Along Wool Fibres 

3.1.2(ii)a Stress-at-Break 
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There was no significant (p>O.05) variation of mean POB-SB between 

the region of thinnest cross-sectional area (POM) and a region chosen at 

random along fibres pooled from the sheep (Table 4.8). Similarly, mean 

POB-SB did not significantly (p>O.05) vary between regions along fibres 

from each of the sheep (Tables 4.8 (Le. the interaction between sheep and 

fibre region on Table 4.8) and 4.9). This occurred for all five sheep 

Table 4.8 

ANOVA OF POB-SB BETWEEN FIBRE REGIONS 

Source df Mean Sguares x 105 

Sheep 4 2.835* 

Residual 145 0.860 

Fibre Region 1 0.337 NS 

Sheep x fibre region 4 0.419 NS 

Residual 145 0.804 

* (p(0.05) 
NS not significant at the 5% level of confidence 

Sources of Variation 

Sheep; variation due to differences between the five sheep 

Fibre Region; variation due to differences between regions along fibres (i.e. 
between the POM and random regions) 

Sheep x Fibre Region; variation due to the sheep by fibre region interaction 
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Tabl e 4.9 

FIBRE REGION POB-SB MEANS (mgf~m-2) 

Fibre Regi on 

Sheep POM Mean Random Mean 

168 18.6 18.2 

180 19.9 20.7 

217 19.2 19.6 

358 19.1 19.6 

485 19.9 19.6 

SEO (Fibre Regions within a Sheep) = 7.32 

SED (Between Sheep) = 5.35 

Pooled Mean 
for Sheep 

18.4 

20.3 

19.4 

19.3 

19.8 

POM = point of minimum diameter (i.e. localised weakness) 

Table 4.10 

FIBRE REGION POB-SB C V 

Fibre Region 

Sheep POM Random Pooled 
for Sheep 

168 13.7 16.2 14.9 
1BO 10.3 13.8 12.3 
217 11.8 12.0 11.7 
358 20.1 12.0 16.5 
485 16.2 17.5 16.0 
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irrespective of whether their staples had a localised weakness or not. 

The largest % difference that occurred between the regions along fibres 

was 4.2% (sheep 180). This change was not significant (p>0.05). 

The variation of POB-SB between the five sheep was significant 

(P<0.05) (Table 4.8). Sheep 168 and 180 had the lowest and highest mean 
-2 POB-SB values of 18.64 and 20.74 mgfJ..Lm . This represented a difference 

of 10%. 

The CV of POB-SB varied slightly between the five sheep. 

3.1.2(ii)b Extension Properties 

There was no significant (p>O.05) variation of Ey and EB between 

the region of thinnest cross-sectional area (POM) and the region chosen at 

random along fibres (Table 4.11). However there was a significant 

(p<0.05) interaction between sheep and fibre region on Ey . That is, small 

changes in Ey occurred along fibres from sheep 180 and 485 (Table 4.12). 

Variation of Ey did not occur along fibres from sheep 168 and 217, the 

sheep with regions of localised staple weakness. In general, the 

difference in EB between regions was not significant (p>O.05). The 

largest % differences in Ey and EB that could be detected between fibre 

regions were 3.1% (sheep 485) and 4.1% (sheep 485) respectively. 
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Table 4.11 

ANOVA OF Ey and E8 BETWEEN FIBRE REGIONS 

Extension 
Parameter Source df Mean Squares 
Ey Sheep 4 45.9** 

.".-... -................. "--." ... ". Residual 120 8.5 

... --._- ... - Fibre Region 1 0.6 NS 
~ _ .. Sheep x Fi bre Region 4 56.9~* --.----.-.".".--- Residual 120 6.0 

EB Sheep 4 293.8** 
Residual 120 44.8 

Fibre Region 1 53.9 NS 
Sheep x Fibre Region 4 19.3 NS 
Residual 120 40.9 

** = (p(O.Ol) 
NS = not si gnifi cant at the 5% level of confidence 

Table 4.12 

FIBRE REGION Ey AND EB MEANS (% EXTENSION) AND SEDs 

Ey EB 
Fibre Region Fi bre Region 

- .~-.'.---,,--.-- "--~-

Sheep POM(a) Random(b) Pooled POM(a) Random(b) Pooled 

168 31. 9 32.9 32.4 49.4 49.2 49.3 

180 32.2b 33.9a 33.1 51.1 52.8 51.9 

217 32.4 33.6 33.0 53.3 52.6 53.0 
- _ .. -. -. --< -_. 

358 31.5 30.9 31. 2 46.5b 49.4a 48.0 

485 35.3b 31. 9a 33.3 51.9 47.8 49.9 

SED (Fibre Regions SED (Fibre Regions 
withi n a Sheep) = 0.68 withi n a Sheep) = 1.81 

- .:.:._.:-_-O'_ •.•.• _~_ .• SED (Between Sheep) = 0.59 SED (Between Sheep) =1. 34 

Subscri pts (i .e. a and b) indicate differences significant at the 5% level of 
confidence between fibre regions within a sheep. 
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There were highly significant (p<O.01) variations in Ey and EB 

between sheep (Table 4.11 and 4.12). Sheep 358 and 485 respectively 

demonstrated the lowest and highest mean Ey values of 31.2% and 33.0%. 

This represented a small difference of 1.8%. Sheep mean EB values varied 

over a similar range of 5.0% between sheep 358 and 217. 

The respective CV s of fibre Ey and EB were consistent between 

regions along fibres (Table 4.13). The CV s of Ey and EB between the 

five sheep demonstrated small differences. 

Tabl e 4.13 

FIBRE REGION C V OF Ey AND EB 
Ey EB 

Fibre Region Fibre Region 

Sheep POM(a) Random(b) Pooled POM(a) Random(b) Pooled 
(sheep) (sheep) 

168 7.8 8.7 8.3 12.7 13.1 12.8 

180 8.7 8.7 8.8 9.5 8.8 9.0 

217 8.0 9.1 8.6 14.9 9.4 12.8 

358 8.7 6.8 7.7 15.0 12.2 13.9 

485 7.1 10.4 10.2 18.3 14.9 16.5 

Table 4.14 

FIBRE REGION POB-CSA (~m2) MEANS 

Fibre Region 

Sheep POM Random 

168 597 936 

180 492 793 

217 636 993 

358 908 1026 

485 910 985 POOLED SO = 384.4 
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3. L2(ii)c Cross-Sectional Area, Ellipticity and Break-Type of the Fibre 

Regions 

Fibre Cross Sectional Area: 

Within wool fibres from the five sheep, regions of localised 

weakness were thinner in cross-sectional area (POB-CSA) than the regions 

chosen at random (Table 4.14). This difference was most pronounced along 

fibres from sheep 180 where the average POB-CSA of the region of thinnest 

cross-sectional area was 66% less than that of the random region. 

In Figure 4.11 POB-SB values measured on fibres from the low 

staple strength sheep 168 are plotted against POB-CSA. The points from 

each of the two fibre regions are given on the same axes. The overall 

scatter of points does not indicat~ any systematic trend of POB-SB with 

POB-CSA. 

The correlations between POB-SB and POB-CSA were also usually low 

for the other four sheep (Table 4.15). This generally held both within 

fibre regions and for the overall relationship where fibre regions were 

pooled within a sheep. The pooled correlation between POB-SB for sheep 

485 was highly significant (p<O.OI). However, this relationship did not 
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Figure 4.11 

POB-So Against POB-CSA for Regions within Fibres from Sheep 168 
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influence the comparison of POB-SB between fibre regions for this sheep. 

This was as the POB-CSA of segments from the two fibre regions of sheep 

485 varied over a similar range (Figure 4.12). 

The correlations of EB and POB-CSA were generally low (Table 

4.16). None of the five sheep demonstrated significant (p>0.05) 

relationships between EB and POB-CSA when data from the two fibre regions 

were pooled within a sheep. 

Ey was better correlated with POB-CSA than were EB and POB-SB. If 

the ANOV A of Ey was adjusted for its trend with POB-CSA the changes from 

the unadjusted fibre region means were negligible (compare Tables 4.12 and 

4.17). 

Ellipticity: 

Ellipticity generally did not vary. systematically between fibre 

regions. The region of localised weakness along sheep 180 fibres had a 

mean POB-ELR value slightly lower than the region chosen at random (1.21 

vs 1.27) (Table 4.18). 

Break-type: 

There was relatively close agreement in the percentage of fibres 

breaking in either clean shears or axial splits between the fibre regions 

in each of the five sheep (Table 4.19). Hence, no changes in the break-

type morphology of fibres was associated with the regions of localised 

weakness (i.e. POM). 
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Table 4.15 

The Correlations (r) Between the POB-S8 and POB-CSA in 

EXPERIMENT B 

POB-SB vs POB-CSA 

Fibre Region 
OVerall 

Sheep POM Random Pooled 
(Sheep) 

168 0.12 0.10 0.06 

180 -0.23 -0.30 -0.25 

217 0.10 -0.02 -0.03 

358 -0.14 -0.40* 0.00 

485 0.67** 0.29 -0.42** 

* = (p<0.05) 
** = (p(O.Ol) 
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Table 4.16 

The Correlations ( r) of Ev and EE~ with POB-CSA 

EXPERIMENT B 
Ey vs POB-CSA EB vs POB-CSA 
Fibre Region Fi bre Region 

Sheep POM Random Overall. POM Random 
(sheep) 

168 -0.14 -0.26 -0.15 0.03 0.08 

180 -0.42* -0.33 -0.17 0.46* 0.05 

217 -0.14 -0.43* -0.25 0.62** 0.03 

358 -0.78** -0.27 -0. 52*": -0.31 0.46* 

485 0.47* -0.28 -0.40** 0.08 0.08 

* = (p(0.05) 
** = (p(O.Ol) 

Table 4.17 

THE FIBRE REGION Ey MEANS ADJUSTED FOR THEIR 

TRENDS WITH POB-CSA AND POB-ELR 

Fibre Regi on 

Sheep POM Random 

168 31. 92 32.14 

180 32.64 33.66 

217 32.34 33.70 

358 31. 44 30.92 

485 35.62 32.04 

SED (between fibre regions within a sheep) = 0.63 

in 

Overall 
(sheep) 

0.00 

0.13 

0.22 

0.13 

0.06 
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Table 4.18 

FIBRE REGION POB-ELR MEANS 

Fibre Region 

Sheep POM Random 

168 1. 32 1. 26 

180 1. 21 1. 27 

217 1. 21 1. 22 

358 1. 33 1. 32 

485 1. 34 1. 35 

POOLED SO = 0.271 

Table 4.19 

THE % OF FIBRES BREAKING IN CLEAN SHEARS WITHIN 

THE FIBRE REGIONS 

Fibre Regi on 

Sheep POM Random 

168 87 90 

180 78 83 

217 93 87 

358 97 93 

485 73 75 

Pooled (for the 
five sheep) 85.6 85.6 

Fibres not breaking in clean shears break in 
axial splits. 
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Summary: Wool fibres were studied from two sheep with a pronounced 

"break" and three sheep with no or only slight "break". A region of 

localised weakness was identified on full-length fibres from three of 

these five sheep. No change could be detected in the stress-at-break 

(i.e. POB-SB) of fibres at these regions of localised weakness compared to 

the rest of the fibre. Little change could also be found in the extension 

properties of fibres with zones of localised weakness. Significant 

variation of the above fibre physical properties occurred between the five 

sheep. 

3.1. 3 EXPERIMENT C: Variation in the Stress-Strain Properties of Wool 

Fibres Between Body-Sites on Sheep. 

3.1.3(i) Stress-at-Break 

There was no significant (p>O.05) variation in POB-SB between 

body-sites (Table 4.20). Similarly, there was no significant (p>0.05) 

interaction between sheep and body-site. That is, mean POB-SB remained 

near-constant between the three body-sites within each of the sheep (Table 

4.21). The largest difference that could be detected between body-sites 

within a sheep was 3.2% (Le. midside and shoulder of sheep l68). This 

difference was not significant (p>O.05). The pooled thigh, shoulder, and 

midside means for the sheep were also similar (Table 4.21). 
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Table 4.20 

ANOVA OF POB-SB BETWEEN BODY-SITES 

~--"---::--'"'--'-,----",------- Source df Mean Sguares x 105 

--'- .. _____ '. Sheep 3 6.189** 
'-.- ........ -
.',.-'0_ .-." ••. "-'"-r- Sites 2 0.207 NS 

Sheep x Sites 6 0.255 NS 

Residual 348 0.734 

."." --'."".-.'."-=-"--. 

** = (p(O.Ol) 
NS not significant at the 5% level of confidence 

Sources of Variation 

Sheep; variation due to differences between sheep 

Site; variation due to differences between between body-sites 

Sheep x Sites; variation due to the sheep by body-site interaction 

Table 4.21 

SHOULDER, MIDSIOE ANn THIGH POB-SB MEANS (mgf ~m-2) AND 
',_ •• - __ -_-_".- __ • ..J 

SEDs 

Body-Si te 

Sheep Shoul der Midside Thigh 
.- .-." - .". _. -~ .' '- " 

168 19.23 18.64 19.43 

180 21.11 20.70 20.85 

217 19.76 19.17 19.36 

485 19.46 19.85 19.88 

Pooled mean 
for sheep 19.89 19.66 19.88 

SED (between body-sites within a sheep) = 7.0 
SED (between body-sites) = 3.5 
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The main source of POB-SB variation occurred between the sheep 

(Table 4.20). 

The CV of POB-SB varied slightly between the body-sites (Table 

4.22). Generally, CV POB-SB was marginally. lower between midside fibres 

than in either of the other two body-sites. 

Table 4.22 

SHOULDER, MIDSIDE AND THIGH POB-SB C V 

Body-Site 

Sheep Shoulder Midside Thigh 

168 16.0 13.7 14.9 

180 10.5 10.2 ll.8 

217 13.0 ll.8 15.4 

485 17.4 14.5 13.7 

Pooled for the 
four sheep 14.3 12.6 13.9 

3.1. 3(ii) Extension Properties 

There was no significant (p>O.05) variation of either Ey or EB 

between the body-sites (Table 4.23 and 4.24). Similarly, the interaction 

of sheep and body-site had no significant (p>O.05) influence on Ey and EB. 

Mean Ey varied significantly (p<O.05) between the sheep. Mean EB did not 

differ significantly between sheep. 
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3.1.3(iii) Cross-Sectional Area, Ellipticity, and Break-Type of Fibres 

from the Body-Sites. 

Fibre Cross-Sectional Area: 

Large variations in POB-CSA occurred between the three body-sites 

(Table 4.25). The pattern of the variation in cross-sectional area was 

relatively consistent between the body-sites. On average, midside fibres 

were 22% less in cross-sectional area than shoulder fibres. Shoulder 

fibres were in turn an average of 36% lower in cross-sectional area than 

fibres sampled from each sheep's thigh. (N.B. medullated fibres were not 

included in these measurements). 

Low correlations generally occurred between the three stress-

strain parameters (Le. POB-SB, Ey and EB) and POB-CSA (Table 4.26). 

This held both within the body-sites of individual sheep and for the 

pooled correlations within sheep. 

Ellipticity: 

Small differences in POB-ELR occurred between body-sites within 

the four sheep (Table 4.27). There was no systematic pattern to this 
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Table 4.23 

ANOVA OF Ey and EB BETWEEN BODY-SITES 

~~----.--~--'--------.---

Strain Source df Mean Squares 
- .. ...... 

.... -.. ,.--_., Ey Sheep 3 16.2* ----- .. -----. 

Sites 2 2.0 NS 
Sheep x Sites 6 4.2 NS 
Residual 288 8.2 

ES Sheep 3 35.6 NS 
- . ~ - - . - . - _. ", Si tes 2 99.7 NS 

Sheep x Sites 6 57.3 NS 
Residual 288 58.4 

** = (p(0.05) 
NS = not si gnifi cant at the 5% 1 evel of confidence 

Table 4.24 

.--",-' .. :.'.-,-,-'.-.-, BODY-S ITE Ey AND EB MEANS AND SEDs 

Ey ES 
-. ~ . ~. -,,- ,." :-." '"' ""'-

Sheep Shoul der Mi dsi de Thigh Shoul der Midside Thi gh 

168 33.1 31.9 31. 9 50.7 49.4 51.5 

180 32.9 32.2 33.3 48.8 51.1 49.9 

217 33.3 33.6 33.4 50.7 53.0 52.3 
.e-.",", • __ ," •• ~ .•• 

485 34.3 34.7 33.6 51. 3 51.9 52.1 

Pooled 33.4 33.1 33.1 50.4 5,1.4 51. 5 

Ey SED = {between body-sites E8 SED = (between body-sites 
within sheep) = 0.81 withi n sheep) = 2.16 

• - ~ - • - ••• - - • E. __ Ey SED = (between body-sites) = 0.41 ES SED = (between body-sites) = 1. Of 
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Table 4.25 

THE BODY-SITE POB-CSA MEANS ~m2) 

Sheep Shaul der Mi dsi de Thigh 

168 645 597 972 

180 904 447 957 

217 746 636 995 

485 856 910 1372 

Pooled for 
four sheep 788 648 1074 

Pooled SO = 428.8 

Table 4.26 

THE CORRELATIONS (r) OF STRESS-STRAIN PROPERTIES WITH 

POB-CSA FOR FIBRES POOLED FROM THE BODY-SITES 

POB-CSA vs Stress-Strain Property 

• __ • __ , .c •• __ . __ Sheep POB~SB Ey EB 

168 0.05 -0.13 -0.02 

180 0.07 -0.06 -0.07 

217 -0.02 -0.04 0.18 

485 -0.23* -0.32** 0.18 
---..".-.-------

- -- - -- _.-

df = 88 (POB-SB) df = 73 (Ey, EB) 

* = (P(0.05) 
** = (p(O.Ol) 
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Table 4.27 

THE BODY-SITE POB-ELR MEANS 

Sheep 

!fi8 

180 

217 

485 

Pooled for 
the sheep 

Pooled SO = 0.242 

Table 4.28 

Shoul der 

1. 28 

1. 27 

1. 38 

1. 35 

1. 32 

Midside 

1. 32 

1. 21 

1. 21 

1. 34 

1. 27 

Thigh 

1. 31 

1. 38 

1.24 

1.42 

1. 34 

THE CORRELATIONS (r) OF THE STRESS-STRAIN PROPERTIES WITH 

POB-ELR FOR FIBRES POOLED FROM THE BODY-SITES 

Sheep 

168 

180 

217 

485 

df = 88 (POB-SB) 

* = (P(O.05) 

POB-ELR vs STRESS-STRAIN PROPERTY 

POB-SB Ey EB 

-0.19 0.01 -0.18 

-0.06 -0.00 -0.19 

0.12 -0.17 0.00 

-0.26* -0.12 0.19 

df = 73 (Ey, EB) 
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variation. The correlations of POB-SB• Ey and EB with POB-ELR were 

generally low (Table 4.28). 

Break-type: 

The proportions of fibres fracturing inc1ean shears and axial 

splits varied considerably between the body-sites within each of the four 

sheep (Table 4.29). Clean shear breaks usually occurred more frequently 

in midside fibres than in shoulder and thigh fibres. 

Table 4.29 

THE % OF CLEAN SHEAR BREAKS WITHIN BODY-SITES 

% Cl ean Shears 

Sheep Shoulder Midside Thi gh 

168 90 87 73 

180 70 70 78 

217 53 90 57 

485 60 97 80 

Pooled for 
four sheep 68 86 72 

No significant (p>O.05) variation could be found in the stress-

strain properties of fibres breaking in clean shears and axial splits 

within the sheep and for the overall pooled means for the two break-

types (Table 4.30). 
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Table 4.30 

The Mean Stress-Strain Properties of Fibres Breaking in 

Clean Shear (CS) and Axial Split ( AX) Breaks in EXPERIMENT 

Stress-Strain Property 

Break 
Sheep -type POB-SB(mgf .!Jm-2) Ey (%) EB (%) 

168 CS 19.12 (35 ) 32.5 (0.92) 50.2 (1. 9) 
AX 19.04 (56) 31.8 (1. 23) 52.0 (3.1) 

180 CS 20.78 (25 ) 33.4 (0.68) 52.4 (1. 8) 
AX 20.97 (42) 34.3 (0.62) 53.5 (2.2) 

217 CS 19.58 (35) 32.6 (0.65) 52.7 (2.1) 
AX 19.08 (44) 33.3 (0.95) 50.5 (2.8) 

485 CS 19.63 (41) 34.3 (1.14) 46.1 (2.6) 
AX 19.89 (40) 33.3 (0.80) 48.2 (2.0) 

SEMs are given in brackets adjacent to means 

Summary: There was little variation in POB-SB, Ey and EB between the 

shoulder, midside and thigh body-sites of the sheep. POB-SB and Ey 

varied significantly between the sheep. However, EB was relatively 

unifonn between the sheep in this experiment. 

C 
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3.2 The Main Study 

3.2.1 The Effect of Nutritional Treatment on the Wool Fibre Stress-

S train Properties 

3.2.1(i) Stress-at-Break. 

There was no significant (p>O.05) variation of POB-SB between 

nutritional groups (Tables 4.31 and 4.32). 

In Figures 4.13, 4.14 and 4.15 the relationships of POB-S B, Ey and 

EB with POB-CSA are plotted. Data from all 40 sheep were used in these 

scatter plots. Ey demonstrated a slight downward trend with increasing 

POB-CSA. Both POB-SB and EB demonstrate little discernible relationship 

with POB-CSA. The r values for each of these trends were low (Table 

4.37), although all three were significant (p<0.05). The correlations 

within the nutritional groups were at levels similar to those determined 

for overall relationships. 

The mean fibre POB-SB of sheep demonstrated no significant 

(p>0.05) relationship with FFA or % bodyweight change levels within the 

nutritional groups (Tables 4.33 and 4.34). The relationships for 

the 40 sheep were also not significant (p>O.05). Similarly, no 

significant (p>0.05) correlation of CV POB-SB with FFAs and % bodyweight 

change occurred within nutritional groups. A small significant (p<0.05) 

correlation occurred for the relationship for the 40 sheep between 

CV POB-SB and FFAs. 
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Table 4.31 

ANOVA OF POB-SB BETWEEN NUTRITIONAL GROUPS 
of.-.".'_".' __ .-__ .-._".-

Source df Mean Squares x 105 
---- •• -0 ••••• 

....... -" .... Nutrition . '."0"_'.'.-."--."-".-.-.- 3 4.82 NS 

Residual 36 7.40 

NS not significant at the 5% level of confidence 

Table 4.32 

NUTRITIONAL GROUP MEANS AND SEDs FOR POB-SB, Ey, AND EB 

Stress-Strain Property 

Nutritional POB-SB{mgf )Jm-2) 
Group 

Ey (%) EB (%) 

Lo 20.51 32.82 56.1 

(M 20.42 33.10 55.8 

)M 20.97 33.82 56.4 

Hi 21.24 33.30 56.4 

SED (between 6.92 0.463 1. 92 
nutritional groups) 
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Table 4.33 

Nutritional 
Group 

Lo 

(M 

)M 

Hi 

OVerall 
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THE CORRELATIONS (r) OF POB-SB, Ey AND EB MEANS AND C V 

WITH THE FFAs OF SHEEP 

FFA ueql-1 vs 

POB-SB Ey EB 

Mean COV Mean COV Mean COV 

0.12 0.14 -0.05 -0.37 0.12 0.12 

-0.19 0.07 -0.09 0.44 -0.41 0.12 

-0.58 0.59 -0.29 0.11 0.68 0.29 

-0.10 -0.36 -0.30 -0.30 -0.47 -0.26 

-0.19 0.36* -0.30 0.26 -0.13 -0.18 

df (within nutritional groups) = 8 
df ,(withi n flock) = 38 

Table 4.34 

Nutritional 
Group 

Lo 

(M 

)M 

Hi 

Overall 

df (withi n 
df 

THE CORRELATIONS (r) OF POB-S6' Ey AND EB ,MEAN AND C V 

WITH THE % BODYWEIGHT CHANGE OF SHEEP 

% bodyweight change vs 

POB-SI3 Ey EB 

Mean C ·v Mean C V ~~ean C V 

0.36 -0.29 0.20 0.24 0.24 0.24 

-0.22 0.06 -0.12 0.33 -0.17 0.15 

0.28 -0.47 -0.32 0.53 0.49 -0.60 

-0.05 0.49 0.11 0.02 0.02 0.59 
--

0.22 0.38* 0.23 0.08 0.10 0.16 

nutritional groups) = 8 
(within flock) = 38 

* = (p(O.05) 
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3.2.1(ii) Extension Propenies 

There were no significant (p>O.05) variations in Ey and EB between 

nutritional groups (Table 4.35). There were no correlations of Ey and EB 

values for sheep with FFAs or % bodyweight changes (Table 4.33 and 4.34). 

Similarly, the respective CV s of wool fibre Ey and EB were not related to 

the sheep nutritional balance indices (Table 4.34). 

Table 4.35 

ANOVA OF Ey and EB BETWEEN NUTRITIONAL GROUPS 

Extension 
Parameter Source df Mean Squares 

Ey Nutrit ion 3 44.4 NS 
Residual 36 27.3 

EB Nutrit ion 3 14.0 NS 
Residual 36 461. 7 

NS = not Significant at the 5% level of confidence 

. Table 4.36 

NUTRITIONAL GROUP MEANS AND SEDs FOR POB-CSA and POB-ELR 

Dimensional Property 

Nutritional POB-CSA POB-ELR 
Group 

Lo 662 1.27 

(M 783 1. 28 

)M 109l. 3 1. 36 

Hi 1d03.4 1. 35 

Pooled SO 387.2 0.321 
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3.2. 1 (iii) Cross-sectional Area, Ellipticity and Break-Type 

Fibre Cross-sectional Area: 

The mean values of POB-CSA for nutritional groups are given in 

Table 4.36. As nutritional balance became more positive, mean POB-CSA 

increased. 

Fibre Ellipticity: 

The mean values for POB-ELR for nutritional groups are given in 

Table 4.36. The mean ellipticity of the >M and Hi groups were slightly 

higher than the <M and Lo groups. 

In Figures 4.16 and 4.17 the pooled data for the relationships of 

POB-SB and EB with fibre ellipticity (POB-ELR) are given. Slight 

decreases in both the stress-strain properties occurred as POB-ELR 

increased. The r values for these small trends were highly significant 

(p<O.01) (Table 4.38). The correlations within the nutritional groups 

were also highly significant (p<O.01). 

POB-ELR was virtually independent of POB-CSA (Figure 4.18). 

Ey generally demonstrated negligible correlations with POB-ELR 

(Table 4.38). 
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Table 4.37 

THE CORRELATIONS (r) OF THE STRESS-STRAIN PROPERTIES WITH 

FIBRE CROSS-SECTIONAL AREA (POB-CSA) FOR NUTRITIONAL GROUPS 

POB-CSA vs Stress-Strain parameter 

Nutritional POB-SB 
Group 

Lo -0.012 

(M -0.13 * 

)M -0.09 

Hi -0.18 ** 

Overall -0.06 * 

POB-SB df(treatments) = 298 

Ey and EB df(treatments) = 248 
Figure 4.13 

Ey EB 

-0.11 0.16 * 

-0.27 ** 0.04 

-0.28 ** 0.19 ** 

-0.15 * 0.11 

-0.15 ** 0.11 ** 

df (Overall)= 1198 

df( Overa:i.:O= 998 

The Pooled Relationship Between POB-Sa and POB-CSA 
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Figure 4.14 

The Pooled Relationship Between Ev and POB-eSA 
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Figure 4.15 

The Pooled Relatio,nship Between Es and POB-CSA 
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Figure 4.16 

The Pooled Relationship Between POB-Sa and POB-ELR 
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Figure 4.17 

The Pooled Relationship Between Es and POB-ELR 
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Table 4.38 

THE CORRELATIONS (r) OF THE STRESS-STRAIN PROPERTIES WITH 

FIBRE ELLIPTICITY (POB-ELR) FOR NUTRITIONAL GROUPS 

POB-ELR vs Stress-Strain parameter 

Nutritional POB-SB 
Group 

Lo -0.26 ** 

(M -0.27 ** 

)M -0.16 * 

Hi -0.3 ** 

Pooled -0.22 ** 

POB-SB df(treatments) = 298 

Ey and EB df(treatments) = 248 

* = (P(0.05) 
** = (P(O.Ol) 

Break-type: 

Ey EB 

0.04 -0.27 ** 

-0.17 * -0.32 ** 

-0.07 -0.22 ** 

-0.2 ** 0.39 ** 

-0.05 -0.29 ** 

df(Pooled) = 1198 

df(Pooled) = 998 

83.5% of all fibres broke with clean shears (Table 4.39). Clean shear 

breaks comprised more than 75% of the break-types in each of the four 

nutritional groups. There were slight increases in the proportions of 

fibres breaking in axial splits within the Hi and >M groups. 

POB-SB, Ey and EB did not vary significantly (p>O.05) between fibres 

breaking in the two types of fracture (Table 4.39). This held both within 

nutritional groups and for the overall pooled break-type 
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Table 4.39 

THE STRESS-STRAIN PROPERTIES OF FIBRES BREAKING IN CLEAN SHEARS 
(CS) AND AXIAL SPLITS (AX) IN THE NUTRITIONAL GROUPS 

Nutritional % break POB-SB_2 Ey (%) EB (%) 
Group -type (mgf )Jm-2) 

Lo CS 90.0 20.63 (17) 32.7 (0.27) 56.0 
AX 9.8 20.R3 (38) 33.7 (0.87) 58.9 

<M CS 89.0 20.45 (20) 33.1 (0.21) 55.7 
AX 11.0 20.23 (53) 33.5 (0.71) 60.0 

)M CS 76.3 21.03 (22) 33.9 (0.21) 55.5 
AX 23.7 20.76 (42) 33.4 (0.32) 59.5 

Hi CS 78.7 21.58 (24) 33.2 (0.31) 55.4 
AX 21.3 20.45 (37) 33.8 (0.47) 58.0 

Pooled CS 83.5 20.92 (10.4) 33.2 (0.13) 55.5 
for all AX 16.5 20.57 (21.2) 33.6 (0.27) 59.0 
groups 

Standard errors are given in brackets adjacent means 

number of fibres (treatments) = 300(POB-SB), 250(Ey & ES) 
number of fibres (pooled) = 1200 (POB-SB)' 1000 (Ey & ES) 

comparisons. Fibres breaking with axial splits were extended further 

than fibres breaking in clean shears. For the pooled comparison, clean 

shears were stretched 4.5% less than axially split fibres before break. 

However, this difference in the extendibility of clean sheared and axially 

split fibres was not significant (p>O.05). 

3.2.1(iv) Analysis of Covariance of the Stress-Strain Properties Between 

Nutritional Groups 

The previous section (section 3.2.liii) showed small significant 

trends of: 

(0.67) 
(1. 36) 

(0.76) 
(1. 54) 

(0.84) 
(1. 38) 

(0.93) 
(1. 4) 

(1. 0) 
(0.74) 
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a) POB-SB with POB-CSA and POB-ELR 

b) Ey with POB-CSA 

c) EB with POB-CSA and POB-ELR 

These relationships were included in analyses of covariance (COVAR) for 

the effect of nutrition on POB-SB• Ey and EB (Table 4.40). 

Table 4.40 

ADJUSTED NUTRITIONAL GROUP MEANS AND SEDs 

Stress-strai n 

Nutritional POB-SB Ey (%) 
Group (mgf pm- 2) 

Lo 20.77 32.6 

(M 20.45 33.0 

)M 20.90 34.0 

Hi 21.12 33.5 

SED (between 7.73 0.582 
nutritional groups) 

POB-SB covariates = POB-CSA, POB-ELR 

Ey covariates = POB-CSA 

EB covariates = POB-CSA, POB-ELR 

FOR POB-SB, Ey AND EB 

Property 

EB (%) 

57.3 

56.2 

55.4 

54.7 

1.97 

The effect of nutritional treatment on POB-SB• Ey and EB remained non-

significant (p>0.05) in the COY ARs. The covariate-adjusted nutritional 

group means of POB-SB• Ey and EB were only marginally different from the 

unadjusted group means (compare Tables 4.32 and 4.40). 
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Summary: POB-SB, Ey and EB single fibre properties were not 

significantly affected by the nutritional treatments. 

3.2.2 The Stress-Strain Properties of Fibres From Different Sheep 

3.2.2(i) Stress-at-Break 

There were highly significant (p<O.01) variations of POB-SB between 

sheep in each of the four nutritional groups (Table 4.41). 

Table 4.41 

ANOVA OF POB-SB BETWEEN SHEEP WITHIN THE NUTRITIONAL GROUPS 

Mean squares x 105 

Nutritional 
Group 

Lo 

(M 

)M 

Hi 

df (Sheep) = 9 

Sheep 

7.571 ** 
6.093 ** 
8.291 ** 
7.046 ** 

df (Residual) = 290 

** = (p(0.01) 

Residual 

0.554 

0.911 

0.949 

1.039 

In Table 4.42 sheep with the lowest and highest mean POB-SB values 

within each nutritional group are given. On average, sheep differed by up 

to 26.0% within the nutritional groups. Overall, the mean POB-SB values 

for individual animals ranged from 17.50 (sheep 293) to 23.66 mgfJ.Lm- 1 

(sheep 560). This represented a range of 35.2%. 
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Figure 4.19 

The Distribution of Mean POB-Sa Between Sheep 
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Figure 4.20 

The Distribution of CV POB-Sa Between Sheep 
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. Mean POB-SB values were distributed relatively uniformly between sheep 

within the experimental flock (Figure 4.19). 

There was also a broad range of CY 

4.20). The lowest and highest sheep CY 

and 18.1% (sheep 558). 

3.2.2(ii) Extension Properties 

POB-SB values for sheep (Figure 

of POB-SB were 8.6% (sheep 490) 

There were highly significant (p<O.Ol) variations in Ey and EB amongst 

sheep within the four nutritional groups (Table 4.43). 

Table 4.42 

THE MINIMUM AND MAXIMUM MEAN POB-SB (mgf ~m-2) VALUES FOR SHEEP 

IN THE NUTRITIONAL GROUPS 

Nutrit i ana 1 Min Max % Difference 
Group ((max-min)/min) x 100 
La 18.6 23.1 24.2 
(M 19.1 22.4 17.2 
)M 17.5 23.7 35.2 
Hi 18.8 23.5 24.5 

Pooled mean 18.4 23.2 25.0 
for all groups 
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Mean Ey values for sheep ranged from 31.4% to 35.2%. This represented 

a small difference of 3.8 % between the lowest and the highest means for 

sheep. CV Ey for individual animals ranged from 4.4% to 12.3%. The 

distributions of mean Ey and CV 

and 4.22 respectively. 

Ey for sheep are shown in Figures 4.21 

Mean EB for sheep varied from 46.5% to 64.3%. This represented a 

difference of 17.5%. Sheep CV EB ranged from 7.5% to 22.9%. The 

distributions of mean EB and CV EB for sheep are shown in Figures 4.23 

and 4.24 respectively. The mean EB and POB-SB for sheep demonstrated a 

moderate level of relationship (r= 0.75, p<0.01) (Figure 4.25). 

3.3.2(iii) Analysis of Covariance of the Stress-Strain Properties Between 

Sheep in the Nutritional Groups 

The trends of the stress-strain properties with POB-CSA and POB-ELR 

were included in analyses of covariance (COV AR) for the effect of sheep 

within the four nutrition~ groups on POB-SB, Ey and EB. The difference 

between sheep within the groups remained significant in the COY ARs. The 

co-variate-adjusted means of POB-SB, Ey and EB for sheep were only 

marginally different from the unadjusted means (Appendix Tables B 1, B2 and 

B3). Hence, irrespective of their relationships with POB-CSA and POB-ELR 

the wool fibre stress-strain properties varied significantly amongst 

animals in the nutritional groups. 
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Figure 4.21 

The Distribution of Mean Ev Between Sheep 
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Figure 4.22 

The Distribution CV Ev Between Sheep 
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The D istribut ion of Mean Ea Between Sheep 
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Figure 4.25 

The Relationship Between EEl and POB-SEI 
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Summary: POB-SB varied by up to 35% between sheep within the 

experimental flock. 

3.3.3 The Relationship Between Staple Strength and the Fibre Stress-

S train Properties 

3.3.3(i) Stress-at-Break 

In Figure 4.26 the normalised work to break (W#) estimate of staple 

strength for each of the 40 sheep is plotted against mean POB-SB for 

sheep. W# demonstrated a linear increase as POB-SB increased (p<0.01). 

The regression equation for this relationship is; 

W# = -112.4 + 0.114 POB-SB MSE = 628.0 

This equation explained 32.8% (~) of W# variation between the trial 

sheep. 

A highly significant (p<0.01) positive relationship also occurred 

between the F# values for the 40 sheep and their mean POB-SB . The 

regression equation is; 

F# = -59.5 + 0.049 POB-SB MSE = 224.8 

This equation explained 20.1 % (~) of the F# variation amongst the sheep 

(Figure 4.27). 
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Figure 4.26 

The Relationship Between W# and Mean POB-Sa 
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Figure 4.27 

The Relationship Between F# and Mean POB-Sa 
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Within the nutritional groups the correlations of F# and W# with mean 

POB-SB for sheep were generally at a higher level than for the 

overall relationships (Table 4.44). Mean POB-SB explained 62.6%, 

81.7%, and 70% (~) of the W# variation between sheep within the Lo, >M 

and Hi groups respectively. These relationships were all highly 

significant (p<O.Ol). W# was not significantly (p>0.05) correlated with 

mean POB-SB for <M group sheep. 

Within the Lo, >M and Hi nutritional groups mean POB-SB accounted for 

64%, 26.6% and 30% (~, p<O.01) of F# variation between animals 

respectively (Table 4.44). The relationship of F# and mean POB-SB for 

sheep was not significant (p>0.05) within the <M group. 

There were highly significant (p<O.Ol) negative correlations of F# and 

W# with CV POB-SB for sheep in the Lo group (Table 4.44). No 

significant (p>0.05) correlations occurred for this relationship within 

the <M, >M and Hi groups. Similarly, the pooled correlations of F# and W# 

with sheep CV POB-SB were low. 

3.2.3(ii) Extension Properties 

Neither F# nor W# were significantly (p>O.05) correlated with Ey 

values for sheep (Tables 4.45 and 4.46). This held within nutritional 

groups and for the pooled correlations with Ey . Similarly, within 

nutritional groups, no consistently significant (p>O.05) correlations were 

found between either of the two wool staple strength estimates and CV Ey 

for sheep (Tables 4.45 and 4.46). However, both estimates of staple 



- - . ~" - . -- . 

; " -~-. '-- ~ " .. - - -

--~ _. --, -- .-- " 

--- - ~-' -..... _- .... -- -

245 
Table 4.43 

ANOVA OF Ey AND EB BETWEEN SHEEP WITHIN THE NUTRITIONAL GROUPS 

Mean squares x 105 

Ey EB 
Nutritional 
Group Sheep Res'idual Sheep Residual 

Lo 19.7 * 8.9 432 ** 

(M 32.1 ** 5.2 557 ** 

)M 13.6 ** 4.4 348 ** 

Hi 43.9 ** 7.7 501 ** 

Table 4.44 

THE CORRELATIONS (r) OF STAPLE STRENGTH WITH MEAN AND 

C V POB-SB 

F# vs POB-:-SB W# vs 
Nutritional 
Group Mean COV Mean 

Lo 0.80 ** -0.85 ** 0.79 ** 

<M 0.17 0.42 0.00 

)M 0.52 0.11 0.90 ** 

Hi 0.63 * -0.53 0.84 ** 

OVerall 0.44 ** 0.16 0.59 ** 

. Table 4.45 

THE CORRELATIONS (r) OF W# WITH Ey AND EB MEANS AND C V 

W# vs Ey W# vs 
Nutritional 
Group Mean COV Mean 

Lo -0.52 0.12 0.44 

(M 0.12 0.16 -0.29 

)M 0.23 -0.23 0.41 

Hi 0.06 -0.72 * 0.66 * 

Overall 0.14 0.38 * 0.40 ** 

df(treatments) = 8 
df(pooled) = 38 

* = (p(O.05) 
** = (p(O.Ol) 

42.4 

56.2 

71. 5 

68.7 

POB-SB 

COV 

-0.92 ** 

0.19 

-0.32 

-0.43 

0.03 

EB 

COV 

0.7 * 

-0.17 

-0.2 

-0.44 

0.01 
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strength demonstrated a small significant (p>O.05) relationship with CV 

Ey for sheep in overall relationships (Tables 4.45 and 4.46). 

There were low to moderate correlations of the F# and W# values for 

sheep with mean EB values (Tables 4.45 and 4.46). This held within the 

nutritional groups and for overall correlations. 

CV EB demonstrated low correlations with the F# and W# (Table 4.45 and 

4.46). 

Summary: POB-SB demonstrated a moderate to high level of correlation 

with the F# and W# values for sheep within nutritional groups. 

Table 4.46 

THE CORRELATIONS (r) OF F# WITH Ey AND EB MEANS AND C V FOR SHEEP 

Nutritional 
Group 

Lo 

<M 
)M 

Hi 

Overall 

df (t reatments) 
df(pooled) = 38 

* = (p(0.05) 
** = (p(O.Ol) 

= 

F# vs Ey 

Mean 

-0.49 

-0.15 

-0.222 

0.15 

0.18 

8 

F# vs EB 

COV Mean COV 

-0.12 0.44 0.54 

-0.28 0.02 0.59 

-0.09 0.52 0.29 

-0.61 0.83 ** 0.46 

-0.33 * 0.33 * -0.02 
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4 DISCUSSION 

In this chapter a systematic study of variation in the IMS of fleece 

wool from the trial flock has been described. A method for the accurate 

measurement of IMS of wool fibres was developed (aim 4, chapter 2 section 

3). The IMS and extension properties of fibres were found not to change 

within the "break region" of staples (aim 5, chapter 2 section 3). These 

properties also varied little between the shoulder, midside, and thigh 

body-sites on sheep (aim 6, chapter 2 section 3).Differences in the IMS 

and extensibility of fibres occurred between individual trial sheep (aim 

7, chapter 2 section 3). This variability of IMS between sheep was shown 

to be a major determinant of variation in staple strength (aim 8, chapter 

2 section 3). In particular, this factor appeared to underlie the large 

differences in staple strength that occurred between sheep in the same 

nutritional treatment group described in chapter 3. 

4.1 The Preliminary Study 

4.1.1 EXPERIMENT A: POB-SB as an Estimate of the Intrinsic Material 

Strength of Wool Fibres 

The conclusions on the importance of IMS strength made in this study 

reside largely with the appropriateness of POB-SB as an accurate 

estimator of IMS. A small study was performed to test the validity of the 

method (~im 4, chapter 2 section 3). The following two questions were 

addressed: 

(1) Was POB-CSA an accurate measure of fibre cross-sectional 

area? 
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(2) Were the properties of POB-SB consistent with a measure of the 

strength of the fibre's material? 

4.1.1 (i) The Accuracy of Fibre Cross-Sectional Area Estimation 

There were three main criteria for concluding that POB-CSA accurately 

estimated fibre cross-sectional area at the POB; 

- no permanent deformations of fibre diameter occurred following break, 

- the predominance of clean shear break-types, 

the end-on views enabled an estimate of the fibre's elliptical cross-

sectional area. 

A number of variables that might have caused systematic changes to POB 

diameter were studied. These included changes that occurred; 

between sheep 

with fibre cross-sectional area 

with break type. 

There was a marginal correlation between diameter change following 

break and POB-CSA. This probably indicated a slight tendency for thicker 

fibres to undergo deformation following break. However, with this 

one exception, there was no other evidence that POB diameter changed 

following extension to break. 

This conclusion appears to be consistent with the literature on the 

fracture behaviour of wool fibres at 65% RH (Meybeck and Gianola, 1955; 

Dobb and Murray, 1976; Orwin~, 1985). 
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Of the fibres tested in the main study (see chapter 4 section 2.4), 

83.9 % broke in clean shears (Figure 4.5b). In clean shear break-types, 

the wool fibre is cleaved in a single plane perpendicular to its long axis 

(Andrews, 1964; Hearle et al., 1976; Dobb and Murray, 1976; Orwin et aI., 

1985). This is a useful property in the estimation of POB-CSA. If the 

fracture plane did not occur at right-angles to the axis of the fibre the 

area of cross-section measured ftom the end-on view would over-estimate 

the true cross-sectional area of fibre. Breaks not at right-angles to the 

fibre's axis were rarely observed and hence the accuracy of fibre cross-

sectional area estimation was not affected by this factor. 

In summary, the end-on technique used in the current study allowed the 

major and minor elliptic axes of the fibre to be measured. The technique 

is quick and accuracy is improved without having to perfonn cumbersome 

operations such as the measurement of fibre diameter in different viewing 

planes (e.g. James, 1963b; Collins and Chaikin, 1965a). It is concluded 

that POB-CSA represents a convenient and accurate measure of the 

undefonned cross-sectional area of the fibre at its point-of-break. 

4.1.1 (ii) The Properties of POB-SB as a Measure of Intrinsic Material 

Strength 

One of the main properties required for an estimate of intrinsic 

material strength is independence from the direct influence of changes in 

thickness along fibres (Collins and Chaikin, 1965c, 1968). POB-SB was not 

significantly correlated with CV of cross-sectional area along fibres and 

thus fulfills this criterion. 
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A frequently used index of the intrinsic strength of fibres is SB 

normalised by minimum cross-sectional area (Le. MIN-SB) (Kenny and 

Chaikin, 1959; Roberts £L.&, 1960; James, 1963a; Thwaites, 1972; Orwin 

et al.. 1980, 1985; Parthasarathy et al., 1980. 1981; Hunter et al., 

1983). MIN-SB is in theory free of the effects of changes in cross-

sectional area along fibres (Banky and Slen, 1955; Kenny and Chaikin, 

1959; James 1963a). MIN-SB was calculated in the present study by 

normalising fibre load at break with a circular single viewing plane 

measurement of minimum cross-sectional area. MIN-SB was found to be over 

twice as variable as POB-SB. This higher variability probably occurred 

for two reasons. First, MIN-CSA is not likely to be a precise measure of 

the cross-sectional area of the fibre. This is because of the assumption 

of fibre circularity and the fact that only one measurement of MIN-CSA was 

taken per fibre. Secondly, the estimation of MIN-SB assumes that the 

breaking stress of the fibre will be determined by its point of thinnest 

cross-sectional area (Banky and Slen, 1955; Kenny and Chaikin, 1959; James 

1963a). There is evidence that fibres frequently break away from the 

point of minimum cross-sectional area (Meybeck and Gianola, 1955; Orwin ~ 

aI., 1980~ 1985). POB-CSA will always coincide exactly with the point at 

which the fibre breaks. Hence, this may be a factor in the reduced CV of 

POB-SB· 

One reservation often expressed on the use of stress-strain parameters 

measured at fibre break, is that they may be influenced by 'flaws" 

occurring along the fibre (Mason, 1964; Chapman, 1969). As a result, it 

has been suggested that the break parameters (Le. SB and EB) will not 

give a representative measure of the bulk fracture behaviour of the 

material of the fibre (Chapman, 1969). The respective stresses at 15% 
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(S 15) and 30% (S30) extension are supposedly independent from "flaws" and 

are thus thought to be more appropriate indices of the intrinsic material 

strength of wool. In the current study POB-SB was generally found to be 

slightly lower in CV than S 15' If "flaws" in the fibre do influence POB-

SB' then one might have been expected it to be more, rather than less 

variable between fibres than S 15' 

No evidence is found indicating that at 65% RH POB-SB is an 

inappropriate estimate of the IMS of wool fibres. On the contrary, it has 

a relatively low variance and is independent of changes in cross-section 

area along fibres. 

4.1.2 EXPERIMENT B: The Stress-Strain Properties of Wool Fibres In 

Regions of Localised Staple Weakness 

Little evidence was found for a reduction in the IMS or extension 

properties of wool within a region of localised weakness (Le. thinning) 

along fibres. This finding agrees with those of Burgmann (1959) and 

Roberts et al.~ (1960). In studies of Merino and Corrie dale wools these 

authors could find little evidence for changes in the S 15 along fibres 

thinned by the effects of low nutritional level (Burgmann, 1959) and feed 

of poor nutritive value (Roberts et al., 1960). In addition, Roberts ~ 

al. (1960) reported that no change in SB and EB occurred along "tender" 

fibres. 

The above studies were similar in many respects to the current work, 

although certain important differences do exist. First, the conclusions 

of these other studies were based on less than 30 fibres. The current 
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work involved a comparison of the specific region of localised weakness on 

each of 150 fibres, to a second region isolated at random from the same 

fibre. Secondly, the minimum cross-sectional area-estimate, used to 

standardise SB by Roberts et ai. (1960) was measured by a short gauge 

length vibroscope (Burgmann, 1959). The use of this method brings into 

doubt the validity of the SB values used by these authors (see chapter 2 

section 1.4.3v). The use of yield region stress-strain indices such as SIS 

to approximate the ultimate fracture behaviour of wool fibres might also 

be questioned. In a study of Merino and Corriedale wools, Collins and 

Chaikin (1968) reported that SIS and CV of cross-sectional area along 

fibres were significantly correlated. 

Other workers have come to different conclusions from that of Roberts 

and co-workers (1960). Hunter et al. (1983) suggested that "tenderness" 

was associated with a change· in both the substance and cross-sectional 

area of the fibre. Orwin et aI., (1980) also found evidence for 

differences in the material strength of wool from "tender" and "sound" 

Perendale staples. However, contrary to Hunter et al. (1983), Orwin and 

co-workers (1980) proposed that the differences in IMS 

between "tender" and "sound" wools arose from variation in the properties 

of wool from different sheep. 

The present work confmns Orwin' s (1980) hypothesis. For example, the 

midside fibres of sheep 180 underwent the most pronounced thinning of the 

five sheep in the preliminary study (Figure 4.6). However, the strength 

of its wool staples (F#) is greater than the two sheep with staple "break" 

(i.e. 168 and 217 - Table 4.1). Some of this difference may be accounted 
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for by the fact that the mean IMS of wool fibres from the sheep 180 is the 

highest of the five animals in the experiment. 

It should be noted that IMS varied in a continuous distribution 

between the trial sheep. Fleeces are not therefore divided between 

discrete categories such as "tender" and "sound" on the basis of the IMS 

of their wool. 

The absence of variation in POB-SB, Ey and EB between nutritional 

groups also suggests that reductions in fibre diameter (e.g. Figure 3.9) 

were not associated with changes in the IMS or extension properties of 

fibres. It should be noted however, that the nutritional treatments 

applied represented a relatively specific set of effects. Other 

nutritional circumstances outside the range studied may have had different 

influences on the stress-stain properties of wool keratin. For example, 

dietary copper deficiency results in the production of wool with low IMS 

levels in some sheep (r~viewed Ryder and Stephenson, 1968, Purser, 1979). 

Further work may reveal that factors other than nutritional balance (e.g. 

pregnancy, lactation, sudden changes in feed composition) have a role in 

reducing the IMS of staples with a "break". It however remains to be 

shown that such influences can result in changes to the breaking strength 

of wool keratin of comparable magnitude to the range of IMS variability 

occurring between the fleece wool from different sheep. 

4.1.3 EXPERIMENT C: Variation in the Stress-Strain Properties of Wool 

Fibres Between Body-Sites on Sheep. 
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The results presented show no significant variation in POB-SB, Ey and 

EB between the shoulder, midside and thigh body-sites of sheep. These 

findings agree with the results of other workers (Evans, 1954; Whiteley 

and McMahon, 1965). 

In the absence of modifications to wool from external influences (e.g. 

weathering), it is concluded that the IMS and extension properties of wool 

within the midside body-site are representative for the fleece of an 

individual sheep. 

In the preliminary study, it was apparent that only small variations In 

the IMS and extension properties of the fibres occurred within a sheep. 

Little change could be detected along fibres, and only minor variations 

were apparent over the fleece. Consistently low relationships occurred for 

the stress-strain properties with fibre thickness (i.e. POB-CSA) and 

ellipticity (i.e. POB-ELR). There was also no difference in the IMS and 

extension properties of fibres fracturing with either clean shear or 

axially split break-types. 

The results of EXPERIMENT B (fibre region) and EXPERIMENT C (bodysite) 

of the preliminary study were based on five and four animals 

respectively. Given the consistently low systematic variations in POB-SB, 

Ey and EB, the small numbers of animals used would seem adequate for the 

aims of these experiments. 

There is evidence that staple strength is a heritable trait (Ross, 

1965; Bigham et al.. 1983). As IMS appears to be near-constant for a 

given sheep it may be that repeatability of staple strength between 
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generations is due to the inheritance of this property. This area clearly 

requires further study. 

4.2 The Main Study 

4.2.1 Variation of Fibre Stress-Strain Properties Between Sheep 

Other workers have described differences in the stress-strain 

properties of wool keratin between sheep within a range of breeds (Evans, 

1954; O'Connell and Lundgren, 1954, Whiteley and McMahon, 1965; Orwin n 
al., 1985). Much of this work has used measurements of the intrinsic 

material strength properties involving yield region indices (e.g. S 15' 

S30)' Thus, in most cases direct comparison with POB-SB is not possible. 

It is also unfortunate that some authors have not given the mean values 

for individual sheep. However, a number of useful comparisons can be 

made. Whiteley and McMahon (1965) in a study of a flock of Corrie dale 

ewes, reported mean S30 values for individual sheep varying between 4.36 

and 5.97 kgmm-2. This represents a difference of 36.9% which concurs with 

the range detennined in the present study. 

Orwin ~ (1985) described mean POB-SB values for three Romney ewes 

of 240.8, 235.0, 215.1 Ilgfll-2. A significant 11.9% difference occurred 

between the lowest and highest of these means. 

Variation in stress-strain properties of wool keratin has also been 

reported between breeds of sheep (O'Connell and Lundgren, 1954; Thorsen, 

1958; Dusenbury and Wakelin, 1958; Whiteley and McMahon, 1965; Collins and 

Chaikin, 1968). The magnitude of the variation found by most authors is 

generally slightly lower than that occurring among individuals of the same 
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breed. Differences between individual sheep irrespective of breed 

therefore may represent the most important source of IMS variation. 

4.2.2 The Basis of the Differences in Intrinsic Material Strength Between 

Sheep 

There is evidence for variations in the wool fibre stress-strain curve 

with cortical composition (Feughelman and Haly, 1960; Thorsen, 1958; 

Andrews et al.. 1962; Winn et aI., 1977; Orwin et aI., 198m, ann wool 

sulphur content (Ie Roux and Speakman, 1957; Feughelman, 1963; Crewther, 

1965; Whiteley and McMahon, 1965; Orwin et aI., 1980). There are also 

indications that morphological features such as the fibre's cell-

membrane-complex and intermacrofibrillar material may have a role in the 

variation of the mechanical properties of wool fibres (reviewed Zahn, 

1980). 

The current study has involved no measurement of the structure and 

composition of wool. However, a number of indirect observations can be 

made with respect to the role of fibre structure in the differences in 

keratin strength between sheep. 

The results indicate that any relationship between the proportions of 

cortical cell-type within fibres and keratin strength is unlikely. In 

long-wooled breeds common to New Zealand, such as the Romney, it is widely 

accepted that the proportion of orthocortex in fibres increases with fibre 

diameter (and thus cross-sectional area) (Orwin and Woods, 1980; Orwin et 

aI., 1980, 1984, 1985; Fitzgerald 1986). Figure 4.13 indicates that the 

overall trend of POB-SB with fibre cross-sectional area (POB-CSA) is near 
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constant. If orthocortex increases with cross-sectional area and if it 

also influences the strength of wool keratin, then it is expected that the 

trend of POB-SB with POB-CSA would be markedly more downward than IS 

indicated in Figure 4.13. In addition, the mean POB-SB values for sheep 

were only altered marginally if adjusted for the relationship between POB-

SB and POB-CSA. Therefore, it is unlikely that any factor that 

demonstrates systematic variation' with fibre thickness (e.g. orthocortex 

proportions) is associated with the variation in IMS between sheep. 

Feughelman (1963) and Crewther (1965) observed in disulphide-reduced 

wools that Ey (i.e. extension at the end of the yield region) was 

particularly sensitive to differences in disulphide content. In the 

present study POB-SB had a very low, although significant correlation with 

Ey (r=O.092, df 998). Ey therefore, can account for very little of the 

variation in POB-SB. 

Wool fibre stress-strain behaviour has so far been discussed in 

relation to variations in the proportion of structural elements within 

fibres. However, the degree of change of a strength determining structure 

along fibres may be just as important (reviewed Collins and Chaikin, 

1968). For example, it would not matter how much stronger and more 

prevalent paracortex was than orthocortex, if the point at which the fibre 

broke was comprised wholly of orthocortex. Hence the proportion of a 

strength determining structural element within a fibre may bear no 

relationship to the mean IMS of the fibre. Rather the degree to which 

this structure varied along the fibre may be of greater importance. 

Ortho- and paracortical cells are not uniformly distributed along the 

length of fibres from long-wooled breeds (Orwin et al., 1984). Therefore, 
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it is possible that cortical cell-type may yet have a role determining 

the IMS of wool fibres. 

The strength of keratin may in part be determined by the cell-

membrane-complex that binds adjacent cortical cells (reviewed Zahn, 

1980). However, there is JlO.. evidence from the present study that the 

between-sheep keratin strength differences were associated with the fibre 

cell-membrane-complex. Most of the 1200 fibres broken in the mam study 

(83.9%) fractured in clean shear break-types. In breaks of this kind, a 

smooth plane perpendicular to the fibre axis occurs (Andrews, 1964; Hearle 

et al.. 1976; Dobb and Murray, 1976; Orwin et aI., 1985), Cortical cells 

are spindle-shaped with their long axes oriented parallel to that of the 

fibres (Orwin, 1979a, 1979b). A smooth plane across cortical keratin 

would not be expected if membranes formed planes of preferential weakness. 

The other major break-type observed at 65% RH are fractures involving 

splitting along the fibre axis (see also Dobb and Murray, 1976; Hearle ~ 

at, 1976; Orwin ~ 1985). There is some evidence that in failure of 

this kind the fracture path may follow the cell-membrane-complex (Dobb and 

Murray, 1976; Zahn, 1980), although Orwin et al. (1985) noted that in 

axially split stepped breaks (e.g. Figure 4.5b) apart from where cleavage 

plane ran along the fibre axis, the path of fracture was still directly 

across cortical keratin. 

In this current study no significant difference could be found in the 

stress-strain properties of fibres breaking in either axial splits of 

clean shears. Given this, it is difficult to envisage a relationship 
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between the differences in POB-SB among sheep and the mechanical 

properties of the cell-membrane-complex. 

POB-SB and EB both demonstrated minor negative trends with increasing 

ellipticity (POB-ELR). The correlation between POB-SB and POB-ELR was of 

a similar magnitude to that described by Orwin et ai. (1985). 

Relationships between fibre extension at break and ellipticity have not 

been previously described in the literature. POB-ELR was near-constant 

with fibre cross-sectional area (POB-CSA). Hence, the above trends cannot 

be accounted for by an interdependence of POB-SB and EB with POB-CSA and 

POB-ELR. 

It would seem improbable that a weakening of the fibre material occurs 

in more elliptical fibres, although this cannot be discounted. 

Alternatively, it may be that fibre shape influences stress-strain 

properties (Orwin et ai., 1985). 

Although ellipticity did have a small influence on fibre stress strain 

properties at fracture, it cannot have an important role in the POB-SB and 

EB differences between sheep. This is because there were only marginal 

changes to sheep POB-SB and EB means when they were adjusted for their 

trends with POB-ELR (Appendix Tables Bl and B3). 

POB-ELR may not be a representative measure of mean fibre ellipticity. 

However, the POB-ELR ratios found in the current work are comparable to 

ellipticity values reported for wool fibres by other workers (e.g. 

Rossouw, 1931; Bosman, 1937; Jones and Lang, 1961; James, 1963b; Collins 

and Chaikin, 1968). 
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4.2.3 The Relationship Between Staple Strength and the Fibre 

S train Properties 

Stress-

A number of significant correlations occurred between the two 

estimates of staple strength (i.e. F# and W#) and fibre stress-strain 

properties. By far the most important of these were the relationships of 

F# and W# that occurred with IMS (i.e. POB-SB). 

In all nutritional groups, except for sheep in the <M treatment, POB-SB 
accounted for substantial portions of the variation of both F# and W# 

between sheep. 

In general, W# demonstrated a better relationship with POB-SB than F#. 

The lower correlation of F# was probably due to the load-extension 

behaviour of single fibres being masked by the staple fibre length 

distribution (Ross, 1961a; Edenborough and Nossar, 1973; Onions et ai., 

1977b; Caffin, 1983; de Jong ~, 1985; van Luijk, 1986). 

IMS demonstrated a low level relationship with F# and W# for <M group 

sheep. The explanation for this may in part have been related to the low 

range of mean POB-SB values for <M group sheep. Indirectly this result 

supports the importance of IMS to staple strength variation, as the 

absence of between-sheep variability in POB-SB for <M sheep is matched by 

a low range of staple strength values for these animals. 

The relationship between F# and mean POB-SB for the 40 sheep in the 

present study is at a comparable level to a similar relationship 
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described by Hunter et al. (1983). Hunter et al. (1983) related the F# 

values of staples to the mean tenacity (load at break nonnalised by 

minimum cross-sectional area) of fibres drawn from within those staples. 

It is not indicated by the authors that the staples used were from 

different sheep. However, a 600% difference occurred between the lowest 

and highest mean single fibre tenacity values determined within different 

staples. The range of mean POB-SB values between sheep in the present 

study is 1/17 of this. Given the magnitude of this difference in range it 

is difficult to conclude that the basis for the relationship between F# 

and IMS is the same in the two studies (Le. IMS differences between 

sheep), although this possibility cannot be discounted. 

There is strong evidence that staple strength is an inherited trait 

(Ross, 1965; Bigham et al., 1983). Hawker (1986) proposed that winter 

wool growth efficiency was the genetic factor that determined this 

inheritance. Given the poor relationship between staple strength and 

efficiency found in this study, it is difficult to concur with this view. 

It remains to be shown that IMS is a heritable character. Nonetheless, 

given its importance in detennining staple strength, its constancy with 

feed level, and its consistency within the fleece (e.g. along staples and 

between body-sites), IMS presents itself as a plausible candidate for 

genetic transmission. Further work on the heritability and repeatability 

of this phenotypic trait is required. In addition to describing the 

genetics of IMS, there is a need to determine whether a sheep's fibre IMS 

level remains constant with age. The wool used in the present study was 

obtained from sheep of similar age and was grown over a single winter. It 

therefore cannot be precluded that the strength of wool keratin does not 

alter with the maturity of sheep. 
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A number of workers have found that staple-strength varies between 

body-sites on sheep (Ross, 1961a; Rottenbury et al., 1981; Gordon and 

Engel,1980; Ross and Meikle, 1985; Bigham, 1986). For example, staples 

from the neck of long-wooled breeds have been reported to be stronger than 

wool from other sites within the fleece (Ross, 1961a; Bigham, 1986). Given 

the consistency of IMS of native (Le. unmodified) wool fibres between 

body-sites found in the present study, this factor is unlikely to account 

for the relative "soundness" of neck wool. Possibly this phenomenon 

results from fibres in different body-sites undergoing varying levels of 

change in cross-sectional area along their length. Factors which modify 

the material of the fibre following its emergence from the follicle such 

as weathering (Ross, 1961a; Rottenbury et aI., 1981) or microbial 

degradation (Gordon and Engel, 1980) in some cases may also cause 

variation in staple strength over the fleece of sheep. In the present 

study, no sample of belly wool was taken and the indoor penning of sheep 

would have prevented weathering being a source of IMS variation. 

The mean EB values for sheep demonstrated a moderate level of 

correlation with F# and W#. However, these correlations probably 

resulted from the relationship of EB with POB-SB (Figure 4.25). The 

moderate relationship between EB and POB-SB may provide a useful way of 

predicting the IMS (Le. POB-SB) of wool fibres. The estimation of EB can 

be made more simply and quickly than POB-SB. Hence, EB estimation may be 

a more convenient means of testing wools from larger numbers of sheep. 

Material breaking extension variability between fibres has been 

predicted as having a small influence on F# (de Jong et al., 1985; van 
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Luijk, 1986). In this current study no relationship of either F# or W# 

was found with the CV of EB for sheep. This occurred even though the CV 

EB range between animals was from 7.5 -22.9% between sheep. The reason for 

the lack of relationship between staple strength and CV EB may have 

resulted from the comparatively short fixed gauge length used (i.e. 40 

mm). Owing to the "weak-link effect" (Pierce, 1926; Morton and Hearle, 

1975), the influence of the level of fibre breaking extension variability 

is decreased at shorter gauge lengths (van Luijk, 1986). At longer gauge 

lengths the reduction in staple strength associated with increased levels 

of CV EB is much more pronounced. 

Small correlations were found between CV Ey and the two estimates of 

staple strength (Tables 4.45 and 4.46). The basis for this relationship 

is difficult to account for. Nonetheless the existence of the correlation 

is interesting given that a strong relationship between Ey and the level 

of protein disulphide-linkage in wool has been reported (Feughelman, 1963; 

Crewther, 1965). 

W# is theoretically independent of the fibre length distribution 

within the staple (Caffin, 1983; de Jong et al.. 1985; van Luijk, 1986) 

and is thus considered by many workers that it should be a more 

appropriate index of fibre strength than F#. However, in practice it has 

been found that W# has a higher CV and predicts post-carded fibre length 

less well than peak-force to break based estimates (e.g. F#) de Jong et 

ai., 1986). De Jong et al.~ (1985) ascribed the increased variability of 

W# to a relatively uniform level of crimped fibre lengths within Merino 

staples and difficulties in accurate measurement of extension and gauge 

length. However, the increased CV may have been due to the increased 
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sensitivity of W# over F# to differences in the IMS of fibres within the 

staples. Hence, the variation measured, rather than being undesirable may 

have been providing quite useful information on fibre strength variability 

between staples. Furthermore, IMS may explain the high between-fleece 

variability reported within grazing Merino mobs by other Australian 

workers (e.g. Rottenbury et al., 1981; Teasdale, 1986). 

This study indicates that the strength of wool fibre keratin within the 

staple bundle is an important determinant of its tensile properties. 

Staple strength is one of a number of variables that has an influence on 

the processing performance of wool (Ross et aI., 1960~ Bratt et aI., 1963; 

Turpie and Gee, 1980; Rottenbury et al., 1983, 1986a; Brown ~, 1985; 

Ranford et al., 1986; Douglas, 1986). IMS may be an important component 

of the relationship between staple strength and the level of fibre 

breakage during combing. If this is the case, then it may be possible to 

exploit genetically the differences in keratin occurring between animals 

and improve the processing performance of wool. 

5 Conclusions 

Significant differences occur in the IMS of wool fibres from different 

sheep. The range of these differences is relatively large compared to the 

variation of IMS within the fleeces of individual sheep. The IMS of 

fibres from a sheep has an important influence on staple strength. In 

particular large portions of the differences in F# and W# between sheep 

may be explained by variation in the breaking strength of wool keratin. 
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Table 5.1 

VARIABLES TESTED IN MULTIPLE REGRESSION MODELS OF F# AND W# 

FOR THE 40 TRIAL SHEEP 

Variable 

Mean treatment period FFAs 
Treatment period % bodyweight change 
Mean fibre stress-at-break 
Mean fibre extension-at-break 
C V of stress-at-break 
C V of fibre-extension-at-break 
C V of treatment period fibre 

cross-sectional area 
C V of treatment period wool 

production rate 
Mean minimum cross-sectional area 
Minimum wool production rate 
Mean treatment period wool 

production efficiency 
Wool production efficiency at the 

sampling of minimum diameter 
Time of minimum diameter 
Time of minimum wool production 
Time of staple break 
Staple load-extension curve shape 
Mean extension at the end of yield 

region 
C V of extension at the end of the 

yield region 
Mean fibre ellipticity 

* (p(O.05) 
** (p(O.Ol) 
NS Not significant 

Ab b rev i at ion 

FFA 
%BW 
POB-SB 
EB 
COV POB-SB 
COV EB 
COV-CSA 

COV-PR 

MIN-CSA 
MIN-PR 
MEAN-EFF 

EFF-MIN 

DTiM 
PTi M 
STi M 
LEC 
Ey 

tov Ey 

POB-ELR 

Correlations 
F # VI# 

** 
** 
** 

* 
NS 
NS 
** 

* 

** 

** 
NS 

** 

** 
** 
** 
** 
NS 

* 

NS 

** 
** 
** 
** 
NS 
NS 
** 

** 

** 
** 
NS 

* 

** 

** 
** 
** 
NS 

** 

NS 



266 

CHAPTER 5 MULTIPLE REGRESSION MODELS FOR STAPLE STRENGTH 

1 INTRODUCTION 

This study has examined the biological and physical factors that 

determine staple strength in Romney sheep. \Vhilst it has demonstrated 

that IMS differences between sheep are a major determinant of staple 

strength, the work has also indicated that this factor is one of a number 

of important variables that influence staple load-extension behaviour. 

Here, multiple regression models for F# and W# are derived from a large 

pool of variables measured in this study (e.g. Table 5.1). These models 

do not provide the working mathematical simulations of staple strength 

that have been formulated by other workers (e.g. de Jong et al., 1985; Van 

Luijk, 1986). However, they do to some extent offer a means of more 

formally integrating some of the findings in this thesis. 

A "step-wise" (Draper and Smith, 1981) selection of the best set of 

predictor variables was performed using the Minitab statistical package 

(Minitab Inc., U.S.A.). 
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Table 5.2 

Partial Correlation and Regression Coefficients for the Factors 

in the Multiple Regression Models for F# and W# 

r ~ 

Model for 
F# 

MIN-CSA 0.616 0.379 

FFA 0.152 0.023 

POB-SB 0.369 0.136 

EFF-MIN 0.438 0.192 

LEC 0.343 0.118 

Model for 
W# 

POB-SB 0.688 0.473 

FFA 0.506 0.256 

COV-PR 0.360 0.130 
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5.2 RESULTS AND DISCUSSION 

The multiple regression for the two indices of staple strength are; 

(1) F# = -8.24 + 0.018 POB-SB - 0.33 FFA -0.018 EFF-MIN- 2.06 LEC 

+ 0.03 MIN-CSA MSE = 48.0, 

and 

(2) W# = 7.8 + 0.088 POB-SB - 0.081 FFA - 1.78 COV-PR 

MSE = 150.8. 

These equations respectively explain 84.8 and 85% (~) of the 

variation in F# and W# between sheep in the experimental flock. 

The multiple regressions include all 40 animals studied for the 

stress-strain properties of their wool fibres. All predictor terms in 

the models have regression, coefficients with F values significant at 

above the 5% level of confidence. The observed values for F# and W# show 

no large systematic variation from values predicted by their respective 

regression equations (e.g. Figures 5.1 and 5.2). 

In table 5.2 the partial correlation (r) and regression 

coefficients (r2) (Little and Hills, 1977) for the factors selected for 

the F# and W# multiple regression equations are given. Partial 

correlation coefficients allow an examination of the relative 

contribution of individual factors to response variables (e.g. staple 

strength) in multiple regression equations. 
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Figure 5.1 

Plot of Residuals from the Multiples Regression Model for F* 
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Plot of Residuals from the Multiple Regression Model for W* 
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POB-SB has a partial correlation coefficient of 0.788 in the 

equation for W# and is the most highly partially correlated of the 

factors in the equation. POB-SB is apparently less important in the 

equation of F# (r=0.369). The reason for this may reside in the 

sensitivity of F# to staple fibre length distribution. This sensitivity 

may mask the tensile strength contribution of single fibres to F#, 

decreasing the importance of IMS in its multiple regression. 

Sheep FFA levels, an index of the nutritional status, were included 

in the models for both F# and W#. Table 5.2 again indicates that the 

contribution of FFAs to W# is substantially higher than for F#. This term 

probably reflects the changes in fibre dimensions resulting from the 

influence of winter nutrition on wool growth rate in the model for W#. 

Thickness variation along fibres, fibre shedding levels, and alterations 

to the staple fibre length distribution are examples of wool growth 

related variables potentially influenced by the sheep's nutritional 

status. FFAs contribution in the model for F# appears to decrease to an 

almost negligible level. The reason for this probably relates to the 

-inclusion of MIN-CSA and LEC in the equation for F#. These wool growth-

related factors are probably accounting for variation that would have 

otherwise been included within the nutritional status (Le. FFAs) 

variable. 

MIN-CSA is the most highly partially correlated variable to F#. The 

interpretation of this factor is somewhat complicated. As discussed 

earlier the contribution of the lTIlmmum cross-sectional area of fibres to 

staple strength is confounded with the effect of the mean cross-sectional 

area of fibres within the staple. Nonetheless, the presence and 
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importance of MIN-CSA in the multiple regression for F# is probably 

determined by the relationship between F# and the degree of thinning 

undergone by fibres in the "break" region of the staple. 

EFF-MIN and LEC were also included in the model for F#. EFF-MIN IS 

the second highest partial correlate of F#. This supports the contention 

of Hawker and Crosbie (1985) that the more efficient partitioning of 

nutrient to wool growth over winter in some sheep explains variation In 

staple strength. However, as indicated in the model, it is one of a 

number of variables detem1ining F#. It also appears to be of little 

importance in explaining variation in W#. 

Staple LEC shape is probably incorporated in the model for F# as not 

all sheep in the sub-maintenance groups Lo and <M demonstrated a 

propensity to undergo the changes in fibre length dist1ibution that 

result in double-peaked LECs. How nutritional stress induces LEC shape 

irregularity in only some sheep is not certain. However, comparative 

studies between such sheep and sheep not producing double-peaked LECs may 

provide some insight into how this phenomenon arises. 

The inclusion of COV-PR in the model for W# possibly indicates a 

seasonal component to the fibre dimensional variation effecting W#. This 

seasonal factor would not be reflected in FFAs, the other wool growth-

related correlate in the regression for W#. 

The multiple regressions models represented for F# and W# have 

limitations.For example, the models leave substantial proportions of F# 

and W# variability between sheep unaccounted for (i.e. ~ 15 % of r2 for 
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both F# and W#). Nonetheless, they are useful in illustrating some 

important facets of staple load-extension behaviour. First, they 

indicate the multifactorial nature of the physical variables that 

determine staple strength. Secondly, the models suggest 

that some of these physical variables are potentially influenced by a 

number of different factors; nutritional stress and winter efficiency may 

have independent effects on the level of change in fibre cross-sectional 

area. Thirdly, the models show that whilst F# and W# share some common 

variables, the influence of these variables on the two indices of staple 

strength are not equal; IMS is probably more important to W# than to F#. 

There are also variables that F# and W# do not share at all; e.g. staple 

strength are not equal; IMS is probably more important to W# than to F#. 

There are also variables that F# and W# do not share at all; e.g. staple 

LEe shape. Finally, the models illustrate the concept of IMS being a 

physical constant for a sheep. The constancy of IMS for a sheep is 

contrasted with the variability of the dimensional properties of its 

fibres which are influenced by the sheep's nutritional status, its winter 

efficiency and in some animals, a propensity to produce staples that 

break with twin force-peaks. 

In conclusion, previous theoretical models of staple load-

extension behaviour have assumed that different staples are composed of 

fibre material with similar physical properties (e.g. de Jong, 1985; van 

Luijk, 1986). This study has demonstrated that this assumption is 

erroneous. Future models will have to include a term for the intrinsic 

material strength of wool fibres if they are to reflect the factors that 

determine variation in staple strength within the New Zealand wool clip. 
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CHAPTER 6 

1 INTRODUCTION 

The principal objective of this thesis was to carry-out a systematic 

analysis of the role of wool fibre intrinsic material strength in staple 

strength variation. The work integrated biological and physical 

approaches in an attempt to resolve this area of longstanding controversy. 

The study placed much emphasis on the reduction of spurious sources of 

variability that may have detracted from its objective. This emphasis 

existed at all levels of experimentation; from the monitoring and control 

of nutrition of the individually penned sheep during the trial, to 

measurements made on the physical properties of their wools. For example, 

close attention was paid to the standardization of staple strength 

measurements and perhaps most critically of all, an accurate means of 

determining the IMS of wool fibres was devised. 

The above approach culminated in the findings that large differences in 

staple strength occurred between Romney sheep independent of their 

nutritional status (as measured by bodyweight change and blood plasma free 

fatty acid levels). These differences in staple tensile strength were 

determined mainly by a wide variability in wool IMS between sheep. 
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2 CONCLUSIONS 

1. Decreases in midside staple strength (i.e. F# and W#) are correlated 

with nutritional stress over winter in the trial sheep. 

2. Large differences in staple strength occur between sheep on the same 

levels of winter nutrition. 

3. The decrease in staple strength due to winter nutrition is largely 

explained by reductions in midside fibre cross-sectional area. An 

increasing tendency of staples from sheep on submaintenance feed levels to 

break with double-peaked staple load-extension curves is also correlated 

with lowered F# values. 

4. The variability of staple strength between sheep on comparable levels 

of winter nutrition is not explained by fibre cross-sectional reductions 

or by the occurrence of double-peaked staple load-extension curves. 

5. The winter wool growth efficiency of sheep cannot account for staple 

strength variability between sheep on the same nutritional level. 

6. An increasing delay in the position of staple break to spring occurs 

with increasing levels of nutritional stress. This probably results from a 

delay in the occurrence of minimum fibre cross-sectional area. 

7. POB-SB is a low variability estimate of single fibre IMS which 

uniquely involves measurement of the cross-sectional area of fibres on 
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their elliptic fracture surfaces. This enables a more accurate normalisation 

of fibre breaking load to stress at the point of fibre break. 

8. No change in the IMS of fibres occurs within regions of localised 

weakness on wool staples (i.e. staple "break" regions). The extension 

properties of fibres (i.e. extension at break (EB) and extension at the 

end of the yield (Ey)) also did not alter in the staple "break". 

9. Winter nutritional level has no effect on the IMS or extensibility of 

wool fibres from trial sheep. 

10. Little variation In IMS, EB, Ey occurs between the shoulder, 

midside, and thigh bodysites on sheep. 

11. Large differences in mean wool fibre IMS occur between trial sheep 

(up to 35 %). Significant variability in fibre extension properties also 

occur between sheep. 

12. The mean IMS of wool fibres from sheep have important relationships 

with midside staple strength. This relationship largely accounts for the 

differences in staple strength that occur between sheep on the same level 

of nutrition. 

13. Major proportions (-85% ~) of the variation In F# and W# between 

the trial sheep can be explained in multiple regression equations. For F# 

these variables are IMS, FFA levels, EFF-MIN, staple LEC type, and MIN-

CSA. The variables in the equation for W# are IMS, FFA levels, and COY-PRo 
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3 FUTURE WORK AND PRACfICAL IMPLICATIONS 

Wool fibre IMS has been reported to vary between individuals in a 

variety of modern sheep breeds (Evans, 1954; O'Connell and Lundgren, 

1954; Whiteley and McMahon, 1965; Orwin, 1985). Hence, this factor has the 

potential to detennine staple strength differences in breeds other than 

the Romney. For example, IMS' may in part account for the high level of 

between-fleece staple strength variability identified in Australian 

studies of grazing Merino mobs (Rottenbury ~, 1981; Teasdale, 1986). 

An important extension of the present work would be to detennine the role 

of IMS in staple strength variability in sheep breeds other than the 

Romney. 

As suggested earlier IMS may be a heritable character. On-going work on 

the potential genetic transmission and repeatability of this phenotypic 

trait is required (see Orwin, Geenty, and Clarke 1986). In addition to 

describing the genetics of IMS, there is a need to detennine whether a 

sheep's fibre IMS level remains constant or varies with age. The wool used 

in the present study was obtained from sheep of similar age and was grown 

over a single winter. It therefore cannot be precluded that the strength 

of wool keratin does not alter with the maturity of sheep. 

The structural basis of the sheep-to-sheep differences in wool keratin 

breaking strength was not resolved in this work. An understanding of this 

would be useful as it may provide insights into the factors which 

detennine wool stress-strain behaviour and perhaps offer means of 

improving the tensile properties of wool fibres. This study suggests that 

aspects of fibre structure such as proportions of ortho- and paracortex 
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and cell-membrane-complexes are not likely to determine between-sheep 

variation in IMS. One possibility that warrants further exploration is the 

degree of structural non-uniformity along fibres. Collins and Chaikin 

(1968) suggested that this factor may be as important in determining the 

stress-strain characteristics of fibres as variation in fibre cross-

sectional area along fibres. 

There is only limited understanding of the role of fibre stress-

strain behaviour in wool processing and its influence on wool end-

products. It is clear that fibre strength is one of a number of important 

variables that determine fibre breakage during carding (Wood, 1986). 

Consequently wool of higher IMS may be less prone to break during carding 

than fibre of lower IMS. It might be predicted that structurally stronger 

wool would have higher average lengths, lower noils and possibly also have 

decreased losses of short fibre following carding. The potential for wool 

IMS level to influence fibre breakage during carding may also have effects 

on yarn strength. This is because fibre length is a major determinant of 

the physical properties of yarns (reviewed Hunter, 1980). Comparative 

studies of the processing performance and yarn properties of wool from 

sheep with different IMS levels may be useful in determining the 

industrial significance of IMS. 

This study has demonstrated that the IMS of fibres does not alter in 

the staple "break" in response to winter feed levels. However, it is 

possible other factors may cause changes in the structure of keratin which 

result in lowered fibre breaking strengths. Pregnancy, lactation, and 

sudden changes in feed composition have been implicated in the formation 

of "break" in fleeces and lowered staple strength levels (see chapter 2 
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section 2.4). It might be hypothesised that such factors are unlikely to 

induce changes in IMS, however, in the absence of support from 

experimental work this prediction remains untested. 

The association between nutritional level and the occurrence of 

double-peaked staple LEes is an interesting and relevant area of further 

investigation. It is probable that· such irregularities in the shape of 

LEes result from underlying changes to the staple fibre length 

distribution (Ross, 1961a). The evidence for this from this study is 

indirect. First these changes influenced the level of F# but not W# for a 

sheep. F# is theoretically more sensitive than W# to changes in the staple 

fibre length distribution (see chapter 2 section 2.3.2iv(a». Secondly, 

the double-peaked LEes appear not to be the result of bimodal 

distributions of stress-strain properties (specifically EB), as all these 

variables demonstrated single-peaked distributions within individual 

sheep. If it can be established that these double-peaked LEes are indeed 

the result of changes to the distribution of fibre length within staples 

the question arises as to how this occurs. One possibility suggested 

by earlier work (e.g. Lang, 1945; Downes and Lyne, 1961) is that larger 

fibres (e.g. thicker and longer) undergo less dimensional change in 

response to nutrition than do smaller fibres. This hypothesis remains 

controversial. For example, there is evidence from studies of Romney 

sheep that thickness and length change in direct proportion to fibre size 

when wool growth rates vary (Ross, 1962). An experimental resolution of 

this matter presents some difficult technical problems. Possibly the use 

of markers such as durafar black and radioactive isotopes during fibre 

growth may allow its resolution. 
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The variability of IMS between sheep presents possibilities for 

qualitative improvements in wool strength to the farmer. The study 

indicated that the IMS differences between sheep were as important in 

determining staple strength as the effect of winter nutrition. If wool 

IMS proves to be heritable, then selection for sheep with structurally 

stronger wool keratin may provide gains in staple strength that are 

independent of nutritional status' of sheep over the critical winter 

period. Sheep with low IMS levels might also be "targeted" with extra 

feed during winter. Increased feed rations for such sheep may 

mitigate the effects of nutritionally-determined reductions in fibre 

thickness on staple strength. 

The on-farm use of selection and feeding strategies such as those 

suggested above should be tempered by a few practical considerations. 

First, the measurement of IMS presents technical difficulties. Testing of 

a large number of sheep for IMS with the method used in this study would 

probably be impracticable. Work to break (W#) was found to be highly 

correlated with IMS. W# may therefore provide a good index of this 

property, particularly if regions of staple are tested outside of the 

"break" (e.g. pre-lamb shorn wools). The second and perhaps more 

important problem is whether selection or feeding strategies would provide 

any financial returns for the farmer. At present this would appear 

unlikely, as there is only a small difference in the price paid for so-

called "tender" and "sound" wools (reviewed Bigham et aI., 1983). It is 

uncertain whether this situation will change, although the expansion 10 

the understanding of how fleece properties influence the processing of 

wool may eventually increase the demand for higher quality fibre by 

industry. 
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4 CONCLUDING REMARKS 

The central theme of this thesis has been the relationship between the 

individual sheep and the tensile properties of its wool. The work has 

contributed to the growing evidence that large variations in staple 

strength occur between sheep independent of factors such as nutrition and 

has identified intrinsic material strength differences between sheep as 

the probable basis of this variation. 

The applications for biotechnology and molecular biology in 

agriculture will increase in the coming years. This technology has the 

potential to transform the production of primary commodities. If the wool 

industry is to exploit this potential then we need to expand further our 

understanding of the biological basis for variations in such wool 

properties as IMS. This knowledge will provide the surest means for future 

gains in the competitiveness of wool as a quality textile fibre. 
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APPENDIX 

TABLE Bl 

THE POB-SB (mgfJI2) t~EANS FOR INDIVIDUAL SHEEP WITHIN NUTRITIONAL GROUPS 
...•. -:,. .. :-................ " .•... UNADJUSTED (unadj.) AND ADJUSTED (adj.) FOR THEIR TRENDS WITH POB-CSA AND 

POB-ELR • 
.... ""- .. -- -

. - . -, .... ,.----- ..... _-- NUTRITIONAL GROUP 

Lo (M )M Hi 

unadj. adj. unadj. adj. unadj. adj. unadj. adj. 
18.6 18.6 19.2 18.3 21.2 21.3 21. 5 21.1 
20.7 20.2 19.4 19.3 17.5 17.6 23.5 24.2 -, .. -...... "' ........ 20.3 20.5 19.R 19.4 22.1 21.8 19.3 19.2 
18. 1 18.4 19.2 19.1 19.7 19.7 23.3 23.3 
19.8 19.8 22.2 22.6 20.4 20.1 21. 8 21.1 
20.9. 19.8 22.2 22.6 20.4 20.1 21.8 21.1 
22.3: 20.8 21.7 21.4 20.7 21. 3 20.5 20.4 
22.0 22.3 22.0 21.6 21. 3 21. 6 22.7 22.8 
21.9 22.1 19.3 19.4 23.7 23.6 . 18.8 19.0 
19.7 19.4 19.R 20.1 22.4 22.3 21. 4 21. 2 
23.2 23.2 22.4 22.4 20.8 20.5 19.3 20.5 

SED 2.94 2.92 3.90 3.76 4.00 4.02 4.18 3.88 
."""L,"," .. '.-.",'.--'".', 

TABLE 82 

~~. ~~-----... 
THE ED (% extension) t~EANS FOR INDIVIDUAL SHEEP WITHIN NUTRITIONAL GROUPS 
UNADJ STED (unadj.) AND ADJUSTED (adj.) FOR THEIR TRENDS WITH POB-CSA. 

NUTRITIONAL GROUP 

Lo (M )M Hi 

unadj. adj. unadj. adj. unadj. adj. unadj. adj. 
~---"~-.-_'"o-_-_· ____ .-•.•.• 

31. 96 31. 92 32.42 32.12 33.04 33.31 32.08 31. 63 
32.18 33.12 33.70 33.45 34.12 33.97 33.18 33.81 
33.24 33.22 31. 28 31. 55 35.00 35.12 35.84 35.30 
32.74 32.71 32.62 32.25 32.80 32.69 32.16 32.39 
33.92 33.93 31.82 32.09 33.70 33.41 33.74 33.77 
33.04 33.06 34.46 34.38 33.24 33.59 32.34 32.13 
31.80 31.85 34.58 34.59 33.68 34.08 32.74 32.94 
32.88 32.95 32.48 32.76 34.28 34.26 32.14 31.84 
34.06 33.99 34.02 34.30 34.84 34.58 33.60 33.45 
31. 34 31. 41 33.64 33.53 33.46 33.13 35.22 35.76 

SED 0.85 0.85 0.64 0.63 0.59 0.58 0.78 0.74 
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APPENDIX 

TABLE B3 

.. - -.' , ~ -.- , 
THE EB (% extension) MEANS FOR INDIVIDUAL SHEEP WITHI~ NUTRITIONAL GROUPS 
UNADJUSTED (unadj.) AND ADJUSTED (adj.) FOR THEIR TRENDS WITH POB-CSA AND 
POB-ELR. 

NUTRITIONAL GROUP 

Lo (M )M Hi 

unadj. adj. unadj. adj. unadj. adj. unadj. adj. 
49.58 50.12 52.70 52.65 54.82 54.55 55.36 56.25 
52.40 52.53 53.72 53.41 50.64 51.90 63.60 62.29 
54.56 55.57 46.50 47.09 61. 30 60.49 48.62 48.30 
54.48 56.21 54.32 55.48 55.38 54.79 59.90 58.54 
56.52 56.13 59.56 59.78 54.74 54.18 58.42 58.38 
54.60 54.18 58.74 58.06 52.26 56.14 51.88 52.00 
62.18 61. 43 64.26 63.17 57.66 57.43 52.80 53.43 
63.32 62.30 56.10 55.57 63.28 63.14 51. 42 52.97 
55.34 54.98 54~66 54.74 53.46 54.35 57.00 57.12 

. -. -... ~- -.._" _. 57.64 57.08 57.28 57.90 54.22 54.79 57.72 57.34 

SED 1. 84 1.82 2.12 2.02 2.39 2.43 2.34 2.19 
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APPENDIX 

TABLE B1 

THE POB-SB (mgfp2) t~EANS FOR INDIVIDUAL SHEEP WITHIN NUTRITIONAL GROUPS 
--.---.... ----------~---------. UNADJUSTED (unadj.) AND ADJUSTED (adj.) FOR THEIR TRENDS WITH POB-CSA AND 

POB-ELR • 
~ - - ..... 

0".':.-
- .. _----.-- NUTRITIONAL GROUP 

Lo (M )M Hi 

unadj. adj. unadj. adj. unadj. adj. unadj. adj. 
18.6 18.6 19.2 18.3 .. ~ - - . - - _ .. - - , 

21. 2 21.3 21. 5 21.1 
20.7 20.2 19.4 19.3 17.5 17.6 23.5 24.2 
20.3 20.5 19.R 19.4 22.1 21.8 19.3 19.2 
18. 1 18.4 19.2 19.1 19.7 19.7 23.3 23.3 
19.8 19.8 22.2 22.6 20.4 20.1 21.8 21.1 
20.9- 19.8 22.2 22.6 20.4 20.1 21. 8 21.1 
22.3: 20.8 21.7 21.4 20.7 21.3 20.5 20.4 
22.0 22.3 22.0 21.6 21. 3 21.6 22.7 22.8 
21.9 22.1 19.3 19.4 23.7 23.6 . 18.8 19.0 
19.7 19.4 19.R 20.1 22.4 22.3 21. 4 21. 2 
23.2 23.2 22.4 22.4 20.8 20.5 19.3 20.5 

SED 2.94 2.92 3.90 3.76 4.00 4.02 4.18 3.88 
" •••• ' __ ,-,_'0" __ "'"0 

TABLE B2 

. ~ .'~,." .. ~ - - :.. -,- ,... -
THE ED (% extension) MEANS FOR INDIVIDUAL SHEEP WITHIN NUTRITIONAL GROUPS 
UNADJ STED (unadj.) AND ADJUSTED (adj.) FOR THEIR TRENDS WITH POB-CSA • 

NUTRITIONAL GROUP 

Lo (M )M Hi 

unadj. adj. unadj • adj. unadj. adj. unadj. adj. 
• " •• __ .- <" •• -

31.96 31. 92 32.42 32.12 33.04 33.31 32.08 31. 63 
32.18 33.12 33.70 33.45 34.12 33.97 33.18 33.81 
33.24 33.22 31. 28 31. 55 35.00 35.12 35.84 35.30 
32.74 32.71 32.62 32.25 32.80 32.69 32.16 32.39 
33.92 33.93 31.82 32.09 33.70 33.41 33.74 33.77 
33.04 33.06 34.46 34.38 33.24 33.59 32.34 32.13 
31.80 31.85 34.58 34.59 33.68 34.08 32.74 32.94 
32.88 32.95 32.48 32.76 34.28 34.26 32.14 31.84 

"&' ••••• _._--.;--._..:.'- 34.06 33.99 34.02 34.30 34.84 34.58 33.60 33.45 
31. 34 31.41 33.64 33.53 33.46 33.13 35.22 35.76 

SED 0.85 0.85 0.64 0.63 0.59 0.58 0.78 0.74 
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THE EB (% extension) MEANS FOR INDIVIDUAL SHEEP WITHIN NUTRITIONAL GROUPS 
UNADJUSTED (unadj.) AND ADJUSTED (adj.) FOR THEIR TRENDS WITH POB-CSA AND 
POB-ELR. 

NUTRITIONAL GROUP 

Lo (M )M Hi 

unadj. adj. unadj. adj. unadj. adj. unadj. adj. 
49.58 50.12 52.70 52.65 54.82 54.55 55.36 56.25 
52.40 52.53 53.72 53.41 50.64 51. 90 63.60 62.29 
54.56 55.57 46.50 47.09 61. 30 60.49 48.62 48.30 
54.48 56.21 54.32 55.48 55.38 54.79 59.90 58.54 
56.52 56.13 59.56 59.78 54.74 54.18 58.42 58.38 
54.60 54.18 58.74 58.06 52.26 56.14 51.88 52.00 
62.18 61.43 64.26 63.17 57.66 57.43 52.80 53.43 
63.32 62.30 56.10 55.57 63.28 63.14 51. 42 52.97 
55.34 54.98 54~66 54.74 53.46 54.35 57.00 57.12 
57.64 57.08 57.28 57.90 54.22 54.79 57.72 57.34 

SED 1. 84 1.82 2.12 2.02 2.39 2.43 2.34 2.19 
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TABLE B4 SUMMARISED TRIAL DATA FOR SHEEP 

GROUP VARIABLES (see footnote below for key) 

a b c d e f g h i j k 1 

Lo 
168 -21. 3 50.5 0.368 25 0.0080 11. 8 57.6 18.64 31.9 49.4 597 
180 -17.3 60.5 0.470 29 0.0086 30.6 89.0 20.74 32.2 51.1 477 
186 -20.3 41.5 0.350 30 0.0094 17.7 77.3 20.29 33.4 54.9 691 
604 -14.8 54.5 0.648 29 0.0127 15.7 75.8 18.11 32.8 54.5 582 
379 -17.2 53.5 0.385 27 0.0080 15.9 77.2 19.83 33.8 56.6 673 
393 -20.7 42.5 0.393 29 0.0106 27.6 85.4 20.85 33.1 54.7 704 
479 -21.8 50.0 0.450 32 0.0106 32.9 104.9 22.28 31.9 62.2 730 
490 -14.6 55.5 0.508 32 0.0099 26.8 110.7 21.93 32.6 63.3 836 
507 -16.6 53.0 0.245 27 0.0052 19.2 66.7 19.71 34.4 56.6 526 
552 - 7.2 66.5 0.345 32 0.0053 30.6 118.5 23.12 31.4 57.7 830 
192 -12.6 53.5 0.503 31 0.0057 31.2 99.4 * * * * 

<M 
217 -13.2 48.5 0.418 31 0.0070 23.3 117.2 19.17 32.4 53.3 636 
320 -8.5 55.5 0.490 27 0.0074 37.2 111. 4 19.44 33.5 53.6 729 
285 3.8 50.0 0.590 28 0.0080 28.2 102.3 * * * * 
358 -4.2 50.5 0.778 32 0.0095 40.1 119.5 19.09 31. 5 46.5 908 
361 -2.7 43.5 0.512 28 0.0087 28.9'113.6 19.22 32.7 54.3 588 
405 -1.2 59.0 0.790 35 0.0100 51.1 126.3 22.20 31.9 59.5 951 
427 -1. 5 54.5 0.560 29 0.0073 34.2 122.8 21. 65 34.1 58.7 724 
457 -12.6 48.0 0.588 31 0.0100 35.6 135.5 21.98 34.9 64.3 781 
497 -2.9 57.0 0.608 33 0.0072 34.1 127.3 19.32 32.2 56.1 896 
546 -8.2 47.0 0.710 31 0.0098 41.1 121. 7 19.80 34.2 54.9 919 
558 -14.3 48.5 0.548 27 0.0103 30.9 117.8 22.38 33.6 57.3 698 

>M 
139 6.4 57.0 0.803 32 0.0073 45.6 124.5 * * * * 230 4.4 57.0 0.900 35 0.0074 50.7 142.4 21.11 33.0 54.8 1293 
293 12.0 57.5 0.888 36 0.0057 41.5 90.6 17.50 34.3 50.6 938 
375 12.5 38.0 1. 245 31 0.0093 44.6 92.3 19.64 34.9 55.5 1218 
540 2.0 45.5 0.715 33 0.0130 58.1 127.2 22.18 33.3 61.3 1019 
4£1 15.2 42.5 0.783 35 0.0083 53.4 135.7 20.44 33.5 55.6 932 
623 13.4 45.0 1.033 36 0.0103 67.3 139.0 20.69 33.3 56.3 1348 
530 13.0 52.5 1. 015 38 0.0088 52.6 136.7 21.32 33.7 57.6 1347 
560 12.5 61'.5 0.790 37 0.0058 69.9 181. 6 23.66 34.3 63.3 1071 
573 10.9 46.0 0.983 33 0.0096 46.3 157.7 22.38 34.9 53.0 938 
574 9.4 52.0 0.735 30 0.0065 36.4 128.6 20.79 33.7 55.4 809 

Hi 
110 13.8 51. 0 1. 013 34 0.0074 52.4 154.6 21.49 31.9 55.4 858 
577 21.3 55.0 1.170 36 0.0074 51.9 151. 3 * * * * 216 27.9 43.5 1.445 42 0.0095 65.0 149.2 23.49 33.1 63.5 1501 
485 20.4 45.5 1.105 37 0.0070 39.6 128.2 19.85 34.7 51.9 910 
330 11.4 44.5 1.218 35 0.0100 54.8 168.8 23.31 32.0 60.0 1193 
354 15.1 51.0 0.813 32 0.0057 50.0 156.1 21. 78 34.0 58.4 1135 
466 27.6 55.0 1. 035 33 0.0059 32.1 115.5 20.45 32.2 53.7 1044 
470 21.1 57.0 1.132 36 0.0063 33.0 102.4 22.62 33.5 55.3 1056 
527 19.0 65.0 1.163 37 0.0064 42.5 97.3 18.84 32.2 51.4 956 
559 33.0 53.5 1. 515 39 0.0085 47.6 118.4 21.42 33.5 57.0' 1001 
610 18.3 52.0 1.455 39 0.0103 50.4 113.7 19.87 35.2 57.9 1336 

a= sheep, b= % change in sheep bodyweight over the treatment pen~ c= liveweight at the trials sta:n, 

d=mean midside '-2 d- l 10-5) 'ds'd wool p'~oduction over the treatment (g cm x , e=mean IIll 1 e 
tibre diameter over the treatment ()1m), f=mean wool growth efficiency over the treatment period 

(g cm-2 g-l x 10-5) g=FH (N ktex- l ), h=WH (J ktex" 1), i=POB-SB (mgf um-2), j=Ey' (%), 

k=EB (%), I=POB-CSA ()Im-2) 
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