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SUMI.,lARY

The studies reported in Chis Ehesis investigated the

influence of'diet and liveweight change on the efficiency of

wool producEion, defined as wool growth rate per unít of

feecl consumed. There i s no general agreement among

researchers as to Ehe precise nature of the relationships
and an examination of the literature revealed t.hat this lack

of unanimity may be largely due to omissions in design. Few

wool growth experiments have taken into account a number of

interacting variables that are likely Eo affect the

relationships, namely seasonal wool gro$tEh rhythms, diet

composiCion and intake level, Ehe residual effects of

previous dieE, and the genotype of the experimental sheep.

The firsC experiment reported in this Ehesis vüas initiated

Eo EesE the hypothesis thaE Ehe amounE of wool produced at

any level of dietary intake is influenced by the rate and

direction of lit¡eweighE change. Sheep vTere f ed dif f erent

quantities of a sEandard barley/lucerne diet in a crossover

design so that a range of weight changes was induced at each

Level of feed lntake. In this way Che impact of weight

change per se on wool growEh was estimated. Despife

substantial individual bodyweiqhE resPonses ( -57 to +158
Igd-I ) , there r{aS no evidence of any enhancement of wool

growth <luring weight loss, nor of depressed wool growth as a

consequence of weight gain. In this study wool growth rate

bras estimated ât, or near, equilibrium with each neI^t

nufritional regime. The possibiliLy remained that change in

liveweight with its concomitant effects on nuErient

availabitiCyr wâs responsible for ¿l portion of the 1ag in

wool growth response. A small experiment run eoRcurrently
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uriEh Experiment 1 using autoradiographic and mitoEic rate
sEudies, revealed that the lag htas related to che Eime

required fof changes in miEoEic raEe and follicle bulb

dimensions to occur.
A feature of Ehis study htas the high variation in wool

growch efficiency of sheep fed the stanCard barley/lucerne
diet. that $tas used Èhroughout the experiment. The

coefficient of variaËion increased from an estimated t2% at

the beginning of Ehe trial to as high as 40% at the end of

the sËudy. The responses of bodyweight to diet level, on Ehe

other hand , vüere wit.hin the range normal ly expected. Thus

Ehe statistical tests urere noE as sensitive as had been

planned. Nevertheless, there was no suggestion of anything

buE a proporEional relationship beEween intake level and

wool growEh rate, regardless of weighc change.

In subsequent experiments the factors associaEed wiEh

the high variability in wool growth efficiency were examined

in detaíI, since there is no evidence in the liÈerature of a

wool growth variability/diet interaction. YeE diets
conEaining cereal grainS are commonly used for drought

feeding and faLtening store animals. IE was established in
ExperimenE 3 that wool growch variance in efficiency uras

related to dieÈ composition and not Eo any differences
between sheep in geneEic wool growth potenÈial. The source

of variability in efficiency vtas i.dentified in Experiment /+

when Ehe hypothesis $ras tested Èhat the variations in wool

growth htere more a reflection of protein flow to the--

abomasum, Ehen of events between absorpEion and synthesis.
Postruminal protein flow, in Eurn was relaLed to the paEtern

of ruminal fermentation induced in the sheep. ThiS aPpears
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Eo be Èhe firsC time Ehat variaEions in wool growth rate
among sheep receiving Ehe same diet in similar amounts has

been related to Ehe flow of digesEa consEituenEs from t.he

rumen. The resulEs indicaEe that selecEion of sheep for wool

groroÈh on diets containing a high proporEion of cereal grain
(and possibly starch), may be subject Eo substanEial error
in terms of potenLial wool growt.h ranking. Furthermore, the

variaEions in proEein flow may be subsEanEial on Ehis CyPe

of dieE and studies designed to characterise rumen

meEabolism and duodenal protein availab.iliCy on such diets
would require a large number of sheep to obEain accurate

estimates.
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PREFACE

Ruminants, through their capacity E.o utilise cellulose and

non-protein nit.rogen as energy and proEein substrates have

assumed an imporcant economic and ecological role in the

production of meaE and fibre from plant organic matter.
However as competition from "non-animal" enEerprises for
land resources increases, so too does Ehe necessity for
maximising the efficiency of animal production. Furthermore,

as Ehe "cerms-of-trade" facing the livestock producer

inevitably decline, high output of produce per unit input
becomes paramount.

In this regard, iE has been asserted Chat trit is
impossible for a sheep enterprise to achieve simultaneously
the highesE possible values for efficiency of meac

production (Em) and efficiency of wool production (Ef)

due to the opposiEe effect of liveweighE growËh on Em and

El'r ( Irazoqui, 1970 ) . Evidence regarding this proposed

interacÈion is equivocal, and it will be contended in this
thesis that failure to account for Ehe dynamic nature of
wool fibre responses has led to the misconcepEion Chat

efficient _ body growLh and efficient wool growth are

incompat ible objectives
A further aspect studied in this thesis concerned the

efficiency of wool production on diet s of different
composition to elucidaEe an apparenE "diet x sheep"

interac E ion.
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IntroducL ion
trEf f iciencytr 

.r"
animal production systems, and is based on che generality of
output per unit input . l^Jool growth, iik" oEher production

characters, is highly dependent on the nutriEional status of
Ehe sheep. However, when correction is made for differences
between sheep in dieEary inEake, there remain large

variations in efficiency which have been attributed to the

inEeraction of genotype, season, diet quality, method of
measurement and bodyweighL staEus. These factors have been

the sub ject of several reviews ( Hutchinson and l¡lodzicka

L96t; Ryder and Stephenson 1968; Downes et-a1. 7976;

frazoqui 1978), and in the most recent publicaEion, a

detailed account has been provided of Ehe physiological and

environmental limitaÈions Eo wool production (Black and Reis

1979). IE is the object of the present review to examine Ehe

relationship between feed intake and wool growth rat,e (l^lGR)

and Ehe factors which modify the response curve, with
special emphasis on Ehe significance of each factor in the

design and interpretation of wool growth experiments.
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Section 1.1 The measurement of wool growth ra
The measurement of wool growth apPears to be

deceptively 'simple, yet the most common method, that of
shearing the whole sheep, is noE without error. lnlhen a sheep

is shorn, the wool below Ehe cutting piece is left behind to
be íncluded aS part of next year's flcece. Provided the

animals are shorn at the same Eime each year, and

nutritional conditions are similar, the error is probably

smal I .

The problem of measuremenC becomeS more complex when an

attempE is made to relate wool grolvth to nutritional changes

especially when the feeding regimes are of short duration
and shearing becomes impractical.

tlool follicle activity is very sensitive to variaEions
in the inEake "f nutrienEs, and the rate at which wool is
produced ( l^lGR ) f luctuates according to diet , endocrine

sËatus, photoperíod, and the time taken for WGR co come into
equilibrium with a change in diet. All of these effects need

Eo be quantified in studies of wool growth, and techniques

have been developed which provide accurate estimates of I,IGR

over relatively short periods, There are' however,

problems of interpretaEion of Ehese measurements which have

led to a lack of unanimiEy in the literature on Ehe relation
of t^lGR and efficiency Eo diet.
1.1.1 The mid-side patch meLhod

Repeated clipping of defined areas of skin has been

estimate I^IGR (Marston 1955 ciEes Eheused for some time to
use of the

remains a

nutri t i on

technique by Sir Charles Martin in
popular means of defining wool

( Ferguson t956, 1962; Schinckel

L932), and it
responses to
1960; Arnold
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êt al.. t964, 1965 ) , genocyPe ( Dunlop eE al . 1960 ) ' and

season (Coop 1953; Bigham et a1. 7978). While results are

often expressed as pàa"n wool production per unit Èime,

differences in patch si'ze can render such data insensitive
Èo between-sheep (or treaEment) differences since for each

sheep the patch wilt rePresent a different proporÈion of the

wool-bearing area. Nevertheless, in Ehe adul.E sheep the

number of follicles enclosed within a patch remains

unaltered despite changes in patch sLze due to the growth of

the animal, so Chat within-sheep differences are valid and

provide a good estimate of the

from occasion to occasion.

relative differences in WGR

YeaEes et al. (t9751 suggesE ChaC for many purposes an

area can be defined using the wool clippers. Subsequent wool

harvests are Ehen made Eaking care not to enlarge this area.

More accurate estimates require the EaEtooing of the patch

area, usually centrecl over Ehe lasE rib midway along the

dorso-ventral curvature. t^lool is clipped within this area

( usual ly 10 x 10cm ) at interva I s nr:t 1e s s than t4 days ,

using an OsEer small animal clipper fitted with a No. l+O

blade. [^Jool weight thus obtained can be exPressed per unit

area (Ferguson eE a1. t949), or per patch. The unit area

method is open to serious criticism since it is influenced

by changes in patch size that occur as a sheep Elro$rs. None

of these methods estimate total wool production, a critical
factor in many compariSons. An early method used to estimaEe

Eotal I^IGR from patch wool weight was based on the assumption

Ehat Ëotal skin surface area is related Eo bodyweighC

(Marston tg48; Ferguson tg72). Sheep are not geometrically

uniform, neither is wool uniformly distributed over the body
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and imprecision stems from poor choice of the factor
relating total wool-bearing surface areâ to bodyweight.

Moreover estimation of liveweight is / itself imprecise (Hogg

I977). Thus, values based on production Per unit area and

estimates of total surface area are Eoo crude for
invesEigaEional work and may even be misleading.

A convenient refinemenE, of the patch Eechnique, which

estimates total wool groh/n by an animal, is based on the

proportionality beEween pacch production and Eotal fleece
production (Equation 1.1 ) .

Equation 1.1 WGR ( gd1 = A.B
FD

where A is the clean wool grohtn wiEhin the paEch in any

period; B is Ehe clean dry fleece weighr grobtn between

shearings; C is the length of the clipping interval; and D

is the Eotal wool grown on the paEch between sheariâgs
(after Langlands and Wheeler 1968)

Several assumptions are implicit in this technique;

1. ËhaE the midside region provides an unbiassed estimate

of relative WGR in the whole fleece,
2. Ehat the shearing pile is the same prior Eo, and at the

conclusion of Ehe Erial, and

3. that clipping per se does not alter l^lGR.

Bigham (I97¿+) and Wodzicka and Bigham (1968) present

evidence that the paEch/fleece wool weighE ratio is not

constanL buE varies with time afEer shearing ancl with
season. These, and ocher reporÈs of alLered WGR on clipped
patches, mây be aEtributed to local cooling of the clipped
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region. Depressed I^IGR ar low temperatures has been widely
reported (Bennett et al. 1962; Doney and Griffiths 1967;

Slee and Ryder L967; Downes and Hutchinson t969; Lyne et al.
1970 ) , the main determinant being reduced fibre lengch

growth rate (Downes and Hutchinson t969). That Ehese effects
are atEributable Eo temperature and noc clipping Per se is
supporEed by Ehe rapid recovery of growLh at vtarmer

temperatures (Downes and Hucchinson t969), and the absence

of a t^lGR depression when paEches are covered (Downes and

Lyne 1961 ) . At more moderaEe temperatures than those used in
the experiment of Downes and Hutchinson ( 1 969 ) ( 2oC ) ,

repeated clipping and infrequent clipping produce similar
total patch weights (Coop 1953: Downes and Lyne t96I; Bigham

t974) , In contrast, there are tt^¡o reports in the liEerature
of an upwards biassing of fibre diameters esEimated by

clipping (Sharkey eE al. 1962; Langlands and Wheeler 1968).

No unequivocal statement regarding clipping effects can be

made at present, although the weighc of evidence indicates
that aE moderate temperatures or when the paEch is covered,

the meEhod provides an accurate estimate of Eotal fibre
growth. Moreover, Henderson (1953) demonstraEed Ehe

suitability of Ehe midside region for the measurement of
relative changes in t^lGR in the resE of the f leece.

The emergence t ime del a-rr

A major problem with clipping techniques is the

dÍfficulty of harvesting wool at the same height above the

skin each time, particularly in Merinos with wrinkly skin.
Unclipped fibre between the site of fibre synLhesis and the

clipper level represents a source of error amounting to the

equivalent of from 4-10 dayos wool growth, deperrding on the
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!üGR (Downes and Sharry L97I). To account for this
ffemergence Eime" deL^y, the clipping can be delayed by an

arbitrarily selected period, say 7 day s after a change in
dietr or, less frequently, the cha¡ge in fibre outpuE can be

determined aE the follicle bulb level by autoradiography
(vide ínf ra) .

1.1.2 The dyebanding method

Apportioning of Ëhe fleece growth into short periods is
also made by reference to wool- grown between bands of dye

applied to the base of Ehe wool scaples at intervals of not

less than 3 weeks (Chapman and Wheeler 1963; Williams and

Chapman t966) . The staple grol^/n during a shearing interval
is removed and cleaned, and the total wool growth in a

dyeband interval is apportioned according to the proportion
of wool gro\^rn in that period relat ive to Eotal staple
weight. The non-destructive nature of this method overcomes

the major disadvantage of the clipping technigue, namely the

effect of. clipping and exposure of t--h" skin on WGR.

Furthermore fibres are marked aE the skin level, whereas a

wool pile of approximately 1.5mm remains when the standard

Oster clipper is used (t^¡illiams and Chapman 1966). A further
advantage of dyebanding is the speed at 'which iE can be

carried out, thereby allowing a large number of sheep to be

measured per unit labour input. The interval between

successive dyebands must be greater than three weeks,

because Ehe dye tends to move up the fibre, ParticulatLy in
genoËypes wiEh a high wôol suint and grease content (Yeates

et al- 1975\. Consequently, when the interval is too short
Che previous dyeband may be obscured. To overcome this
ef f ect WGR over shorter periods l^lGR over shorter periods i s
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obtained by dyeing t$to adjacent sites at staggered intervals
(Kenney 1978 ) .

The precision of the dyebanding method is similar to

that of the mid-s ide patch method ( Langlands and V'lheeler

1968 ; I^lheeler et al . t977 ) .

1.1 .3 RuEoradiograPhy of fibres
Downes and Lyne (1959) described a means of measuring

fibre growth raEe by labelling with tracer doses of

intravenously-administered 35S-"yrtine. Subsequent

microscopic examination of the fibres and superimposed X-ray

films enables boEh lengEh growth rate and diameEer to be

accuraLely determined over periods as short as four days

(Downes et al. 1967).

The technique has been used to determine the effects of

temperature and nutrition on fibre growEh (Downes and

Hutchinson 1969; Downes and Sharry I97t; Reis and Tunks

1969; 1978 ) . In contrast to the previously described

techniques, aucoradiography allows an insEantaneous measure

of fibre response to treatments without the ttemergence timett

delay described above. Precise lengEh and diameter

measurements are thus obtâined. CosE limits this method Co

use over short periods and to small numbers of

sheep.

The time responses of IilGR to nutri Eional change

Following an alteration in diet quantity or quality,
the output of wool fibre does not immediaEely reflect the

ne$/ nutritional status of the animal ( þlarston 1948 ) . l¡lhile

this has been known for some time, workers have varied in

the emphasis placed on estimating equilibrium WGR' ofCen

because the measurement of wool growEh has been a secondary

r.L .4
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objective' (Allden L979) .

ApplicaEion of Ehe autoradiographic technique co short
term supplernentation trials has revealed EhaL fibre growth

rates determined from changes in length and diameter are

relatively stable after B days (Reis and Downes t97t; Reis &

Tunks 1978 ) . In Ehese trials, supplements of individual
amino acids or proteins r¡¡ere infused post ruminal ly and

emergence time plus equilibrium time by Ehis method would be

14-18 days. In conErast, when nutriEion is improved by

increasing dietary intake, the equilibraEion of l^lGR with
diet is much slower, despite the rapid initial resPonses of
the fibres (Downes and Lyne 1961). The time from nutritional
change Eo I,JGR equilibr-ium has been termed the lag period,
and Table 1.1 summarises this period âs defined by each

author in a number of wool growth experiments.
In each of these experiments, WGR vüas measured using

Ehe clipping technique, although Downes and Sharry (L971)

also used autoradiography. The equilibrium Eimes presented

in Ehe Eable varied beEween 2-2O weeks with no apParent

significant trend related Eo Ehe direction of Ehe

nutriEional change.

Nagorcka (t977 ) analysed t^lGR daLa using a

ti-me-dependent description, fåEher than the normal static
least squares method and determined a lag period of 25 days,

a value consistent with that estimated by autoradiography.

More recently the lag period has been defined in a more

dynamic sense as the Eime taken for two-thirds of the WGR

differential Eo occur (White et a1. I979\ , however failure
Lo account for the remaining 33% of the wool growth resPonse

could lead Eo erroneous conclusions.



Table 1.1 Time required for llGR to equilibrate with a dietary change

(based on each aut.horrs o!,¡n definition of equilibrium)

Authors Dietary change

1

2

MarsÈon (1948)

Reis and Schinckel ( 1961)

Sharkey et al. (1962)

Ferguson (1962)

Barry (1972)

Barry ( 1973a)

Hosg (t97t )

Coop ( 1953)

Langlands and DonaLd

( 1977 )

Downes and Sharry (1971)

0.5 maintenance - 2.O maintenance

Low niErogen intake
HÍgh nitrogen intake
Grazíng

-1 -15OOgd-^-ad tib.-500gd'
_1

( 775gd ^casein)-Pasture

me[hionine infusion
restricced-ad Lib.
n. a.

Equilibrium time (weeks)

12 weeks

8-10
2

4 (diameter 72)
4

5

4-6
4

72

3.
4.
q

6.
7.
8.
9.

10.

pasture - (280' 4O3, 524,
4OO-1OOOgã1 ; 1400-5oOgd-1

6449 oor'r d-1) 20

3

+ NB These estimates are based on Èhe author's definition, and not necessarily
supported by wool growth/time relationships. P

H



It appears, then, that a lag period of
can be expected, allowing from 10-15 days

become established in the follicle, and

emergence. The evidence also suggesEs that
be more rapid when simple nutrients
postruminally (e.9. Reis 1969; Reis & Downes

dietary intake is altered (Table 1.1 ).
I.t.4.l Possible causes of the time lag of wool growth

Clearly then, factors other than the emergence time are

responsible for Èhe long equilibrium times apparent when the

nutritional status of a sheep is alcered.
Firstly there are physical considerations involving the

wool follicle icself, there being a positive association
between follicle bulb si'ze and fibre synthesis (Schinckel

1962; t^lilson and Short 1979a) . The possibility thaE time is
required for follicles to change dimensions in response to
nutrition v.ras suggested by Fraser ( 1965 ) , although this
appears to conflicÈ with the rapid fib::e responses observed

by autoradiography. At the presenE time no satisfactory
conclusion can be drawn on this point because there have

been no serial estimates of changes in follicle buib
dimensions with nutrition.

There is also evidence that during a period of severe

undernutriEion, Èhe active follicle population is reducecl.

After refeedirg, the regeneration of mitotic activiby in
these quiescent follicles may take up to 12 weeks co be

complete (Lyne 1961i. Such an effect would be limiEed to
only a small range of the nutritional changes commonly

experiencecl.

StabilisaEion of body protein stores wi th a neht

L2.

from L4-25 days

for changes to
4-IO days for

the response may

are supplied
t97t) chan when
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nutritional regime may take up to 6 weeks in the sheep (Reis
& Schinckel 1961 ) , an. effect which could delay wool growth
responses. Thus Marston (1948 ) advanced the hypothesis Ehat

increased availabiliEy of amino acids from catabolised body
tissues wourd maintain the t,üGR at its original level when

sheep hrere offered a low level of nutrition. rndeed,
short-term fibre growth responses to decreased intakes have

been notably slower Ehan ro increased intakes (Downes and

sharry L97t].. These authors postulaLed that keratin
precursors ( cystine ) in Ehe skin maintain the t^lGR f or some

time after a diet change. The changes in skin thickness and

protein content of skin with nutrition, observed by

Hutchinson (!957), lend support to rhis concept. similarly,
compeEition for nuErients between wool and trnon wool"
Èissues at intakes above maintenance, may delay the wool
growth response. This subjecc is considered in a later
section.

If the wool growth response lag is a consequence of
compeEition for nutrients, a longer lag would be anticipated
when Ehe rate of bodyweighc gain is greaEly enhanced. No

such result was noted by Hogg (1977 ) when I^¡GR responses
during compensaEory growth r^rere examined. A lag perí od of
more than 30 days recorded by this author is similar to Ehat

recorded commonly in the licerature (Table 1.1). Moreover,
Ëhe lag in response has been observed when changes in
bodyweighc r^/ere minimal (Moran r97o), although nitrogen
reËenE ion \Ára s not est imated in this trial .

IE is concluded that the prime causes of Èhe wool

growth lag have noË been completely elucidated. certainly
the 1.9 due to emergence time and that assocíated wÍth the
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establishment of changes in the follicle which influence
fibre diameter and length growth rate woul-d account for from

2-3 weeks, but it is not clear wheEher the delay af Ehe

follicle 1evel is a consequence of slow physical changes in
follicle bulb dimension or a result of reduced amÍno acid
availability dur:-ng rapid growLh and enhanced availability
during weight loss. These conclusions are based on

fragmentary evidence since there has been no study that has

measured [^JGR during shorE inEervals following a change in
dieE, and related Ehese to bodyweight staEus.

Section I.2 DieC inEake, diet composition and wool

srowth rate
In Ëhis section the relationship between feed intake

and bJGR is examined. The effecEs of season, genoLype and

weight change on that relationship are considered later in
this review.

Firstly, the relaEive roles of protein and energy in
altering WGR need to be examined because the impacE of
weight change on wool growth efficiency is dependent on the

interaction beÈween these nutrients.
1.2.7 The influence of protein and enerqy supply and

utilisation on \^lGR

There is little doubt Ehat wool production is largely
dependent on the supply of amino acids Lo the follicle
btrlbs, a su¡lgesLion made as early as 1948 by Hedley Marston.

The role of energy per se on Ehe other hand, has only
received attent ion more recently. The resul ts of these

investigations suggest thaE effects of energy on t^lGR are

mediated via protein supply, either by altering microbial
protein synthesis ( Smith 1-97 5 ) or by influencing
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postabsorptive protein metabolism (Black et a1. t973).
Early work on the relationship between IJGR and protein

or energy ihEake hras characterised by a failure to account
for Ehe modifying influence of the rumen on the supply of
qutrients to the animal. An "oft-quotedf' example of this is
Ehe experiment of Ferguson ( 1959 ) in which I,JGR r,rras poorly
relaEed to protein concentration above 8% when a range of
dieÈs u/as fed. Subsequently work by Hogan and [nleston (7967a,

b) provided strong evidence that the postruminal amino acid
supply was not increased on the higher protein rations. To

overcome these effecEs of digesEion in the rumen, nuÈrients
have been supplied postruminally, in parLicular individual
amino acids ( Rei s and Schinckel 1963 , t96/+; Rei s L967 ;

Langlands L970; Dove and Robards t974; Reis and Tunks 1978)

and whole proteins (Reis and Schinckel l96L; Reis 1969;

Colebrook and Reis 1969; Egan t970). Alternatively, proteins
have been protected from ruminal catabolism by chemical
Èreatment (Ferguson 1972; Barry t972, 1973b, L976), by using
naEurally protected proteins such as fishmeal ( Kempton

et al. 1978 ) , or by mainEainin¡¡ the sucking reflex in lambs

(Walker and Cook 1967; t^lalker and Norton l97l) . IE became

clear from these studies that wool growth is closely
associated with protein supply, and in particular with the

supply of the sulphur amino acids (Reis and SchinckeL 1,963,

1964), a finding that is hardly surprising in the light of
the rapid raEes of wool protein turnover ( [^lil son and Short
t979a, b), and the high cystine contenE of wool keratin
(Corfield and Robson 1955). It mighE thus be anticipated
that enl-ranced ruminal microbial protein synthesis rvould

increase wool production. Indeed, Ferguson (7972) foundr ofl
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examinaEion of a range of diets, Ehat the non-protein
digesEible organic. mat.ter fraction had a constant, positive
effect on WGR, consisEent with its effect on mícrobial
protein synthesis.
Energy sources

There is also evidence that energy availability
influences t^lGR apart from its effects on microbial protein
synthesis. Bullough and Laurence ( 1958 ) studied hair
follicles of mice 'rin vitro'r and found that adequate

supplies of carbohydrate substrate and oxygen $rere essential
for active mitosis. Enzymes that inhibited the TCA cycle or
glycolysis, depressed mitotic rate in these studies.
Similarly, Ryder ( 1958 ) demonsErated Ehat radioacCive
glucose r,rras rapidly incorporated into mitotic cells and into
Ehe follicle outer rooE sheath, where it is sEored as

glycogen.

In a detailed examination of foilicle bulb preparations
Leng and Stephenson (1965) observed that both glucose and

aceEate l,rere actively oxidised. They concluded that high
Èurnover of DNA and RNA by bulb cells is a result of the
producEion of ribose in the penCose phosphate pathway, and

that non-essential amino acids for protein synLhesis may be

produced by transamination from TCA intermediates. Blood

glucose or follicle glycogen (Ryder 1958 ) would provide
suitable substrates for these reactions. Black and Reis

(L979) have estimated the energy requirement for maximum I^IGR

as 3.7 mmoles ATP/minute. Obviously the requiremenE for
hexose to provide this energy witl depend on the relative
imporLance of anaerobic and aerobic pathways in Che follicle
metabolism. Assuming, in the absence of firm evidence, that
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half of the available glucose is metabolised anaerobically,
Ehen 489 glucose .would be required at the follicle Ievel
each day for maximum IJGR. This would represent an

appreciable drain on the animalrs available glucose (Lindsay

and t^lilliams I97L). This value, in factr may be an

underestimaEe if addiEional glucose is required for ribose
production as suggesEed earlier. That the glucose

requirement will be high is supported by daEa of Adachi and

Uno ( 1969 ) . Only about one quarter of the glucose

metabolised in the hair fotlicle entered the TCA cycle
(Black and Reis t979).

In an attempt to isolate the effect of energy supply

per sg on [n]GR, Bal l e t al . (1972) suppl emented lucerne hay

with oils from various oilseed crops. While liverveight gain

was increased by supplementation, neither VFA pattern in the

rumen, nor I^IGR $ras alEered. The authors concluded that
energy supply had little effect on t¡GR, although no direct
measuremenc of microbial proEein synthesis $tas made.

Infusion studies with protein and energy

In more recent studies the posE-ruminal supply of
proEein and energy have been alcered independenÈly, by

feeding lambs liquid diets, which enter the abomasum

directly (Walker and Norton t97t), or by infusing liquid
diets direcEly into the abomasum of mature sheep ( Black

et al. 7973) . In both trials WGR v/as determined by the

availability of both protein and energy. hlhen protein supply

was low, t^lGR \^Jas stimulated by additional protein but vüas

reduced by additional energy. Conversely, when protein vüas

not timiting, extrå protein caused a slighc decline in WGR,

whereas added energy stimulated t^lGR. The results indicate
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that there is an optimum ratio of absorbed protein relative
to energy, the value of which has been calculated as

approximately 12 to 1 although it may vary with digestible
energy intake level (KempLon t979).

Nutrients providing energy which are absorbed from the

Eract may inflrence tlGR by altering Ehe intermediary
metabolism of amino acids. The provision of energy when

protein supply is high may thus'rspare" amino acids which

would otherwise be deaminaÈed during gluconeogenesis.

Moreover the nucrients supplied to the sheep in the studies
of !,lalker and Norton (1977) and Black et al. ( 1973 ) are not

Ehose normally absorbed by ruminants (KempLon t979).
Provision of high levels of glucose may thus have influenced
I^JGR through changes in hormonal sta[us or Che efficiency of
utilisation of other nuCrients (KempEon t979) and not as a

consequence of energy level at all. The sugg,estion that the

infusion of li.quid diets into mature sheep may produce

effects not normally present in functioning ruminants is
supported by a recent trial in which a liquid diet similar
Eo that used by Black et al . ( t 973 ) vrtas inf used

intra-abomasally. Abnormal wool growth and shedding of
fleeces occurred (Chapman and Black 1981).

The calculation of protein/energy ratios in the studies
of Black ec al " (1973) is based on Ehe assumption that the

nutrients supplied $iere absorbed with the same efficiency as

normal nuErients. Alterations to the mucosae of the small

and large intestines, described by Black et al. (I973), may

suggest thaL this is not necessari.ly the case when sheep are

maintained on liquict diets.
Clearly I,JGR is ci osely assocíated with the quanti Ey and
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composition of protein absorbed from the small intestine.
Effects of absorbed energy are less well defined but appear

to operaEe by altering Ehe availability of amino acids to
the wool follicle. I Unless there is sufficient proteln

of the right quality
there is unlikely to be any effecC of energy intake on the

t^lGR of normal ly f ed sheep as has been noted by Egan ( 1970 )

and Dove and Robards (t974).
L.2.2 The nature of the relationship beLween feed

intake and l^lGR

It has Iong been recognised thac I^IGR, like other
production characters is related both to the quality of a

diet and to the level of intake of that diet (Weber 1931;

Krishnan 1939; Marston 1948), or more correcEly, to those

componenEs of the diet which influence duodenal protein
supply. This secEion is noE concerned with qualitative
effects but rather with wool responses co quantitative
inEake of a particular ration. The nature of Èhe associatiorr
between WGR and intake of a dieÈ has yet to be elucidated.
There is no general agreement between different workers, and

three relationships have been proposed. Two of these imply
Ehat the quantity of wool produced per unit of feed intake
declines as the inEake Ievel increases, r,/hereas the third
represents a simple proportionalityr so that WGR/Intake is
constant. Clearly it is important to determine which of
these is correct. As Langlands and Donald (L9771 point out,
a simple relationship means that wool producEion per uniE

area of land will be proportional to inEake per uniE area

and independent of intake per animal. On Lhe other hand, if
t^lcR/InEake is inversely related to intake, then the highest
wool productíon per area will be achieved when intake per
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animal is lowest.

Curvilinear relationships
Ferguson gt al. (t949 ) proposed "chaE the

wool growth rate to nutrient intake would

familiar law of diminishing returns'r, as defined
1.2.

20.

relation of
follow the
in Equation

Equation t.2.. . . .l¡lGR=A-Ae-k(I-Io)

where WGR is wool growth rate, I is intake, Io is intake
when I¡JGR is zero , Ã is the asymptot ic WGR and k is a

constanÈ dependent on diet and sheep genotype. It vras

considered that the asymptote (A) represents Ehe maximum

wool growth potential of the animal, a value genetically
deEermined (Ferguson 1956). At this asymptote the rate of
follicle bulb cell division is maximal, coinciding with a

minimal cell turnover time of about 15 hours (Black and Reis

1979) . To attain this maximum \,JGR, Reis ( 1969 ) has estimated
that abouE 1509 of protein would need to be digested in the
inEestines each day. To supply this amount of protein large
quanEities of a procein-rich feed would be required. Even so

the attainment of such high levels of t^lGR on herbage diets
would be doubcful because of the substanEial loss of
nitrogen across the rumen wall during digestion (Egan et al.
Lg75) " Furthermore, only 75% of the nitrogen t"",rtffi

abomasum i s truly digested in the inLestines (Hogan and

[¡Jeston 1968 ) . The required intake of most diets is probably
beyond the intake capacity of the animal, or can only be

maintained for a short period of time (Daly and Carter t955;
Ferguson 1959; Schinckel 1960). This may explain why there
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are few reports of curvÍlinear wool growth responses to
increasing levels of intake.

The concept of a ceiling t^lGR for any genotype is
nonetheless valid and has been demonsCraEed in trials in
which the obligaEory high protein requirêment has been met

by posLruminal proEein supplementation (Reis 1969; Reis and

Downes I97l; Black et al. L973) , Hogan et al. (1979) have

assessed the maximum rates of wool growth of Australian
merino genotypes, albeit on limited available data. It is
noEeworEhy that few experiments wiEh Merinos have approached

these maxima

t.2.2.2 Linear relationship with declining efficiency as

intake increases
t¡lhi 1e Ehere are f ew report s of a curvi 1 inear

relaEionship, there are many which indicaEe that as inEake

i.ncreases the WGR per uniE intake decreases (Ferguson et al.
t949; 'Ahmed et al . 1963; l^lil liams t966; Pattie and tùilliams
1967; Moran t97O; Saville and Robards t972; Robards et al.
t974i t976b)

Equation 1.3. .. . .[^lGR a+bI

wheretat is WGR when intake is zero, 'It is intake and b is
a constant dependent on both dieE and genotype. A positive
I^IGR value when intake is zero lends support to the concept

thaE wool is growing at the expense of body Cissues. However

there is some suggestion that experimental design lras

confounded the effects of time (see Section I.4), season
(Section 3) and diet digescibilicy (AIlden 1979).

As dty matter intake increases, the digestibility of
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some feedstuffs decreases (Blaxter et al. L956; Armstrong
t964). For this reason Ehe wool growth response to high
intakes might be diminished because less nutrients are
available per unit of intake, although changes in
digestibility with intake are unlikely to be solely
responsible for rhe form of the relaLionship. (A1lden L979)
This author also demonstrates clearly from data of Langlands
and Donald (I977) that failure to account for the time lag
of wool response can lead to erroneous conclusions regarding
the relationshi.p. As previously mentioned in section L.1.4,
Ehe measurement of ûùGR responses before equilibrium has been

attained will produce a resulE in which Ehe calculated
WGR/Intake response is of the form in Equation 1.3.

Simple proportional relationshipt.2.2.3
In oEher

the intake of
sEudies, I^IGR

a given diet
has been directly proportional to
( Equation t .4) .

Equation 7.1+.....WGR

Al lden
= bI (Pattie and

t972; Langlands

Williams 1967;

and Donald 7977).
t.2.2.4

1968a; Ferguson

Summary

The evidence suggests that t^lGR approaches a genetically
determineã maximum as intake increases but this ceiling
level appears to be more hypotheLical than real. The reason
is that for diets digested predominanLly in the rumen, the
required intake f or maximum t^lGR is unl ikely to be

maintai.ned, so Ehat most reports are of a 1ínear response.
There is a lack of agreement as to the form of this linear
regression, alEhough those trials in which time has been

allowed for wool growch to equili-brate with diet suggest one

of sinrple proportionality. OEher reasons for conflicting
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results in the literature are Ë.hat animals have commonly

been fed different amounts sequentially, wiEhout account

being made of seasonal growth rhythms or of any possible
interaction between intake and growth rhythm. Failure to
correct for these factors would alter Ehe response curve.
Section 1.3 Seasonal wool growth rhythms

Hí s torica I
As early as the mid 19Lh Century it was recognised Ehat

l^lGR qras not constant throughout the year ( ciEed by

Hutchinson and t,'loodzicka 1961) , although Ehe ef f eccs of
nutrition and reproduction were commonly confounded with any

inherent rhythm that may have existed (Fraser I93L; Coop

1953). Since Ehese early observations a recurring annual

cycle of WGR has been clearly demonstraEed in non

reproducing sheep on a constant nutriEional 1eve1, Ehe t^lGR

being maximal in summer and declining during Ëhe

autumn/winter months. Thus Ferguson et a1. (t949 ) reported
seasonal variations in the WGR of Camden Park Merino and

Corriedale er/\,es fed a uniform diet throughout the year, and

noted a high correlation between i^lGR and ambient

Eemperatr:". However temperature is also correlated with day

length, and the known effects of photoperiod on breeding

cycles ín ehTes (Yeates 1949), ted to str-rdies in which

daylength patterns hrere reversed (Morris 1961; Hart et al.
1963 ) , kept constant (Coop and Hart 1953 ) , or completely
removed by hooding the sheep (Hart 1961,\, Similarly, the

effects of temperature were examined by reversing ancl

exaggerating the temperature cycle ( Morris 1961; BenneEt

et al. t962) . From these studies it is apparenc thaE the

seasonal wool growEh rhylhm is photoperiod-dependent, with
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the intensiCy of lighc source a further modifying factor
(Symingcon 1959; Slee 1965).

The rhythm is related to "an archaic Pattern of
shedding, regrowth and quiescence, involving a loss of the

shedding phase" (Hutchinson and t{odzicka 1961). Selection

for wool producticn has greatly diminished the magnitude of

the cycle in the domest icated sheep which gror/üs wool

continuously, alChough shedding still occurs on Ehe legs and

face of modern sheep (Jefferies 1964). Long-wool breeds and

their crosses exhibic a wide seasonal WGR difference (Hart

et al . 1963 ) , whereas f ine-wool merinos grol^r wool at a

uniform rate throughout the year (Slee and Carter t96t;
l^lilliams 1964; Doney 1966).

1.3.2. l"lathematical descriptions of the cycle
The shape of the seasonal wool growth variaCion follows

a trigonometric funcEion of Ehe form shown in Equation 1.5.

Equation 1.5..... W = A^ + b^ cos(wE ô)oo

where A is theo

variation, t is
hlGR, is the

in days, w is
half amplitude of the

z'fi and ø i s the pha se

mean

time

bo

365

(Jan.l = day o) (Nagorcka 7979). This authorr oñ examination

of data from Ferguson et al. (L949) and Hart eE al. (1963)'

concluded that an additional term could be added to this
equation to account for a slight tendency for the paLtern to

be bimodal.
l"lore commonly used descriptions of the rhythm are

firstly, the summer/winEer t^lcR rátio (Hill 197O) and

secondly, the amplitude of the rhythm (Equation 1.6) viz;
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Equation 1.6.....4 H-L
TFL)12

where A is Ehe ampli Eude, H is the maximum t^lGR and L the

minimum I^IGR (Hutchinson and V,lodzicka 1961) . The extent of
Ehe genetic effecE on seasonal variance is reflected in Ehe

wide range of A values presenced in tabular form by Nagorcka

(t979).
1.3.3. Implications of seasonal wool growth rhythms

on the design and analysis of elpgfirìents
Seasonal variaEion in r/üGR may be accounted for in

experimental designs by the inclusion of a ref,erence group

of sheep maintained at a constant level of nutrition
throughout the trial. Data for other EreatmenE groups are

subsequently corrected on the basis of WGR changes in these

sheep. ImpliciÈ is the assumption that Ëhe amplitude of Ehe

cycle would be similar irrespective of Ëhe level of
nuEriEion selected for Ehe reference group. There are few

data available to determine Lhe impact of intake level on

Ehe non-nutritional variaEion, despite its importance in
defining the means of adjusEment.

Sumner (1979) fed groups of Romney Marsh, Coopworth,

Perendale and Corriedale wethers concurrently aE 5 intake
levels during late winter, spring and earl-y summer. The

relat.ionship beEween feed intake and WGR changed with season

(Fig 1.1a). ThaE is, there utas a disproportionaLe reduction
in wool growth responses Eo high intakes in winter in
comparison Eo the summer feeding period. At low intakes

Ëhere was tictle effect of season on WGR, while at high

intakes a large seasonal ef f ect r,{as apparent. Similar
responses are evÍdent for British breed sheep. In winEer'



Figure l.t The relationship between WGR ( gd-1 ) and

dry matËer intake ( gd-1 ) in Summer and

Inlinter, 
-

a) for Romney Marsh, Coopworth, Perendale

and Corriedale weEhers at 5 intake
levels ( adapced from daEa of Sumner

L97g) ) .

b) for Merino wethers aE 3 inEake levels
(adapted from daca of Hill (1970).
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the fotlicles of Blackface (Doney 1964) and Cheviot sheep

(Dcney t966) , are insensitive to nutrití-on.
For sheep with a less defined seasonal rhythm there is

evidence Ehat the ampliEude of the cycle is unalEered by

nutriEional level. For example, Hill (1970) noted WGR

differences between winter and summer when medium-wool

merinos b¡ere f ed at three inEake leveIs f or 2\, years , bu¡ '
Ehe relative WGR differences at each intake were similar
(Fig 1.1b).

These results indicate thaE little error is likely when

data are adjusted on the basis of the relaEive WGR changes

of a uniform inEake group, ât least for sheep with an

inherently low seasonal wool growEh rhythm, such as the

Merino. For BriEish breeds and their crosses, on the other

handr ho simple correcEion can be made because the

correction factor would depend on the degree of follicle
refractoriness in winter.

Removing photoperiod effects by partial regression

analysis of correlations beEween tnlcR ' temperature and

daylengEh (Ferguson t9621, or by adjustment on the basis of

known amplitudes of rhythm for each genotype (Hutchinson

t962 ) wouLd not be suf f iciently preci se f.or most

experimental designs.
Section t.4 Genotype and wool growth rate

In comparison to Some other production characterS in

animals, the heritability of clean fleece weight of 0.30

(Schinckel 1958) represents a high genetic component of the

variance in \^lGR. The f ollowing review exâmines the extent

and probable causes of variation in I,JGR between sheep.

1.4.1 I,JGR of sheep of dif ferent breed or strain
Vari, at ions in l.lGR are apparent between

strains of sheep as a result of differences
breeds and

feedin both
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intake and the efficiency of uEilisation of Ehe diet
(Dolling and Moore t96I; t^Jilliams and Winston t965; t^Jilliams

1966; Dolling and Piper 1968). Table t.2 summarises the few

studies condtrcted to compare several breeds and strains.
In this table Ehe intake differences have been removed by

expressing t^lcR per unit f eed intake, and all ef f iciencies
thus determined are expressed relative to EhaE of the fine
wool Merino. The similarity of efficiency rankings between

Erials conducted on a wide array of. diets and intake levels
supports the contention Ehat relaEive efficiencies of wool

growth are noE altered by nutrition (Dolling and l*foore L961,;

McManus ec al. 1966; Dunlop et a1. t966 ) unless seasonal

growth rhythms are manifestly different. There is lictle
doubt that the Long wool breeds grolt significantly more wool

than the Down breeds when fed the same amount of feed.
(YeaEes et a1. 1975). Similarly, the strong wool merino

appears to be more efficient than the fine wool strains by

approximately L6-20%. Other differences are small and

variable.
L .4 .2 Y ariabi 1 i ty in I^IGR between sheep within flocks

It is not uncommon within a flock for some sheep to
produce twice as much wool as others, part'ly as a result of
differences in intake and diet selection but also due to
variation in the efficiency of nuLrien[ utilisation. The

relative importance of these factors has varied between

Èrials in which high and low wool producers have been

compared, but in general about 5O7" of the WGR differences
are associated wiÈh efficiency of utilisation (Ahmed et al-
1963). Table 1.3 indicates typical variances of efficiency
observed under experimental conditions.



Table r.2 Mean WGR and wool È.h efficiencies (WGR/dry matter
breeds and strains of shee Efficienc 1S eXX
of IneI¡tOO merinos in each trial

intake) for different
ressed relative to efficienc

Conditions Au thor

Pen fed Da ly and Carcei ( 1 955 )

Grazíng Langlands and
Hamilton ( 1969)

Pen fed Dunlop eÈ al. (1966)

Pe n fed Weston ( 1959)

Group fed Dunlop ec al. (1960)

Breed or SÈrain

Linco I n
Corri eda 1e
Polwarrh
Finewoo I merino
Border Leicescer
Dorset Horn
So u Ehd own
Sirong merÍno
Fine merino
Medium merino
Scrong merino
Fine merino
Strong merino
Fine merino
Strong merino
Fine nerino
Strong merino
l'ledium peppin A
Medium peppin B

Medium non-peppin
Fi.ne me r ino
Scrong merino
Medium merino
Fine me r ino

Mean WGR

-,1(ed -)

16.1
14 .3
10. 7

8.2

10.0-12.6
11 . 3-13 .9
8. 2-9 .8

10.0
6.6

10.0
7.2

11.1
10.3
9,9

10.3
9.1

Re lat ive
E ff ic iency
(% of. f ine merino)

IIL_123
102 -10 9
106-1 10

100

7.3 73
55
47

154
100

116
t12
109
111
100

5.8
3.0

( 10.4)
'70

r15-124
r24
100

118
100
119
100

)
)
)
)
Grazing

t22
111
100

+Estimat.ed fn another trial.

Grazing I'IesEon ( 1956)

N
@



Tab Ie 1.3 Coefficients of variation (CV) in h¡GR per uniE. int.ake for sheep
in t.he same flock, under experimentaL condiEions.

Au t hor Diet Sheep cv(7,)

Weston ( 1959)

Schinckel ( 1960)

Dol I ing and Moore ( 1 961 )

Pattie and !'IiIl iams (1967)

Piper and Dolling (7969a)

Lucerne chaff. I
Wheat,en chaff (50/50)

l,ucerne/Ma ize ( 50/5O)

Lucerne/Oaten chaff
_1

500gd - )
_1

700gd -) Lucerne
_l

9o0gd ^) Hay
ad lib. )

Finewoo I
Strongwool

Peppin merinos

Peppin merinos

Peppin merinos

Bungaree,
Collinsville,
Random, f Ieece p Ius ,
Nucleus

t5-22

10-20

5

10

6
L9

10
15

t7
15
26

Hi protein) Sorghum straht, Peppin merinos
Med protein) !,lhearen starch, (unselecced)
Low procein) Linseed meal, sorghum grain

Saville and Robards (I912) Lucerne pellets 2-5

N)
ro
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On herbage diets the coefficients of variaEion (c.v) of
wool growth efficiency fall within the range of 2-2O%,

whereas on diets that include cereal grains and starch
products, Ehe c.v fall in the range t5-26%. Whether these

represent real differences associated wiEh dieE has not been

determined experí mental ly. Despite substancial efficiency
differences between individual sheep of the same strain, the

relative rankings remain unalEered when the nutritional
regime is changed (lnlesCon t959; Dolling and Moore 1961).

1.4.3. PotenEial sources of variability'rbetween-sheep"
in efficiency of wool growth

Sheep on a constant intake oÍ. a uniform diet may differ
in the quantity of wool produced as a result of differences
in one or more of Ehe following: ( a ) che digestion of
nutrients and supply of amino acid niErogen Eo the small

intestine, (b) Ehe proportion of amino acid nitrogen
absorbed from the tracE, (c) Ehe post absorptive metabolisrn

of nutrients and (d) the efficiency with which the follicle
population converts available nuErients into fibre
(Schinckel 1960; Piper and Dolling 1969a).

Examination of the literatrrre reveals that the main

deEerminants of genoLypic wool growth .di-fferences are

dietary inEake (Ahmed et aL. t963) and the efficiency of
utilisation of nuErients for fibre production (tdifliams

L979). Digestive efficiency appears to be of minor

importance (\nJesbon 1959; Hutchinson 1961; Dunlop et a1.

1966; Piper and Dolling 1966 ) . Of the postabsorptive
factors, the efficiency of intermediary amino acid

metabolism (t^li1liams eE a1. 7972; Wiltiams 1r976; 1979) and

Ehe arrangemenL and morphology of the follicles (Nay and
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Hayman 1969; Jackson eE al. rg75) are clearly of importance
in generaEing genotypic differences. poor producers have a

lower proportion of the active germinal cells entering the
fibre cortex (vseboldov and prusova 1966; BuÈler and
llilkinson t979; [,'lilson and short r979a) , and therefore lower
fibre growth decpite foLlicle mitotic activiEy similar to
that of high producers.

These inherent wool growth differences between
experimental sheep are besÈ accounted for by use of
covariance statistics provided there is no interacLion
becween level of nuErition or treatment, and genotypic wool
growEh. The previously mentioned results of [ùesÈon (1959)

and Dolling and Moore (1961) suggesL that this ís the case.
Estimation of t^lGR at one nutritional level applies Eo any
other, so that this statistical technique is valid.
SecEion 1.5 The interaction of body tissues chan ges

with wool qrowth

ConcepE

Marston (19/+8) noced a significant time lapse before
l^lGR equilibrated with lever of f eed intake ( section 1.t.4)
and proposed that this hras a result of changes in the status
of non-r^Jool tissues. At sub maintenance .intakes, rtsteady

depletion of the fat reserves was the major factor which
determined the qtrantity of amino acids drawn up for fuel,
and so the quoca that became available for wool procluction..
conversely, when sheep r^rere f ed above their maintenance
requirement, Marston considered Èhat ttsynthetic processes
other than wool producEion \^/ere mainly responsible for
depletion of of. the substratert

Black and Reis (1979) elaborated on Ehe concept when

1.5.1
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they aLtempted to quantify the synthetic processes using the
Michaelis-l"lenten kinetic equation (Conn and SEumpf t972
p173 ) . Brief ly the approach hras as fo1lo$rs. The outcome of
competing biochemical reactions in different tissues depends

on the relative rates of reaction and the affiniEies and

concentration of substrates for each reacEion. Available
substrate, in Eurn, is a function of iEs concentration in
the blood, and the blood flow to the tissue in question.
These concepts ûrere incorporated into a simulation model in
which the principal nutrients $¡ere the sulphur amino acids.
As the maximum raEe of reâction of meEhionine in tissues
other than wool increased, the l^lGR decreased.

The processes proposed by Marston (1948) when sheep

lose weight are similar in that nutrienE availabiliEy is the

operative facLor. The catabolism of body tissues is presumed

to supply endogenous substrate which will have Ehe same

effect on WGR as nutrients absorbed from the

gastrointestinal tract. Consequently the t^lGR at any intake
level is greater for a sheep losing weight than for one at
maintenance with that intake.

This concept is demonsCrated in Fig.7.2. The line
passing through the orígin represents the relation of WGR lo
intake when sheep are maintaining boclyweight at each intake
level (Maint). The line intercepting the Y axis (l^lt. change)

represents the relation of WGR Ëo intake according to
whether a sheep is at maintenance (M), gaining weighc (I.L)
or losing weight (O). During weight gain wool growth i.s

depressed, whereas during weighc loss it is enhanced

(Ferguson L972ì. . I¡JGR per unit intake when weight change is
zeÍo has been termed net efficiency by Ferguson (1962),



Figure t.2 The relationships proposed by Ferguson

(1962) , between ['lGR and dietary inEake

when sheep are mainEaining weighE at
each level of intaker or changing weighE

aÈ each inEake level. M represenEs Ehe

poinE of energy balance for Ehe weight-change

group, below which loss of weight is
incurred and above which the sheep gain

weight. The shaded areas represenE Ehe

I^IGR increments associated wiEh weight

change. IL is Ehe maximum intake capaciEy

of the sheep.
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while gross efficiency refers Eo wool production

33.

under

conf irnconditions of changing liveweight. The evidence co

or refute thls postulate is now examined.

t.5.2. Liveweighc status and efficiency of wool growth

1.5.2.t. Catabolised body tissues as a source of nutrients
for wool growth

The concept of enhanced wool growth efficiency when

sheep are losing weighr (Marston 1948) is based on Ehe

assumption that endogenously-derived nutrients are available
for wool growth processes. There i s some evidence that this
is not the case. During periods of undernuLrition there ís a

net catabolism (i.e. cÉttabolism less synthesis) of body

proteins , parEicularly in skeleEal muscle ( tnlaEerlow and

Stephen 1968). Amino acids derived from these labile protein
sEores would enhance Ehe plasma free amino acid pool but may

not necessarily be available f.ot fibre synthesis if they are

metabolised to provide energy in glucogenic pathways (Judson

and Leng 1973b). Wool growth will probably not be increased

by Lhis supply of additional energy unless there is a

concomitant supply of extra amino acids (see section 2.t).
Some confirmation for this is found in the data of

Black ec al. (t973). üJhen energy was limiting, additional
postruminal protein had little effect on wool growth.

Apparently this protein vras serving energy needs because

addition of energy nutríents when protein was in excess'

enhanced I,JGR. Similarly, Barry ( 1973b ) demonstrated that

there r^tas no wool resPonse to addi tional amino acids in

sheep fed at subnìaintenance levels, while significant
increases in \,lGR occurred when sheep \,,üere supplemented at

maintenance levels. Liveweight loss \,üaS reduced by protein
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supplementation on the submainEenance ration, suggesting
that the extra amino acids vùere being ut i 1i sed f or the
energy demanils of basal met.abolism.

In conErast to these studies there is some evidence

Ehat catabolism of skin proteins may temporarily enhance WGR

by increasing the cystine pool in the fluid spaces

surrounding the follicles (Downes t96L; Downes and Sharry

t97L). Because skin is a relatively large organ (Downes

1965) ics catabolism would be of some significance during
periods of poor nutrition (Downes et a1. 1976\ . Indeed,

Hutchinson (1957) noted a loss of some 409 of protein from

Èhe skin of sheep subjected Eo poor nutrition for eight
weeks. Additional amino acids from the non follicular
extravascular pool (Downes 1961 ) are probably incorporated
into follicles before they enter general circulatíon and Ehe

caÈabolic pathways of the liver. [^lhile this may account for
a short-term enhancernenE of WGR when feed intake is reduced
(Downes and Sharry L97t), Ehere are other reporEs of much

longer equilibrium tí.mes to low intakes (SecEion I.4).
1.5.2.2 CompeEition for nutrients between wool and

non-urool tissues during weighc gain
Because methionine ( cystine ) is Ehe first limiting

amino acid for both WGR (Reis et al. L973) and liveweight
gain (Fennessy L976), it seems reasonable to assume that
rapid weight gain would increase competition between tissues
for this substrate and possible reduce I^IGR. Only indirect
evidence on this point is avail able. CorbetE (I979)
consiciers Ehat the gross ef f iciency of wool procluctí on may

increase in the first few years of life "because nutrienE
demands for bociy growth will presumably diminish,
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progessively leaving greater proportions of the nutrient
intake available for wool growEhrr. Evidence to support this
proposition can be drawn from the studies of Atkins &

Robards ( 1976) who showed that sheep selected for high
weight gain grew faster as rambs and produced less wool per
unit digestible organic matter intake than a randomry
selecEed group. Both groups were more efficient woor

producers as adults than as lambs, a result oddy and Annison
(t979) suggest is not surprisingrrin view of the nutrient
requirements for tissue growEhrr. rn contrast, Langlands and

Hamilton (1969) observed no consistent effect of agê, and by

association weight changer oû efficiency. Interpretation of
these studies is difficult because postnatal follicle
maturation and fibre production by each forlicle may take up

Ëo 6 Eo 72 months to be complete (schinckel and short 1961).
similarly, Èhe competition for nutrients during pregnancy
and lactation (Barry 1969; t^lilliams er al. L97B) are
confounded by the hormonal status of the reproducing evüe

(Corbert 1966). Hormonal aspects of the growth of wool will
noE be discussed.
1.5 .2 .3 The WGR of sheep fed ro gain, rìâintain or lose

bodyweight

An early experiment, designed to investigate che

influence of thyroxine on wool growth, revealed an inverse
relationship between wool and bodyweighc responses (Ferguson

1958). These were further examined in a triar in which 36,
Ewo year old , medium-wool merinos \,ùere pen-f ed diet s of
varying protein content but similar energy concentration
(Ferguson 1959). The diets were fed aE 500 gd-1 for g weeks,
ad libitum for 12 weeks and again at 500 gd-1 for 32 weeks
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(Ferguson t962) . Before the results $rere anal ysed, hlGR râ¡as

adjusted by partial regression analysis for the effects of

temperature and Eime ( see section 1.3.3. ) . hlhile Ehe

bodyweight response to intake uras rapid, the wool growth

response $7as delayed, so that the responses of the two

tissues r^rere in opposite direcEions when expressed per unit

of feed intake. (Fig 1.3)

The relationship, thus derived, wâs of the form:

EquaEion !.7 . .. .. Wl I E k.c I I

where t¡¡ is wool growth rate, I is dry matEer intake, c is

bodyweight change, and E is the efficiency of wool growth at

maintenance. The tkt term represents the value of nutrients

required for weighE gain or derived from weighC loss, its

value in Ehis experiment being 0.03329. rrErr üJas 0.01188 So

that Che eif ecc on t^lGR of a Lg change in bodywei ght u/as

equivalent to 2.8g of feed. Because an earlier experiment

índicated no wool growth responses Eo crude protein above 8%

of Ehe diet, Ferguson expressed a1l values in equation L'7

on an energy basis. He concluded thaL wool growth could be

expressed as the sum of metabolisable energy in the dieL and

the energy content of bodyweight change ' although an

alternative explanaEion for the responses in terms of

protein supply was also considered (Ferguson L962). Nagorcka

(tg77 ) re-examined these data using a staEistical technique

which accounts for Che time lag (25 days in this insCance)

in wool growth reponse (section 1.1.4). When this period was

removed, [here u]as no dependence of wool growth efficiency

on bodyrveight change.



Fi ure 1.3 Relationships between [^]GR per uniE intake
( gg-1 ) and bodyweight change per uniÈ

incake (gg-1). Mean data for all sheep.

(Source: Ferguson 19621.

Y : 0.01188-0 .03329X



o.015
o)
o,

o
.Y
(o

c
ïtoolr
=c
f
Lo
ct
.E

ìo
L(t
o
o

=

a

o
o.010

o.oo 5

o

o

-o.1 o o.1 o.2 o.3

Bodyweight Change per unit Feed lntake
(g/g)



Figure t.4 The changing relationship U.c*".r1 wool

growEh efficiency (g wool per kg dry

matEer per day) and bodyweight change

{gd-l), wiÊh Èime (days) afcer nutritional
change (adapEed from lrazoqui 1970).
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There are few experiments in which wool and body

responses to di f f erent inl-akes of the same diet have been

measured serially thereby allowing an estimaEion of
equilibrium time for I,JGR. Table t.4 Presents for Ehese

experi.ments the inf luence of the time lag (Section t.t.t+\ on

the trinteractiontr of these variables.
t^lGR per uni I inEake of dry maEter u]as plotted against

bodyweight change so that Ehe regression is of Ehe form

Wl, = a bc where tat represents maintenance wool growth.L

efficiency, and tbt the impact of weight chanp¡e on

effi ci ency .

t^lith the exception of the data of Mclnnes ( 1970 ) , there is
no significant effect of bodyweight change on the amount of

wool produeed at a given intake, if more than 4 weeks is
allowed for WGR to stabilise with inEake. The diets used by

Robards et al. (t976a) and Mclnnes ( l97O ) varied in
composition throughouÈ the trial and resulEs should be

accepted with some reservacion.
Irazoqui ( 1978 ) believed that data from his 7970

experiment supporL Fergusonrs (1962 ) proposiEion, but a

closer examination of his results reveals that the effect of

weighC change on IIIGR per unit intake depended on the time of

measurement (Table I.4 and Fig 1.4).
For the first 30 days, when the greater vüeight change

occured there waS a negaEive relaEionship between wool

growth efficiency and weight change, buE by 720 days, when

the range of weight changes was still considerable
( -54 to +78gd ) Che 

",fr,f 
tciency of wool growth was unaltered

by gain or loss of wei:ght and remained so unEil 330 days.

1.6 Conclusion
There is lictte doubc that WGR is dependent on the



Table

Au thor

Robards

Mc lnnes

Lrazoqui ( 1970)

MarsEon ( 1948)

t4 The relationship
after nutriEional change

1ilail

er al . (79764) L7 .48

t5.37
18. 30

17 .10

9.2r
7 .62

7 .25

5.11

( 1970)

beEween weighc change and efficiency of woo

Max
We igh t
loss ( ed

-82
-724
-106

-51

-1 90

-54
-24

-2.83

I growth wiÈ,h time

70

t9
l7
-4

t43
78

35

4.48

2rrbil Sig of rbr

Max Time of wool
IrJeighc r measurement. afÈer
gain (gd-') Intake change (weeks)t)

0 .018 7

0.0379
o.0452
0.0855
o.0059

-0.0146
-0 .02 68

-o.o712

n.s
n.s

tr

n. s
n.s
n. s

10

3

5

10

4

I7
47

12

n. s. = non significant.
* = P<0.05

*** = P(0.01

ikMa rs con ( 1948 ) data based on nitrogen inÈake and nit,rogen balance (g¿-1)

1 l,lool growth efficiency aE maintenance

2 Effect of weight change on efficiency

(,
æ
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supply and composition of amino acids in the capillaries and

exF-racellular f luid spaces surrounding the follicles. Energy

availabiliLy, howeverr' modifies this supply by influencing
both microbial protein production and the metabolism of
proteins absorbed from the Eract, so that the relative
availability of both protein and energy is important. The

subsequent response of wool fibres to these nutrienLs is
Ehen reliant on the interacEion between season, genotype and

nutritional 1eve1, which deEermine the sensitivity of the

foIIicIes.
At present Ehere is only indirect evidence concerning

Èhe proposal thaE rapid body growth reduces hlGR by

competition for common substrate. On close analysis the

proposiEion Ehat more wool is produced per unit of feed

eaEen when sheep are losing weight, also receives litEle
support from the literature. However no definitive trial has

been conducted to examine either of these hypotheses.
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CHAPTER 2 An investigation of the influence of
liveweighc change on wool growth efficiency

2.t Introduction
Grazll-ng animals subsist on pastures which vary

substantially in both quantity and quality in the short term
( seasonal effects ) and over longer periods ( drought and

flood effects ) . Consequently, the animalrs liveweight
fluctuaces from periods of rapid gain Eo periods when

considerable liveweight losses are incurred. ttrhile Ehe

impacE of such paEterns of growth on body comPosition and

life time productivity has been examined (Allden 7970; HoBg

t977), there has been little investigation into the effects
of liveweighE fluctuation on current wool growth. In the

preceding literature review, Ehe concept of depressed wool

growth efficiency during weight gain and enhanced efficiency
during weighc loss, r^ras outlined (1 .5.1) . The work which

supports this conEention (eg. Ferguson 1962; Irazoqui 1978)

is based on the proposition that the lag in wool grorvth

response to nutritional change (1.1.4), is a consequence of
Ehe change in nutrient availability coincident wirh
liveweight responses. A major problem here is that iE is
difficult Eo distinguish between cause and effect. Indeed,

by Ehe time tlGR has equilibrated with a nel^t level of intake,
the weight change has diminished subsEantially, because the

maintenance requiremenEs of the animal have been altered due

Èo weight gain or loss during this period. Thus comparisons

are not possible when weight gains and losses are maximal.

Another possibility is that the lag period is independent of

weight change and nutrient availability changes, being a

function of the time required for structural alteration to
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follicle bulbs to take place (Yeates et al. I975) . This

aspect of Che lag period is examined in ChapLer 3.

A factor favouring this view is that once equilibrium
I^IGR has been established, the direcCion or rate of

bodyweighC change appears to have litEle impact on

efficiency ( see Nagorcka 1977 and Section 1.5.2.3) .

Moreover, when sheep urere in negative energy balance

(Barry !973a) Chere h/as litt1e wool growth response to
postruminal metfrionine supplementation possibly because the

additional methionine vras caEaboliseci to provide energy.

Endogenous substrateS may suffer a similar faEe, so that

they donrt enter general circulation before being

catabolised in the liver.
It is important to assess the extent of Ehe interacCion

between wool and non-wool tissues for several reaSonS.

FirsEly, this knowledge may aid in the development of

managemenE strategies, for instance , if weight loss does

enhance efficiency, t'efficiency will be maximal when Ehe

farmer buys heavy weight animals and sells them aftet a

given liveweight has been losc ( fhe enterprise will be

producing wool at the expense of feed consumed in another

enterprise ) " ( Irazoqui 1978) . Secondly, and more

Ímportantly, it would alLow the predicEion of wool groruth

responses to feed supplements such as protected proteins or

individual ami.no acids, under the conditions of changing

bodyweight statr:s observed in the field. Final 1y, iC is

necessary to know the extent oF the relationship between

wool ancl non-\^/oot Ëissues Eo define the level of energy

balance at which wool growth experiments are carried

out. No experimenE has been reported in which the
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interrelation of liveweight change per se and the amount of

wool produced per unit of feed eaten (wool growth

efficiency) has been examined. NeiEher has there been any

study in which the factors resPonsible for Che Eime Laken

for wool growth to equilibrate with diet have been

investigated. Thc first two studies reported in this thesis
(Chapters 2 and 3) examined these aspects to test Che

proposition that when I^IGR has reached equilibrium after a

change in intake level, it is independent of liveweight

change.

To undertake such a sEudy the following criEeria had to

be met:

L. Time should be allowed f or l^lGR to equilibrate with
intake level (Section 1.1.4).

2. The ef f ecEs of seasonal variaEions in [^JGR should be

Eaken into account ( Section 1.3 ) .

3. The diet source should remain unchanged throughout Che

experiment- ( Section 1.2.L\ .

4. The inherent differences between sheep in WGR under the

conditions of the experimenE should be minimised

( Section t.4) .

and f inall y,

5. Any interacti.on between intake level and efficiency of

wool growth, which is not associated with weight change

must be taken into account ( see Sections t.2.2't ,

r.2.2.).
An experimental design was employed which accounted for each

of those factors so that weight change, and the dietary
circumstances which produced it, were the major variables.



4.,4.1

43.

2.2 Materials and Methods

1 Animal s

48 South Australian, strongwool merino wethers
(Bungaree strain, ) aged t2 months, rdere selected from a

commercial flock grazing at the Mortlock Experiment Station,
Mintaro S.A. The sheep were selected on the basis of
uniformity of fleece weight and skin characteristics after 5

months of common grazing. I¡lool producEion of the group,

expressed as I^IGR per unit bodyweighË, had a coef ficient of
variation of 12%. Twins and sheep of low birth weight or
wit.h wrinkled skin hrere exc luded. Af Ëer f ootparing and

treatment for internal parasites, the sheep $Jere allocated
at random to individual pens.

2.2.2 Design

A total experiment period of 50 weeks v/as divided into
3 subperiods ( I, II and III ) of L2, 18 and 20 weeks

respecEively. Period I was a uniforrnity, or covariance
period, in which 44 sheep received a common level of feed at
about maintenance, so that inherent WGR differences under

Ehe experimental conditions could be ascertained and used as

a covariate in the analysis of Ehe production results of
subsequent periods. During this period and Perio<l II an

additional 4 sheep were fed ad libitum to provide an

estimate of I^IGR for sheep whose growth path was not
interrupted by Ehe period of maintenance feeding.

During the second experimental. period ( II ) , grolrps of
sheep r^rere fed different quantities of the same ration to
induce liveweight gains and final bodyweights at the end of
the period. Consequently, when sheep in the different groups

vtere fed similar amounts of the experimental feed in Period
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III, they gained, lost or maintained weighr depending on Ehe

weíghts attained at the end of Period II. This allowed

contemporaneous comparisons to be made between sheep whose

intake level was identical, but whose liveweight sLatus

differed, thereby fulfilting requirement 5 in the

Introduction to rhis Chapter.

A gToup recelving a constant level of feed throughouE

the 50 week period was included to allow WGR in periods II
and III to be adjusCed for seasonal growth rhythms, thereby

enabl ing t^lGR and ef f iciency of wool growth to be compared

both within and between periods.
The possibility of an interaction between intake level

and non-nutritional wool growth variance hras accounted for
by maintaining groups of sheep at each inEake level in
period III.

The planned growch paËhs of groups, for Periods I' II
and III were estimated from metabolisable energy intakes and

requiremenr-s described in the MAFF Technical Bulletin 33

(L975), and are illustrated in Fig 2.t.
In period I II the f ollowing comparisons l^tere made at

the same intake level:

Groups Liveweieht status
1.

2
1 1ib. B I

v AB, v DB,

3. CCt v AC,

4. DDvAD
To achieve this

intake levels ( gA-1 )

2.t)

1. Maintenance v gain

2. Maintenance v loss

v Ioss v gain

3. Maintenance v loss
4. Maintenance v loss

al.ray of weight changes the following
hrere used in Periods II and III: (Table

AA

BB

vDA
vAd

1 1



Figure 2.1 Planned growEh paths

in Periods I, II and

for groups of sheep

III, ExperimenE 1.
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Table 2.1 Air-dry and drY matt
groups during Periods II and

our(e¿-1 )

er fntakes (Dì{I) of experimental
III

Perlod III atr-dry(gd-l ) oMr(gd-1 )Period II nir-dry(gd-1 )

A

B

c

D

1000

850

700

500

895

760

627

448

At
Bt

ct
D

700

650

600

500

627

582

537

448

È(¡
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Groups of 4 sheep r¡rere considered Co be a satisfactory
mi¡rimum group sLze because the variabil ity in wool

production at pasture hras low and the covariance period

would account for inherent differences in wool growth

capacity between individual sheep. Table 2.2 outlines Lhe

allocation of tÌre 48 sheep Eo each of the experimental

groups in Periods II and III.
2.2,3 Feeding

The dier comprised 60% barley grain (cv Clipper) and

40% lucerne chaff and was selected f.ot its high energy

concentration. Components \,rere f inely hammermilled, mixed

and pelleted. The chemical composition of the raLion is
shown in Table 2.3.

To minimise variation in diet composition throughout

Ehe trial, the total f eed requirement r^7as Prepared at one

t.ime and each weekts ration waS chosen at random from the

supply available, thereby elimina¡ing feed source as a

factor contributing to variation.
The diet \^ras of fered once daily at 0.800 h after removal of

the previous days residue. Refusals hTere bulked over 7 days

and dried at 103oC for 24 h to enable mean daity dry matter

intake to be estimated.
A mineral mix (Nloir and Harris L962) $/as also providecl

_1aE 5gd ' per sheep,

The experimental protocol, which involved the clipping
of midside patches on 26 occasions to estimate wool

production of the 48 sheep, and the determination of

2.2.4 Methods



Table 2-2 Allocation of sheep to groups in experiment 1

Grou (Period II)

A 24 sheep

B 4 sheep

c 4 sheep

D 12 sheep

Ad l¡b- 4 sheep

Group riod III)

AAl
ABT
ACI
AD

4 sheep
t¡

1 2 sheep

BBr 4 sheep

GCT ¡l

AAl
DBT
DD

r¡

¡¡

¡l

Ad r¡b.B
È{

Total 48 Total 48

¡t
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Table 2.3 Chemícal composition of the pelleted ration

onenË Mean t S.E.M. over ex r imen t

Dry maÈter

N it rogen

Organic matÈer

Ether Extract

Metabolisable

Pho sphorus

Su 1 phur

(%)

(7, ot't¡

energy (MJ/ke DM)+

(% DM)

(% nu¡

89.5 r 1.3

2.60 ! O.23

95.7 t O.2

3.76

11.50

o.23r

0.250

)
)
)
)
)

*ME = o.15 DOMD7" (MAFF Tech. Bulr. 33)
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bodyweight by regular weighings and body composition by

tritium dilution on 6 occasions, is presented in Table 2.4.
VJool Grorvth Rate

Immediately after shearitg, at the beginning of
Period I, sheep r^rere tattooed on closely clipped areas of
skin on both the right and left midside regions. The areas

thus delineated \^tere 10cm x t2cm and vTere clipped at
intervals of not less than 3 weeks (Table 2.4) using Oster

small animal clippers fitted wiEh No. 40 blades. The patch

wool samples I^tere weighed, placed into sealed muslin bags

and immersed in 400m1. of commercial petroleum ether
(Shelf X4). The wool uras agitated and squeezed rePeatedly

for 10 minutes. This process vüas repeated in a second beaker

of clean X4, fotlowed by a final rinse in water at 50oC.

Samples u/ere then dried at 70oC for 24 h. and weighed. More

than 95% of the tocal grease present, âs estimated by

Soxhlet extraction, $tas removed by this scouring techniqtre-

At shearing, fleece subsamples of approximately 200g.

ütere taken from the midside region, weighed, and then

scoured in rubs using the method described by Yeates et al.
(L97 5 p. 331). Daily WGR l,vas Ehen estimated by apportioning
the cteari dry fleece weight according to .the proportion cf
total patch wool gro\^rn in each cl ipping period (Langlands

and Wheeler 1968).

Estimates of t^]GR vûere made each 2 weeks by clippí rrg

right and Ieft midside patches at alternate 4 week periods.

Both patches on the same sheep provided similar I^IGR

estimates when they l^tere simultaneously clipped during
Period I:
(r2 = 0.985 (Righr sicle IJGR = 0.058+0'966 Lefc side I,,JGR)



t

Period I

Key

Table 2.1+ The outline of ExPeriment 1.

Period tr

1. Right midside patch harvest-

2. Left midside Patch harvest.

3. Tritiated water space estimation.

Period m-

Shorn
RMS 1

LMS
Bodyweight

TOH
Nitrogen B

Anthelmintic

ulo

2 6 10 6 10 112

H

10 1t 18'2 6



The intercept did not

regression coefficient
uniEy.
Bodywei ghc
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differ significantly from zeÍo and

bras noE significanEly different
the

from

Bodyweight l¡ras measured at Íntervals as outlined in
Table 2.4. To :educe errors of rrguE-f ill", sheep t^rere

weighed prior to feeding ac 0.800h. Fleece-free Iiveweight
h/as estimated by subtraccing greasy fleece weighE,

calculaEed from wool growEh data at the Eime of weighing,

from toÈal liveweight. Fleece-free liveweighr change was

then determined for each period by regression of fleece-free
bodyweight at each measurement, against time.
Body composition

Body composition htas estimated on 3 occasions in each

of Periods II and III, by reference to tritiated water space

of each sheep ( Searle L970a, b) . After a 16h waterless fast,
an inEramuscular injecEion of 200 ¡rci of tritiated water
(TOH) was made. Five ml of venous blood was Eaken by jugular
puncture 6h after the injection and th after bodyweighC was

measured. The plasma \^tater $ras removed by sublimation in
Thunberg tubes and 0.5m1 hras added to 6.0m1 scintillation
fluid (1000mf toluene, 500m1 Triton X 100; 4.09. PPO, 0.19

POPOP). Samples $rere counted 3 times (10 min. each) in a Tri
Carb liquid scinEillation counter. A 25 ¡tci/lifre sEandard

\^ras counted with each batch, and the TOH sPace estimated.

Total body water, fat, protein and lean (kg) urere then

determined using the general regression equaEions derived by

Searle (1970a) for sheep of all ages.

This Eechnique hTas considered suiEable for the current
experiment because it allowed estimates Co be made of body
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composition changes with time, in the same animal'

Nitrogen balance and diet digestibilitY
Nitrogerr retention, defined as nitrogen intake less

nitrogen in faeces, urine and wool, wâs determined by the

total collection meEhod from sheep in metabolism crates'

Faeces were weighed and a to% subsample freeze-dried ' The

remainder was dried at 1O3OC for 48h. for dry matter

determinatÍon. Urine was collected into 1.0M H2SO4 so that

the pH remained below 2. A 10% subsample was taken after the

total daily output was recorded. samples oÍ. feed, faeces and

urine \^7ere assayed for nitrogen on a Technicon Autoanalyser

afEer a micro Kjeldahl digestion'
Nitrogen balance \,,7as not determined for all sheep, but

only for representatives from some groups. Three sheep from

each of groups A(1000g¿-1) and o(500gd-1) were placed in

metabolism'crates and collection made for the first 3 weeks

and for the seventh week of Period II '

In Period III, nitrogen balance was measured in 3 sheep
't,-1

from each of groups DA1 ( 500-7OOgd-r ) , AA1 ( 1000-700gd-') and

DD ( 500-500gd-1 ) for the firs t 2t days of this period '

An alternative means of estimating nitrogen retention

( NR) over longer periods of time and f or all sheep \^/as by

reference to the changes in bociy protein (P) as measured by

TOH space viz:

1 1000TÆNR ( gd-
x

NR, thus determined'

wool.

does not include nitrogen retained in
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Dry matter and or¡¡anic matter digestibilities were

measured during all collection periods. Organic matter of
feed and faåcal samples was determined by ashing at 550oC

for 12 h.

Statiscical analysis
Group means vüere tested in an analysis of covariance as

described by Finney (1977). Individual wool growth

efficiencies at the end of Period I were used as the

covariate, on the assumption that the relative performance

of individual sheep is unalEered by level of nutrition.
Indeed, this has been previously noted for sheep on

different rations (Dolling and Moore 1961).

An alternaE ive meEhod of analysi s ldas by regression
techniques. This option had the advantage of allowing the

daEa from Periods II and III to be combinedr so that a wider

range of weight changes and t{GRt s could be examined.

Seasonal wool growth rhythms, which would render such

analysis invalid, lvere taken into account by correction of
all data on Ehe basis of the ielative [^lGR changes of the

uniform intake group (DD), a procedure which apPears to be

justified for merinos ( see Section 1.3.3 ) .

All other comparisons qrere made in an analysis of
variance with differences in group means exami ned by a

simple t-test.
2 .3 Resul t s

2.3.1 Bodyweight change

A considerable range of weight changes \,üas generated by

the different dry matter intakes of sheep in Periods II and

III (Table 2.6, Appendix 2.L), thereby achieving a primary

objective of the design. Group mean weight changes are
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presented in Table 2.5 together with the planned liveweighc
responses. These data. are also presented graphically for
each group throughout the experiment (Fig 2.2). In general
the planned direcEion of weight changes r{Ìas adhered Lo,

alChough the extent of the changes was lower than predicted.
The group of sheep maintained on a constant intake of

Ehe dieE f.or the whole trial, gained weighc slowly at an

average of 6.g gd-1. This small net gain comprised an

initial loss in Period I, with subsequent gain in Ehe

remainder. l¡leight loss in Period I was in f acE a

characteristic of aI1 groups.

Liveweight change $ras closely relaEed to the inLake
leve1 relative to the maintenance requirement, the latter
estimated as fleece-free bodyweight raised to the 0.75 (Fig
2.31. Significant curvilinearity of this relationship
indicates more efficient use of the diet at submaintenance

inËakes . Ac maintenance ( 0 gd-1 boclyweight change ) , the
corresponding metaboli sable energy requirement r.las 0.391 MJ

per kg '75, a value which closely approximates the standard
maintenance energy requiremenLs as specified by the MAFF

Technical Bul 1 . 33 ( eg. a 2)kg sheep required 3.7 MJd-1 ,

MAFF value = 3.8 MJd-l, 30kg = 5.0MJd-1, MAFF value = 5.1
MJd-1 ) . Throughout the whole experiment individual weight
changes ranged from -57 to +158 gd-1, although short-term
weight change responses r^rere considerably greater than this.
Sheep offered the diet ad libitum in periods I and II
consumedr oD average, 1100gd-1 dry matter and gained weight
at 118gd-1 over periods I and II. OveraIl, intakes ranged

from a maintenance level for a 30kg sheep to approximately
2.5 times mâintenance. The mean intakes of all groups during



Figure 2.2 The growEh paEtern of groups of
in Experiment 1. Plotted values
means.

sheep

are grouP
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Figure 2.3 The relaEionship between dry matter inEake,

as a proportion of maintenance requiremenË

(g/kg'751d) , and fleece-free liveweighË
1gain (gd-^) in Periods II and III of

Experiment 1. The association is described

as follows:
Y = -!32.2 + 4.1+7x - o.o2.N2 (P 0.001)

The curvilinearity hras signif ícanË.
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Tab le 2.5 Planned and acÈual Iivewei t chan
for all groups in experiment 1. Means t S.E) +

PER]OD I I

Group P I anned Actual

d-1

PERIOD III

P lanned

gradual Ioss

0

gradual loss

moderate loss

rapid loss

0

0

62

50

0

AcEuaI

Ad lib. B 118 (17)

8 5 (2t',¡

133 ( 12)

118 (3ó)

rtz (2t¡

e2 (e)

40 (49)

26 (e)

1s (8)

27 (4)

-9

7

-8

-26

-22

19

15

50

47

9

(23)

(28)

(7)

(13)

(20)

(13)

(25)

(6)

(6)

( 11)

1

53

AA

AB

AC

AD

BB

CC

DA

'ì,l
,ì

)

,ì
,l

)

110

110

110

110

85
1

1

DB

DD

0

0

0
ul
ul

+ (ln<lividual liveweighE changes are presented in Appendix 2.1)
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Table 2.6 Mean dail d matter intakes ( a-1) (t sEM) for
all qroups in Perio s I, II, III.

PERIOD

II III
Ad lib. B

I

1
e8s (
425 (
429
43r
433
425 (
442
419- (
436
433

1143 (64¡
84s (34)
885 (41)
846 (106)
870 (35)
766 (5)
574 (ttr>
456 (2)
457 (o)
4s7 (o)

75)
13)
(8)
(7)
(8)
t2)
(s)
10)
(3 )
(7)

549
s¿:
585
482
427
585
540
630
585
450

(56)
(6t¡
(0)

(ee)
(:e¡
(o)
(0)
(0)
(0)
(.0)

AA,
ABI
Acl
ADI
BB
cc
DA
DB
DD

1

1

1

1
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Periods I, II and III are presented in Table 2.6. The

digestibility of the diet lras not influenced by the level of
feeding and'averaged 78.4%, although there $ras some evidence

of depressed digestibiliEy for a shorL period after the DMI

Í^tas increased ( Table 2.7 ) .

2.3.2 Body composition and nitroqen balance

The changes in bodyweight outlined above' were

accompanied by changes in the esEimated quantity of protein
and fat in the body tissues. The mean toEal body protein
contenC ( less wool protein) for each group is presented in
Appendix 2.2 for the whole of period II and the first half
of period III. These data hTere used to estimate Ehe mean

nitrogen retentions for the experiment (Table 2.8). Clearly,
gain and loss of weight by sheep in period III r^ras reflecfed
in changes in Ehe body nitrogen scores.

In the nitrogen balance studies, equilibraEion of
niErogen balance with diec e/as achieved within about 2 weeks

(Table 2,9). There r^tas considerable discrepancy between data

estimated from frin vivo" body composition and that
deEermined by the Eotal collection technigu€, even when the

contribution of wool nitrogen hlas Eaken into account. The

latter method produced higher retention estimates, in
accordance wiCh the direcEional bias of the collection
method (i.e. niÈrogen retained is overestimated because all
errors in collection tend to be losses and never gains of

niErogen). In further calculations nitrogen retention data

by TOH esfimation vTere used because a) Ehe period assessed

was longer and b) the bias mentioned above does not apply to
this technique.



Table 2.7 Changes in dry matt,er dlgestibillcy (%) with time
afcer intake change (t SEM)

Group DMI change 730

lJeeks afÈer DMI change

L2

A

A

D

1

448-8 959 d-1

448-636gd-t

448-448sd-t

78.2 (2.3)

80.0 (1.9)

78.7 (1.3)

7s.o (2.8)

76.9 (1.s)

7 8.2 (3 .0)

79 .4 (o.9)

79.4 (2.o)

76.9 (1.7)

78.2 (0. ó)

79.3 (t.6)
77 .9 (2.3)

81.1 (1.8)

79.0 (0.6)

Ul
@



TabIe 2.8 Group mean nic.rogen reEent.ion,
fr:om body protein conEent changes as

data. (Means t S.E).

Proposed weight
changes in Periods
II and lll

Gain/Ioss

Ga in/mainEenance

Ga in/ loss

Gain/loss

Ga in/ Loss

Ga in/mainE.enance

Ga in/maintenance

Ma incenance/gain

lla intenance/ga in

Ma intena nce /maincenance

excluding wool nitrogqn (gd-1 ), esEimated
determined from in vivo body composition

NiÈrogen retention (gd 1

Period Il (18 weeks) Period III (9 weeks)

)

Group

Ad Iib. B

1

1

AA

AB

AC

AD

BB

CC

DA

DB

1

1

r.82

,o.7 
4

2.42

L.62

r.57

r.29

1 .09

-o.29

0. 14

o.28

(.óe)

(.36)

(.19)

(1.00)

( .78)

( .51)

(.2s)

(.31)

(.33)

q.33)

-2.45

-1 .05

-2.27

-t.32

-t.77

-0. 61

-0. 15

0.43

0.38

-0. 64

(.73)

( .30)

(.30)

(.41)

(1.09)

( .71)

(.44)

( 1.16)

(.33)

(.73)

1

1

1

1

(Jl
\.o

DD



Table 2.9 Mean (N

II DMI Cha e

448-895

448-448
Difference:

Gro III DMI Cha e

qroups A and D (Per II) and AA

(Mean t S.E).
and DD (Per TII)

I^IEEKS

1

9 .25 rc.72)
3.ó3 (.55)
P(.O1

Balance + I{ool N) (ed-1

2.00 (1.40)
3 .34 (1 .0s )
ns

4.2e ( .3e)
3.ss (.8ó)
2.7r (.80)

.' DA.

) estlmated by collection for sheep in
- 3 sheep/group

5 .32 (1 .84)
2.82 ( 1 .04)
ns

e

(

Gro 732o

4.36A

D r.42
P(.01

(.0:)
(.t4¡

15

2.89 ( 1 .53

s.33
2.26

46

5.34 (1.23)
2.sl (.os)
P <.02

20

2.93 (1.15)
3.88 (.6s)
3.46 (.74)

5o

Days after DMI chang

10

4.oo (1.78)
6.64 (t.77)
2.66 (.:¡)

AA
1

DAt

DD

895-627

448-627
448-448

2.73
3.76
2.27

.6s )

.78)
(

(

(

)

)

)11.es)
(.
(.

Oìo
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2.3,3. Wool grolth
The dietary regimes imposed, generated a wide range of

wool growth responses in addition to the bodyweight changes

previously described, the I^IGR of individual sheep varying
from as low as 0.6g of clean, dry wool per dty to 22.1gd-1.

The latter value approaches the genetic maximum for the

strain of merino sheep under study (Hogan eE al. 1979) .

Individual I,JGR throughout the experiment are presented in
Appendix 2.3. The relationship between equilibrium WGR and

DMI is shown in Fig 2.4 for all experimental groups during
Periods II and III. Al1 values have been adjusted by

ref erence to the !,lGR of Ehe unif orm intake group. The

unadjusted regression lines relating t^lGR and DMI in Periods

II and III, are also plotted, indicaEing the significant
displacement Ehat can occur when a reference group is not

included.
The regression equations which describe the

relationships between I^JGR and DMI in Fig. 2.4, are presented

in equations 2.t and 2.2 for Periods II and III respectively
and in Equation 2.3 for the itad justedrr WGR data f rom both

periods.

Equation 2.t...Period II
1 1 2

hlGR ( gd- ) = 0.78+0.0129DMI(gd- Í = 0.36 ( P<0.001 )

Equation 2 .2.. . Period III
t¡cR(gd-l) = 0.00 + 0.0112DMr{ga-1 ) t 2 = O .1,4 ( P<O.01 )



Figure 2.4
1

WGR ( gd-t ) as influenced by dry maEter
Iintake (gd-t) in Periods II and III'

The solid line represenEs the response

when WGR data \^tere correcEed for relative

changes in Ëhe WGR of a uniform-intake

group. The dashed lines indicaEe Ehe

relationship in Periods II and III when

t^]GR daEa $tere unadjusEed' Regression

points are mean values + S'D' The

corresponding regression equations are:

Y= 0.78 + 0.0129X (Period II)

Y- 0.00 + 0.0112X (Period III)

Y= !.24 + 0.0140X (Both Periods
adjusted )
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Equation 2 .3.. .8oth
t 1 0.34 ( P<O.001 )tlGR( gd- ) = L,24 +

At no time did the relationship between t¡GR and DMI differ
significantly from one of simple proportionality, âll lines
passing through the originr so that therc r^râs no suggestion
of an rrintake x wool growth efficiencyrr interaction.

Although a significant porcion of the variability in
wool growLh vüas associated wiEh intake differences between

sheep, Ehere remained a subsEantial residue that could not
be accounted for by variations in intake. This variance is
indicated by the standard errors depicted in Fig 2.4, and

contrasts with the close relation of liveweight change to
intake (as a proportion of maintenance requirement) (see

Fig 2 .3) . An important f eature of of the resul c s f or I^IGR

which detracted from the sensiEivicy of the tests, vüas the
increase in the coefficient of variation (7") in wool growth

efficiency throughout the experiment. At the beginning of
Period I, the variance in efficiency (estimated as f{GR per

unit bodyweight) was L2.0% and increased to t9.L%, 29.L% and

39.9% at the end of Periods I, II and III respectively (the
latter ef f iciencies being estimated as t^lGR per unit intake ) .

Consideration of the covariate period wool growth
efficiencies accounted for only an aclditionaL 5% of the
variance.
All t^lGR data rvere analysed without transformation as there
I^tas no evidence that variances were heteroscedastic, the

Fmax test (Sokal and Rohlf. 1973 p.210) being non

significant.

Periods
0.0140DMI ( gd- 2T
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lnlool production of the uniform intake group

I t $taS ment ioned above that wool growth data ü7ere

corrected for observed t^lGR changes of the uniform intake

group. Figure 2 .5 illustrates the qui te considerable

fluctuations in the mean l^]GR of these sheep throughout the

experiment . In Period I , Ehe t^lGR of all sheep on the

maintenance inEake declined, Prêsumably indicating the

residual effect of Ehe nutritional status under graztng,

conditions. From weeks t6-42 only minor fluctuations in the

tlGR of the uniform intake occurred, and once again the 4

sheep on a constant intake f or the entire experiment, \^/ere

representative of other sheep in Period II on the same

intake. The .mean l^lGR of DD sheep from weeks 16-42 tvas
1

7.77 ! O.27 gd-t (n=4). Toward the end of Period III, there

$ras a notable drop of 2.2gd-1 i., the WGR of these sheep,

possibly in response to Ehe onset of winter. Similar

decreases at this time hTere apParent in sheep on other

intakes. Thereafter, there ldaS litCle relationship between

season and l^lGR.

The changes in I,JGR of the 4 uniform-intake sheep are

summarised in Table 2.!7 together wiCh the bodyweighr

responses. The overall decline in I^IGR contrasted with a

gradual increase in liveweight. Sheep 29 had the most

pronounced decl ine in WGR, and there htas some evidence Ehat

the fibre density of this animal vras reduced during the

latter part of Period III.
Time taken for \^lGR to equilibrate with diet

Ic is clear from Table 2.to that wool growth continuecl

to change for a long time after a change in feed inLake. In

Period II, about 907" of the total tJGR change hras complete



Figure 2.5 Changes in mean l,ùGR ( gd-1 ) of 4 sheep

on a constanE, maintenance inÈake of
the experimental raEion for 76 weeks.

Mean fleece-free bodyweights are also
indicatedr âs are the seasons. The sËandard

deviations abouË the mean aE Ehe end

of each Period r^rere 2.33gd-t , 2.42gd-t
1and 2.37gd-'.
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Table 2.10 Mean I,IGR cha s with time after intake chan e.
Va ues are e ressed as a rcenta o ÈoËal ltGR cha
f ina I i^lGR - init ia WGR

I^fEEKS

-L
G¡ou II DMI cha e

A ),'t 500-1000
! :- 500-860
c '.,,' 500-700

-1d 980 4 5

30
18
45

T2 13

85
67
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18 WGR cha e d

o
0
0

13
I

11
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72
87

9t
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9t
77
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WEEKS

100
100
100
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+ 3.8
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Table 2.11 I^IGR, as a percenÈage of final htGR in Period I for
4 sheep fed a constant inlake of the experimental

-1ration. (Bodyweight gains (gd ) are shown ln parenthesis.

She No Period I Period II Period III

2

16

24

29

100

100

100

100

(-1s)
(-zo)
(-2s)
-12)

ee (28)
88 (30)
93 (27)
73 (2t

85

72

7t
37

(16)
(e)

(13)

100 -18 88 27

-7>

66 I
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after 8 vùeeks at the increased nutriLional 1eve1, but only
about LL% of the response ûras apparent after 4 weeks. The

equilibration of t^lGR with inrake is also illustrated in
Fig. 2.6 .

In Period III responses were more variabler so that
after 3 weeks, from II Eo 77% of the total WGR change had

occurred in dif ferent groups. It r.Jas not until week 13 that
all groups had attained more than 7O% of. the response, in
this case both positive and negative. There I^7as, however, ño

indication that the direction of the dietary intal<e change

had any impact on the stabilisation time. For instance, a

comparison of groups DB1 and ACt reveals that, at similar
absolute t^lGR changes but in different directions, about 70%

of the response was complete by 7 weeks. Moreover, the time

lags appeared to be liccle affected by the exEent of the

wool growth change.

A more detailed investigation of the lag period is
reporEed in ChapEer 3.

2.3.1 The relation of liveweight change to wool qrorvth

efficiency
The I^IGR changes of the experimental groups in Periods

f, II and III are shown in Fig.2.6a, b, c and cl, togebher

with the group mean daily dry matter intakes. Analysis of
covariance in Period III revealed that none of the WGR

differences between groups vrere

statistically significant. A comparison of the wool growth

efficiencies of groups of sheep of. simi-l-ar intakes but with
differing rates and directions of weighr change is made in
Table 2 .L2. Irùhi le ef f iciency varied f rom L3 .7 to 20 .6g; wool

per kg feed, these differences hrere not related Eo the



Figure 2.6 I^¡GR ( gd-l) changes wiÈh time for all
groups in ExperimenÈ 1.

a) Groups ABlr BBt and DBt.

b) Groups AD and DD.

c) Groups ACt and CC1.

d) Groups AA1 and DAt.

l"lean daily dry maEter intakes (g¿-1)

for each group are indicated.
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effects of weight change, nor r¡rere they a reflection of the
inherent differences in efficiency deEermined during the
covariate period.

Because the liveweight responses generated in
Period III hrere relatively minor ( group means ;-26

'lto +50 Bd-'), a more appropriate analysis was to combine

data from Periods II and III, so Ehat a wider array of
weighL responses could be included. Such an analysis vüas

possible because WGR data could be corrected for seasonality
as previously described, and there !úas no "efficiency x

intakerr interaction. Equation 2.4 describes the relationship
between efficiency of wool growth ( g kg-1 ) and weight change

1
( gd-') for all sheep in Periods II and III. Individual
bodyweighr changes ranged from -57 to + 158gd-1.

Equation 2.4.
WGR/DI\,lI 16.39-0.0034 weighr change(gd-]) (12=O.004 )

Nevertheless, the above results u/ere obtained after WGR

had equilibrated with dietary inEake. To investigaEe the
possibilit-y that diminished weight changes by this Eime were

responsible for Ehe non-significant relationship in
Equation 2.4, a similar regression analysis was used to
derive the relation of wool growLh efficiency at 5-7 weeks

after the dieEary change, to weight change from weeks 0-5.
The appropriate comparisons are presented in Table 2.13 for
all groups in Perioci III. Clearly, sheep losing weight uTere

not more efficient wool producers than those gaining weight.
At the extremes of weight change, group AD(-51gd-1 ) and

group DBt (+87gd-1) produced 18.6 and 19.1 g wool per kg

feed respectively.
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-1 -1Table 2.I2 Mean DMI (gd efficiency of wooL growth (VüGR gd per

DMI ksd

alI groups in Period IIl. Efficiency r.tas estimated from
f ina I I,trGR in t he eriod corrected for seasona lit
(Means I S.E).

-1) and fleece-free liveweight change (ed-1) for

Group

DA

Ad lib. B

AB

BB

DB

AC

cc
1

1

AD

DD

E ff ic iency
-1 - 1(ed ^/ked ')

L4.5
15 .9

(7 .4)
(6.4)

l,/eight change
-1(ed')

7 (28)
so (6)

AA

DMI
-1(ed -)

543

630

s49

585

585

585

482

540

427

450

(23)
(7)

(13)
(6)

1

1

t

1

1

1

13.7 (4.1)
t7 .8 (3 .9)
2o.3 (7 .8)
20.6 (7 .7)

15.1

15.O

14.4
19 .8

(6.e)
(7.8)

-26
15

(6 .3)
(7.7)

-9
-8
19

47

(13)
(25)

-22 (20)
e (11)
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Table 2.13 Mean DMI (gd-1), efficiency of wool growrh at 5-7 weeks

k d-1 and I ivewe i È chan e Èo 5 weeks d-1d-1

All I^IGR data were corrected for seasonality.
(Mean t S.E). (Period III)

Group

Ad lib.

DMI
-1(ed')

543

ó30

549

s85

585

585

482

540

427

450

E ff ic iency
' -1(gd -/kgd

13 .8 (s. 7)

14.0 (3 .2 )

18.s (3.9)
25.4 (1.9)
20.7 (6.7)
19.1 (2.e)

20.5 (3.0)
13.4 (3 .s)

18. ó (4. e)
1e.8 (6 .2)

1

lle ight c hange
_1(ed -)

-4 (63)
, 79 (28)

)

AA

DA

B

AB

BB

DB

cc

1

1

1

1

1

1

-14 (7e)

-4 ( 13)

45 (28)
87 (9)

-25 (13)
5 (10)

-51 ( S Z¡

14 (8)

AC
1

1

AD

DD
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2.3.5 The influence of body protein status on wool
growLh efficiency

Becausei wool growch is highly dependent on the protein
nutrition of the host, Ehe changes in body protein status
$rere measured to determine if wool growEh efficiency was

more dependent on nitrogen balance tharr on weight change
per se. To test this concept, the body nitrogen retenEion,
esEimated from ToH data over the first 9 weeks of period
rrr, hras plotted against the wool growth efficiency
determined at about Ehe corresponding time i.e. after tl
weeks of Period rrr. Regression analysis of the results
indicated that efficiency (E) vüas independent of the rate of
body nitrogen gain or loss (N.B) within the observed ranÉIe

of -2,g7 to +1.19 gd-1 (Equation 2.5).

Equation 2.5. ..

E t7 .34+1 .10N8 2(r 0.04 P>0. 20 )

Discussion
The experiment reported in this chapter is one of the

most detailed and long term wool growth studies yet
reported. The experimental design employed in this
investígation differed from most nutritional sEudies in that
responses to diet vrere invoked by feeding similar quantiEies
of Ehe diet to sheep of different weight rather than feeding
different amounts to sheep of similar bodyweight. The

technique was successful in that a range of liveweight, body

protein content and I^IGR changes vTas generated at each level
of dietary in[ake (Tables 2.5 and 2.8).

2.4
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At no time throughout Èhis Erial did the relationship

beLween tdGR and intake differ significantly from one of
simple proportionality (Fig 2.4), provided the former had

stabilised at each nutritional level. In other words, the

ef f iciency of wool production (l^lGR/lntake ) was unaltered by

absolute intake, a result which has been noted by other
workers (Allden 1968b; Ferguson 1972; Langlands and Donald

t977 ) . As suggested by Langlands and Donald (L977 ) Chis

implies "chat the quantity of wool produced per unit ârea of
land will be proportional to intake per unit- area and

independent of intake per animal". Other authors have

reported depressed efficiency at high intakes even though

the genetic maximum WGR for the sheep in question (Hogan

et al. L979) has not been approached (Ferguson et al. L949;

Ahmed et al . 1963; PaEtie and t^Jilliams 1967 ; Savil le and

Robards t972). Failure to account for the Lag period, an¿

the interaction between feed incake and digestibitity of
some rations (Allden 1979) may accounc for this discrepancy.
In the current study digestibility was not affected by

intake for more than a short period (Table 2.7), and for the

estimation of efficiency the lag period of 7-l! weeks (Table

2.lO) was taken into account. A similar stabilisation period
has been noted by other workers (Marston 1948; Coop 1953;

Reis and Schinckel 1961). Contrary to the suggestion by the

laEter workers that the 1"g may be influenced by the

direction or extent of the nutri EionaI change, no such

ef f ect vras apparent in the present trial ( Table 2.L0) ,

although variability of response vras high and may have

overridden the ef fect. Similarly while the regression of [^]GR

on intake uJas one of simple linearity, no unequivocal
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stacement can be made regarding this relationship because

the error variance about Ehe regression line was high. The

fact that this regression never produced a significant
intercept despite a decreasing slope throughout the
experiment (Fig. 2.4), is in accord with the data of Hill
(1970) in which season altered the regression line. However,

the present study indicates that correction of wool growth
data on the basis of the relative I,JGR changes of a uniform
intake group would be imprecise, because individual
variation was high in this study (see Section 1.3.3).

There hras no evidence that t^lGR at any intake level was

influenced by the raEe or extent of liveweighL changes

within the range -26 to +50gd-1 for groups (Table 2.tZ), or
-57 to +158gd-1 for individuals. Neither did the group mean

efficiency differences approach statistical significance
when allowance vùas made for inherent variation in t^lGR using
covariance analysis.

Nevertheless, while mean weight changes for any period
hrere substantial, the majority of the liveweight response
occurred in Ehe first five weeks afcer an intake change.
Examination of the relationship between weight change and

wool growth efficiency over this period ( in Period rrr )

again revealed no significant interaction, despite qui ce

appreciable weight gains and losses ( -51 to +B7gd-1 for
groups and -L57 to +LL7gd-1 for individuals) (Table 2.13).
Moreover, the gain or loss of body protein per se was not
associated with variations in efficiency (Equation 2.5). rn
a statistical analysis of the data of Ferguson (1962),

Nagorcka (I977) failed to detect any significant interaction
between liveweight change and WGR, provided a time delay of
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25 days was allowed. The currenE data, obtained in a more

definitive examination of the hypothesis, lend support to
his mathematicat ".,"iysis. rt appears that other than a

short period immedíately after a nutritional change there is
no significant negative correlation between bodyweight
change and efficiency, even when rates of weight change are
substantial (Downes and sharry L97I; Schoeman & De t{et I973)
( see Section L.5.2.3 for re-analysis of data in the
literature). The present result is also in keeping with work
in which postruminal protein supply has been increased in
sheep differing in energy balance (Black et al. L973; Barry
1973b). Additional protein supplied to sheep that are losing
weight does not increase wool production, prêsunrably because

the protein is catabolised for energy production (Judson and

Leng r973a) and wool growLh has a low energy requirement
( Section t.2.I) .

The results provide no evidence, therefore, that a more

efficient wool-producing enterprise can be obtained by

growing wool aE the expense of body tissues accruecl
elsewhere (rrazoqui 1978). Maximum wool production per area
is best obfained by optimising stocking rate Eo ensure
maximum pasture utilisation, regardless of inLake per
animal. Neither does there appear to be any need to ensure

static liveweight for the estimation of I^IGR ( so-called "net
efficiency'r (Ferguson L962)) in wool growth experiments. of
much greater importance is the necessicy to ensure that [,iGR

has equilibrated with dieE i.e. that the carryover effect of
previous nutriEion is negligible, ( see Fig I.4, from
Irazoqui 197O) , that seasonal growth rhythms can be

corrected for, and ttrat the dieLary source is unchanged.
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The above conclusions cannoE be made unequivocally
because even though " ."tgnificant proportion of the variance
in IdGR vras accounted for by dietary intake, ât no time r^/as

more than 50% of the between-sheep differences removed (Fig
2.4). This was reflected in the high coefficient of
variation in wool growth ef f iciency, a value of 40"/" being
recorded at the end of the trial. This is in contrast to the
value of t2% noted for the same sheep during grazing prior
to the experiment (when ef f iciency r^7as estimated as I,.IGR per

unit bodyweight ) , and to esCimates of variance presented by

other workers (see Table 1.3). Bodyweight responses, on the
other hand, were in line with those proposed when the
experiment was planned (Table 2.6) and 95% of the variance
in wei.ght gain was attribuEed to differences in intake
relative to maintenance requirements ( Fig 2.3). Higher

variability of wool growth efficiency during Ehe experiment

than htas recorded aE pasture, and the poor correlation
between individual ef.LLciency on pasture versus pen feeding

ô(r'=0.004) raises the possibility that the efficiency
ranking of sheep on one diet may noE always be related to
the ranking on another diet, either because of some inherenE

character in the individual sheep, or because of variations
in rumen metabol i sm that are indepenclent of the indiviclual "

Such a concept, alEhough noL in keeping with the limited
evidence of high repeatability of efficiency of sheep in a

f lock on dif f erent diets (lnleston L959; Dolling and Moore

1961 ) , clearly needs further study in relation to the
grain-herbage diet used in bhe currenE experiment.

Further studies, reported laEer in this thesis, were

initiated to examine the nature and source of the
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grourth efficiencyextraordinarily high variance in wool

observed in this trial.
2.5 Conclusion
t.

2.

3.

4.

The experimental design described in this chapCer

allowed contemporaneous comparisons of the efficiency
of wool growLh of sheep differing only in the direction
and rate of bodyweight change. Thus, interactions
between diet composiEionr level of intake, seasonal
growth rhythms and genotype were taken into account.
At no Eime \,^/as the linear relationship between I^IGR and

intake of dieE significancly influenced by liveweight
change or gain and loss of body protein, even when

these r^Jere extensive.
The efficiency of all sheep declined as the experiment
progressed. However, the regression of tlGR on inLake

over a given measurement period, always produced an

intercepE not signif icantly dif f erenE from zer.o.

Consequently the relative wool growEh decrease with
time, ât any given intake level, vlras similar.
The efficiency of wool growEh of individual sheep

varied widely and independently of intake level or
weight change. In contrast, liveweight responses vuere

generally in line with those anticipated from dietary
intake and Ehe maintenance requirements. It is proposed

that the wool and body tissue responses h/ere at
variance in some sheep because of some characteristic
of the diet used which affected sheep differentially in
terms of their wool producing capacity. Such effecrs
could be due Co some inherenE character in the sheep

Chat affected diet utilisation, or alternatively to
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some character of the diet that induced instability in
metabolism. The elucidation of Ehis postulate is
reported in subsequent sEudies ( Chapters 4 and 5 ) .

The time taken for I^IGR to equi I ibra te f ol lowing a

change in diet Eook up to 7-1t weeks, a period that is
in accord with wool growth measuremenE studies reported

in Ehe literature using clipping techniques, but

significantly greater than the period adduced from

autoradiography studies. Autoradiography and fotlicle
bulb studies $rere undertaken on a few sheep in the

current experiment and the findings are reported in
Chapter 3.
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CHAPTER 3 A study of factors influenci the time
lag in wool growth re s pons e

3.1 Introduc t ion
rE was concluded from experiment 1 (chapter 2) that

neither the direction nor the rate of bodyweight change had

any significant effect on equilibrium tnIGR. Nevertheless, for
sheep on a constant inLake, the rate of liveweight gain will
always diminish with timer âs more and more of the ration is
used to provide for the greater maintenance needs of the
growing animal. Thus wool growth reaches Ehe maximum at a

time when the rate of weight gain is diminishing, a

situation that makes iE more difficulr to determine Ehe

consequence of competition between the tvüo Eissues (Marston

t948; .schoeman and de weE t973). An alternative explanaEion
is that the lag is induced by gradual changes in the
structural dimensions of the follicle burbsr âS it has been

clearry demonstrated that fibre output is closely related to
Ehe follicle bulb size (Fraser 1965).

Autoradiographic studies of wool fibre responses to
nutrition have demonstrated that changes in fibre output are
rapid, un9 seem co be complete within 10 days (Reis and

Downes 197t). I^IGR eqr-rilibrium rimes estimáted by clipping,
on the other hand, are substantially longer, even when

allowance is made for the emergence time delay described by

Dov¡nes and sharry (t971) ( see Table 1 .1) . r t has been

considered that gradual changes in follicle bulb dimensions,
with subsequent effects on fibre dimensions, are responsible
for the long lag periods ( Section r.r.4) (yeates et al.
r975). l,lere gradual bulb diameter changes (with accompanying
fibre diameter changes) co occur afEer the initial fibre



78.

response to nutrition, the impact on total tlGR would be

substantial because of thc great influence of diameter on

toLal fibre volume, and hence weight.
During the course of Experiment L, supporting studies,

of necessity on a limited scale, Í^rere undertaken to examine

(a) the time seqrrence of changes in both follicle bulb cell
mitotic rate and follicle bulb dimensions, in response to

nutrition and (b) the responses of fibre length and diameter

to intake change, using autoradiography.
Previous studies of mitotic activity Í.n follicle bulbs

have involved the blocking of metaphase nuclei with
colchicine or colcemid administered intravenously (Schinckel

t96t, t962; Fraser L965; t^Jilson and Short L979a). The large

number of fatalibies recorded by these authors testifies to

Ehe detrimental impact of this procedure on general

metabolism. Serial estimates of mitotic activity in the same

animal are thus precluded. Recently a technique has been

devi sed to overcome Ehese I'whole-body" ef f ects of
intravenous colchicine adminiStraEion. Colchicine, ât a very

low dose rate, is injected intradermally at a depth of about

1mm; skin biopsy samples are then Eaken and Processed to

allow díffere.rtiation of mitotically active nuclei.
(Phillips, unpubl). This method has been used successfully
to monitor Ehe re-establishment of activity in follicle bulb

cells following cyclophosphamide adminj stration ( Schlink

t977 ) . In the present experiment it \,üas employecl to monitor

the pattern of mitotic changes in indi-vidual sheep whose

nutritional level was increased or decreased. Fotlicle bulb

dimensions qTere measured on the same preparations as mitoIic
activity.
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3.2 Desig-n

Fibre responses3.2.L Eo nutritional change using

autoradiography techniques

Fibre response Eimes and total t^lGR changes urere

measured for each of Ehe 4 sheep listed in Table 3.1. The

sheep \,üere selected on the basis of the exLent and direction
of dietary changes, the criterion being that contrasting
differences in [he degree of weight change and t^lGR would be

established. Resources and time consErainLs limiEed the

number of animals used, and statistical tests \,vere based on

within-sheep changes. Comparisons between sheep were not

possible.
The results obtained using autoradiography utere

compared with the actual lag period determined by sequential
clipping of tattooed areas.
3.2.2 Changes in follicle bulb cell mitotic acCivitv

and bulb dimensions with time after a nutritional
change

MitoEic responses I^/ere estimated in two sheep only;
sheep I, rvhose incake was changed from LI66 to 582 g DMd-f ,

and sheep 48, whose DMI was increased from 448 to 627g

dmcl-r. Estimates were made on days 0, 8; 17 , 23 and 100

afLer the intake change. These times h/ere chosen because it
r¡rÌas anticipated that the majority of the responses lvould

occur in the first 3 weeks, while long-term effects wor.lld be

compleCe after 74 weeks. Bulb dimensions were measured on

the biopsy samples.

Prerequisite of Ehe method

An

follicle
absoluCe requirement

bulb cell mitotic
of Lechniques by which

acEiviEy is estimated

the

by



Table 3.1 The DMI ch
neÍr we ight c

Sheep Group

1d- ) of the 4 sheep ln experiment 2

rev].ous Ìre 1 d-1ins ( andÈ

han

TDMI change (gd- )

tt66-582
895-448
448-627

448-448

Prevlous weighÈ

change (g¿-1)
New weight
change gd-

+9

-53
+60

-1

1

1

43

48

29

Ad lib. Bt

AD

Dot

DD

+ 118

+ 133

+35

+28

@o



Plate 3.1 An auËoradiographed fibre after an intravenous

injecEion of 40pCi t 35S-"ystine hydrochlorÍde'

The superimposed X-ray film is slighEIy

off-centre but Ehe poinE on Ehe fibre
at which the injecËion r^tas made can be

accurately idenEif ied. (l"lag. 63x) .
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colchicine blocking at metaphase, is that the accumulation

of cells entering mitosis is linear from the time of
administration to Ehe time of sampling (Schinckel 1961). It
might be anticipated that a local inEradermal dose is Iess

susceptible to factors such as nutritional status which

alter general metabolic processes and hence the clearance of

colchicine from the follic1e bulbs ( Schinckel 1961 ) . To

verify this, a sheep consuming 1O0Ogd-1 of a high protein
ration ( see Table 4.2 for comPosition) was given an

intradermal dose of colchicine at 4 siEes on the midside

region at zero hours. Subsequently, skin biopsies \Á/ere Caken

at 0, 2r 4 and 6 hours post injection and the number of
mitotic nuclei were estimated as described in Section 3.3.
The injection sites were separated by more than 5cm, as

Phillips (unpubl. data) established that acEivity htas not

influenced at this distance.
3.3 Methods

1 Fibre volume responses and tlGR

InclividuaL fibre response Èimes $Jere estimated for
sheep 29, 43 and 48 by autoradiography after an intravenous

injection-of 40¡:Ci 35S-"yrtine hydrochloride (Radiochemical

Centre, Amersham EngLand) administered on däys -5, 0, 5, 10,

15, 20 and 40 days after the DMI \das changed (see Downes and

Lyne 1959\. Unfortunately the autoradiogram for sheep 1 was

poor and no estimate l^7as made for' this sheep. A

photomicrograph of an autoradiographed fibre taken at high

magnification is presented in Plate 3.1. The lower edge of

the trhot-spoLrr represents the in jection time.
WGR I^Ias determined by the midside patch method

described i.n section 2.2.4.

3.3
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3.3.2 Follicle bulb cell mitotic activit and bulb
dimens ions

1 An injection of 5Omg colchicine in 0.5m1 physiological
saline hras made at a depth of 1.2mm using a 1.0m1

syringe and 25 gauge hypodermic needle. The site, oD

the right midside behind the tattooed patchr wâs marked

with rrTexta Colortt.
Exactly 3h later a 1cm diameter circle of skin was cut

with a trephine and removed using curved scissors. The

sampling site r^7as then dusted with t<Cicatrin (tlellcome,

Aus.t ) anLibiot ic powder.

The biopsy sample was immediate ly rrf ixedrr in Zenkerr s

f luid for 5h., then washed in running \,vater for l2-t4h.
Excess wool was clipped from Che sample which was then

placed in iodised alcohol (17" KI in 50% ethanol )

t2-24h., followed by 70% iodised ethanol for a further
t2-24h. Samples were Ehen stored in 70% alcohol.
Blocking of ti ssues \^ras carried ouE in an Automatic

Tissue Processor as fotlo*si
Skin biopsies lvere dehydrated in alcohol baths of
7O%, 80%, 80%, 95%, 95% and 100% ethanol. 3

chloroform baths and 2 hisEological $rax baths

completed the process.

The tissues were gently agitated for 30 minutes in
each solution bath.

Sections of 10¡m thickness vrere made on the embedded

tissue using a rotary microtome (Erma optícal). This

thickness avoids split nuclei ( Schinckel t96l). .

Sections thus obtained \,vere attached to slides wirh
dilute Mayerrs albumen and dried at 45oC for 24in.

2.

4.

5
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S Ea ining
A counEerstaining technique hras used to enable clear

distinction of metaphase nuclei.
Following r^tax removal in Xylol , and rehydration through

decreasing alcohol solutions, the sections urere hydrolysed
in 1.0 N HCI at 45oC f.or I5-2O minutes and rinsed in HZO

(t-2 dips only). Excessive rinsing or inadequate hydrolysís
causes Ehe stain to be eluted from mitotic nuclei at the

dif ferentiation stage.
The sEaining technique is a modification of that described
by Clarke and Maddocks (1963) in Ehat longer periods of acid
hydrolysis and staining in Crystal Violet and Lugolrs Iodine

employed.

1.5 min in aqueous solution of Crystal Violet (1%).

Rinse in HrO (1 dip)
1.5 min in Lugol t s Iodine.
Rinse in HrO.

5 secs. in 3% solution of the colour acici of Eosin in
70% aLcohol.
Rinse.

Decolourise in 70% alcohol for 3 min.

Continue differentiation in 9O% alcohol ( 3 changes ) for
approx 15 mins.

10 min. 100% alcohol.
20-25 min XyIene.

Coverslip mounted using DPX.

I^tef e

a

Þ

c

g

e

T
g

I

i
j
k
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CounE ing
The frequency of follicles having 0, 1, 2, 3. . . .n

mitotic cells per section was recorded for every 4th serial
section to minimise the possibility of counting the same

bulb more Ehan once. Moreover, only those bulbs sectionecl

along their central axis, and with clear Cistinction between

mitotic and non miÈotic nuclei, btere counted. Mitotic cells
in the papilla and outer root sheath were excluded.

More than 200 counts were required to characterise the

mitotic index for each sample.

Concurrent estimates oÍ. bulb diameter were made, and

mean bulb areas were determined on a projection microscope

by tracing the bulb area, segmenting Che Cracing paPer and

using Ehe weight f area index for Ehat paPer. Assuming

symmetrical bulbs, the mean volume was calculated as mean

bulb diameter x mean bulb area ( Short et al. 1965, [^]ilson

and ShorC \979a).
SEaEistical analysis of mitotic rate differences

A non-parametric test vvas chosen, âs there \,tas evidence

that the frequency distribution of mitotic rate hlas not
I'normal'r (Schlinck, unpubl . ) . The Kolmogorov-Smirnovov tesL

vras used and is summarised below:

2 samples of "t and nZ observations. A cumulative frequency

table is made for each sample, and a difference column then

made by subtracting the cumulative frequencies at each

observation.
S.1 (x) = K/nl where K = the number of scores x in

sample 1,

Sn
2

(x) Klr.2 etc
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The test is 2-tailed and the statist-ic of the test (KD)

is .th" maximum value of lsnr-Snr(x) I when .1 + îZ 40.

If KO is grèater than the confidence l.imiL then the samples

differ significantly at that level.

O.l% level 1.93 x l*nz
t1t2

Results and Discussion
3.4.r Comparison of the autoradiography and clipping

techniques

Wool fibre output responded rapidly to both increased

and decreased feed intake, and autoradiography showed that
the majority of length growLh rate changes were essentially
complete 10-15d after the nuCritional change (Fig. 3.1). It
is also apparenE from this figure that both fibre diameter
(D) and length (L) responded togetherr so Ehat the ratio of
L/D remained constant, a result previously noted by Downes

(L971). Moreover, rapid output responses have been recorded

when nutrition has been improved by either postrlrminal amino

acid supplementation (Reis et el. I973) or increased feed

intake (Downes & Sharry 797L). Good agreement between wool

growth results determi ned by autoradiography and those

, obrained by the clipping technique corrected for the

emergence time clelay (Downes & Sharry 797L), 1ed Reis

et a1. (t973) to conclude that satisfaccory data can be

obtained using autoradiograplry results from days \-tZ after
an intal<e change. Tkre data from the current trial are not in
accord with this conclusion. ['lhile Lhe fibre output response

Ì^ras rapid, the total \^lGR change estimated by cl ippí ng \^7as



Figure 3.1 Responses of length growth raEe {¡rma-l)

and fibre diameter (¡rm), as esÈimaËed

by autoradiography, Eo increased (sheep 48)'
decreased ( sheep 431 , and unalcered ( sheep 29',

dry matter inEakes.
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Fi gure 3.2 Changes in I,JGR ( gd-1) wiEh time af ter
tl L:' ¡ ';

nutritional change for sheep 1 (decreased
i, a. , i'¡intake), 43 (dei?eased inrake), 48 (inb'feaied

'1 tt 7intake) and 29 (unalEered intake).
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appreciably slower (Fig. 3.2). Equilibrium WGR, although
complicated by some trnon-nutritionaltr variance ( see Sheep 29

Fig. 3.2): wâs not attained in response to either increased
or decreased intake ti11 6 weeks, which leaves a difference
of 3 weeks unaccounted for beEween Ehe two methods after
al lowance of 7d for emergence time . ( Downes and Sharry
I971-) . From the work of these authors, a lower emergence

Eime than this might be anticipated for sheep 48 whose

intake was increased, and this would exaggerate the
discrepancy. Similarly, a slower fibre output would lengthen

the emergence Eime of sheep 43 whose inEake \¡ras decreased,

and would account for some fraction of the 3 week anomaly.

Nevertheless, in both cases the effect would only be of the
order of 3-4 days.

Analysis of the daEa relating to follicle bulb mitotic
activity and dimension changes in sheep numbers 1 and 48

support the contention that the clipping results are a more

accuraLe reflection of the true wool growth responses.
3.4.2. Follicle bulb mitotic activity and dimension

responses to nutritonal change

The technique described for estimating follicle bulb
cell mitotic activity provided clear distihction of mitotic
from non-mitotic nuclei. Typical sections at 0, 3 and 6h

afEer colchicine administration in sheep 39 h,ere

photographed, and the resulting phoEomicrographs are

presented in Plates 3.2, 3.3 and 3.4. Few mitotically active
nuclei are apparent in non-follicular tissue even 6h after
colchicine dose ( Plate 3.4) . DaEa obtained from sections
such as these are presented in Fig. 3.3. Clearly, the

mitotic nuclei were successfully arresEed at meCaphase with



Plate 3.2 l,lool follicle bulb preparation made zero
hours after, an intradermal colchicine
injecEion (50 rng). Very few miEotically
active nuclei, indicated by dark-staining
doEs, can be noted in the germinal reglon
of Lhe follicle bulbs. FeÌ¿ miEoses are
apparenE in non-follicular tissue also.
(Mag. 63x).
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Plate 3.3 l'trool follicle bulb preparation made three
hours afEer an inEradermal colchiclne*
injection (50 mg). From 6 Eo t2 micoÈic

nuclei are apparenE in Ehe bulb tissue.
Mitotically inactive cells can also be

seen in each folticle bulb. (Mag. 100x).
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Plate 3.4 t^lool follicle bulb preparation made six
hours after an inEradermal colchicine
injection (50 mg). Note the large number

of active nuclei in each bulb. (Mag' 63x) '
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Figure 3.3 The accumulation of mitoEicalty acÈive
nuclei wiÈh EÍme after lntradermal colchicine
adminisEration. This sheep hras on a high
nutritional level and had a trrGR of 19.5 gd-1.
The significance levels refer to differences
between sampling Eimes as Eested by Ehe

Kolmogorov-Smirnovov EesË .
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no decline in accumulation up to 6h after dosing, in
contrast to some results obtained using the conventional
colchicine tecn.rique ( see Schinckel tg61) . Biopsy sampling

aE 3h by the presenc technique is therefore justifiecl, and

the results obtained for the t$lo sheep under study (Nos.1
and 48) are presented in Table 3.2.

The mitotic rate in the follicle bulbs of sheep 48

increasecl slowly and linearly with Eime when inLake uras

raised from 448 to 627 gd-1, a result consistenc with the

steady fibre outpuL responses as determined by clipping
( Fig . 3.2) . By day 17 -23 , the mitot ic rate lvas about 10%

greater, although not significantly so, and by day 100 h/as

40% greater than at day 0 (P<.05). I^lhile the initial
increase in mitosis hlas statistically non-significanL it
corresponded precisely to Che proportionate increase in both

fibre length growth rate and fibre diameter over the sâme

period (Fig. 3.1b).
Sheep no. 1 showed a rapid decline in I¡IGR (by clipping)

following a 50% reduction in diet inLake (Fig 3.2b). Indeed,

a 50% decrease in I^IGR was apparent in the f irst 3 weeks on

the 1ow nutriEional level. I¡Jhi1e WGR continued to decline
gradually for a further 4 weeks, thereaf ter the changes \,vere

in parallel to those of the uníform intake sheep no. 29

( Fig . 3.2) . Depressed l^lGR ldas related to a decline in
mitotic rate, the majority of which occurred by day 23 (ac

day 23 the mitotic activity ltas 747" of the original rate,
and at day 100 the rate hras 70% of 'the originaL ) .

A change in the number of mitotically active cells can

result f rom either or both of tl're f ol lowing:

1. a change in the Cotal germinal cell number,
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Table 3.2 Changes in mitotic activity, bulb dimensions and
rrturnover raterrfor sheep numbers a) 48 and b) 1

No. 48

(Increased inÈake) 0

Days post
I

inEake change
L7 23 100

Mitotic No.
(MN/3h)

Bulb Diamecer
(pm)

Bulb Volume
(rrrn3xto4)

MN/Bulb vol.
3 4no x10

MitoÈic No.
(nll73¡¡
Bu lb Diameter

(pr)
Bulb VoIume

1p*3*to4)
MN/Bulb Vol.
( no /¡¡*3*to4 )

No. 1

(Reduced intake) 0

6a46a44.24

4. 05

7.O4

n. a.

n. a

n.a

I

4.7I

0. 96

t7

4.7 4

o.97

23

5.9 b

5.87

1.01

100

óó. 5a 69.8b 73.2c 7 5.6cd 79.9-

6.64 6.44 n.a 4.8 b 4 -bô

7 4.7a 78.4b 72.3a 75.gab 6g.5c

6.47 n.ar 5. 93 6.21 5.47

L.O2 n.a n. a o.77 0.86

Means in Èhe same rolr not followed by the same letter differ
significant Iy at P(O.05.
n.a. = not available, usually due co poor differentiation of

mítoÈic nuclei.
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2. a change in the rate of division of Ehese cells
(Fraser t965). The. Iatter, termed the turnover rate, can be

estimated as the ratio of mitoEic cells per unit time, to
total bulb volumer âñ indicator of the Eotal number of
germinal cel1s (l{ilson & Short 1979a). A large number of
mitoses per unit bulb volume (MN/Bulb Vol. in Table 3.2)
represents a rapid cell population turnover. Increased fibre
output in sheep 48 vùas apparently achieved without any

change in Itturnover ratett, while the lowered I,{GR of sheep 1

uras in part a function of a slower cell turnover rate as

well as less cells. Such differences may not be a reflection
of differential responses to plane of nutriEion, but rather
of the mechanism of fibre producEion in different sheep.

This speculation is supporEed by i imited evidence of Fraser
(1965) and vüarrants furLher investÍgation using the local
colchicine technique described in this Chapter.

The mean maximum bulb diameter increased rapidly in
sheep 48 and r,vas still changing 23 days after intake was

increased (Table 3.2). Furthermore, bhe bulb diameter at day

100 was significantly greater than at day 23 (P(0.05), a

result in accord both with the gradual elevation of mitotic
rate over this period and the r,vool growth response b¡l

clipping ( Fig . 3.2\ . In this context it is of interest to
note that there u/as an increase in mean fibre diameter (by

autoradiography ) from day 20 to day 40 in this sheep

(Fig. 3.1b). These results may be interpret.ated as implying
that the rate of bulb expansion (with concomitant changes in
Ehe number of germinal cells and hence, mitotic rate) is the

limiting factor governing the rate of ¡,vool growth response.
Inlhen the intake of sheep 1 was halved, there \^ras litcle



Fiqure 3.4 The relaEionship between wool growEh
,|

race (gd-') esÈimated by clipping,
and mitoËic raEe (no./3h) for sheep

no's 1 (decreased DMI) and 48 (increased

DMI) wiEh Èime. Numbers 1, 2 and 3

refer to Eimes 0, 23 and 100 days

after DMI change. The estimaEe for
sheep 39 (high plane of nuEricion)
is included.
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chang-e in mean follicle bulb diameter up to 23 days after
Che intake change, a surprising result in the light of the

rapid t^lGR decline over this period, and the resPonsiveness

of follicle struccure to improved nutrition demonstrated by

sheep 48. Apparently the initial wool growth decrease u,as

mainly incluced by a slower cell turnover rate or a change in
cell size, so that the bulb volume lceLl number ratio r,\¡as

altered. It may be significanc that enhanced fibre diameter

can only occur if the follicle area is increased, whereas

decreased diameter is not dependent on immediate changes in
follicle area.

The close relationship observed between mitotic raCe

(MN/3h) and t^tcR (ed-1) esrimared by clipping, is depicEed in
Figure 3.4, for sheep 48 and sheep 1. The data for sheep 39

used to verify the technique prerequisite, is also included.

As mitotic rate - changed with time after a nutritional
change, So Che wool fibre output responded to the change in
the number of germinal cells entering the fibre cortex.

It is clear from the results for both sheep that wool

growth is intimately related to the rate of mitosis in the

follicle - bulb cells, and that the lag in woot otttput

response to nutrition is a function of the time for mitotic
rate to equilibrate with nutrient supply. The limitecl
evidence from the autoradiography and mitoEic studies

indicates quÍ te clearly that changes in wool follicle
activity are immediate. The autoradiography data suggest

that the major part of the change is complete within 2-3

weeks, whereaS the mitotic studies indicate thaE mitoEic

activity, bulb diameter, bulb volume and Ehe number of

mitotically active cellS per unit bulb volume may continue



beyond 23 days. As there $/as no sampling between

100 the precise time of cessation of change

estimated for each sheep. Such changes would be

with the longer times taken for wool growth to
with diet observed in the clipping studies.
3.5 General Conclusions

91.

days 23 and

cannot be

cons i s LenC

equi I ibra te

In this study it r¡las recognised that Ehe limiEed number

of animals used would allow no more than general indications
of changes in wool growth and follicle bulb parameters with
diet. Nevercheless the following conclusions can be drawn.

Firstly, while not defining the cause(s) of. the wool

growLh l"g, Ehe results indicate that Ehe lag is related co

the slow race at which changes in follicle dimensions ancl

mitotic activity occur. While wool response to decreased

nutri t i on \^/a s more rapi d than to increa sed nutri t i ona I
leve1, in both cases equilibrium \,üas not approached until
some 6 weeks after dietary change. Thi s period, as

determined from clipping datar wâs longer by 3 weeks than

equili brium estimated by autoradiography, even when the

emerg,ence time delay was Eaken into account.
Secondly, the local inLradermal colchicine technique

which has been lircle used, appeared to be. satisfactory and

had none of the deleterious effects associated wibh Ehe

systemic administration of this chemical. Fibre output IVas

related to mitotic rate measured using this technique and

miLotic rate, in turn, was a function of the number of cells
in the bulb, and the turnover rate of these cells.

The present data do not indicate whether the lag in
wool growth response to nutrition is a conseqLlence of

changing nutrient supply or of obligatory structural changes

in the follicle bulbs.
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CHAPTER 4 Diet composition and the variability
of wooL growth rate between sheep

4 Introduct ion
Throughout Experiment 1 it was apparent that the

discrepancies in the amounE of wool produced per unit of
feed intake between sheep, vüere greater than those normally

recorded for sheep of similar genetic origin. At the

conclusion of this trial the coefficient of variaEion in
efficiency v/as 40%, in contrasc to the value of t2% noted

for the same animals under grazLng condit-ions.
This high variation in t^lGR by sheep consuming the sarne

ration prompLed an important change in the proposed program

of studies for this [hesis. Originally it rüas planned to
examine aspects of the partitioning of nutrients between

wool fibre and body tissues in the growing, mutcon-type

sheep and the merino fed a cereal grain diet similar to that
used in Experiment 1. Clearly it I,üas important Eo elucidate
the source of variation in animal performance on this type

of dietr âs rations containing a large proporIion of cereal
grain are used in wool growth and fattening stuclies
( Schinckel 1960; Hutchinson L96I; Allden 1968a ) , and for
droughc feeding wool-producing sheep' (Hemsley 7976).

Furthermore, sheep at the extremes of production performance

vüere ready at hand for closer examination.
It \^7as postulated Chat the variation \^/as due to one of

two ma jor factors. Firstly, and less likely, vüas the

possibility that some of the experimental animals l^iere

constrained by their genetíc capacity to produce tuool at the

higher level of intal<e, and trTere tending to reach an

asymptotic value for wool production, whereas others with a

I
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high producEion poLenLial continued Eo 8ro$7 wool in
proportion to intake (Ferguson 1956).

A second, more probable reasonr wâs that some facEor(s)
associaËed either with the Eype of diet or of individual
sheep consuming Ehis type of diet, contributed to the wide

variabiliEy. This raises a concept that hitherto has not

been noEed in the LiEerature, namely that relative to iEs

mates in the flock receiving a comparable amount of feed, a

sheep may do well on one diet buE indifferently on another.

To examine this second propositionr âf, experiment h¡as

planned using sheep chosen from Experiment 1. There I¡ras no

evidence of anything but a normal distribution of efficiency
of wool production when the 48 sheep were examined in the

second period of Experiment 1. (Fig 4,1). To ensure the

widesL possible variation for analysis of the differences,
sheep r^rere selected from the extremes of this disEribution
curve. The objective was to define wheLher the variation in
wool grohrrh efficiency would be reduced when sheep were

offered a diet thaE l^ras formulated to provide a large amount

of ttgood qual i tytt amino acids postruminal ly . T.f protein
supply on the dieE used in Experiment 1 was marginal for
some sheep and less so for oEhers, Ehen the h]GR of the low

efficiency sheep might be expected to increase substantially
under an improved nutritlonal regime. Equally important, the

experiment also sought to determine rvhether the wool growth

efficiency of a sheep on the diet usecl in Experiment 1 was a

repeatable or a random event. If repeatable, Ehis would

provide evidence of a genetic origin, whereas if the effect
occurred randomly it would suggest some instability in
digestion and metabolism associated with the diet. This



Fi gure 4 .l The frequency dfsEributlon curve for
ef f iciency oi wool growÈh (glkg D.M.I. )

of 48 sheep in Period 2 of. Experiment 1.
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a spect hla s determined by returni ng

concenLrate diet after a period on the

4.2 Materials and methods

94.

sheep to the grain
high quality dier.

4.2.1 Animals and f eedin
Twenty of the sheep from ExperimenE 1 were arlocated to

two groups on the basis of their wool growth efficiency in
that trial, sheep of low efficiency comprising the LE groLrp

and sheep of hí-gh efficiency the HE group. Table 4.7 details
for each animal the wool growth efficiency recorded during
the period of highest intake of the experimental ration
(Diet A), and compares these values with the wool production
per uniE bodyweight at the beginning of Experiment 1, this
being the only index of efficiency when sheep are grazed
together on pasture (l,JesEon I959). On the basis of these
daEa chere was liccle difference in the efficíency of these
groups at pasture, whereas more than a two-fold difference
in mean eff iciency \.das apparent in ExperimenL I.
(10.3 cf. 22.L g wool per kg. feed).

The sheep lvere shorn, footpared, and treated for
parasiEes one month prior to commencement of the Erial.
During this time, one animal from group LE diedr so that
this group was reduced to 9 members.

Diet s

Diet A, the f eed remaining from Experiment 1, \^ras used

in the current trial. It comprised 60% barley (cv Clipper)
and 40% lucerne hay, pelleted after hammermil ling and

mixing,
Diet B contained 65% lucerne h"y, 75% extractecl soybean

meal , 75% exbracted linseed meal and 57. fishmeal.
Ingreclients were pelleted after hammermilling and mixing.

The composition of the rations is shown in Table 4.2.



Table 4.1 The efficiency of wool growth of selected
-l -1sheep on diet A (l^iGR(gd ) per DMI (kgd ) and

and during, Erazing prior to experiment 1 (WGR gd

per bodyweight (kg)).

95.

-1

Graz ing
efficiency
(ed-l te-1 )

Diec A

Sheep No. effíciency
-1 -1(ed ^/kgd ')

LE 3

t4
4t
47

5

11

t2
23

36

o.44
0.56
0.55
o. 50

0. ó0

o. 57

0.65
o.56
0. 71

11 .43
7 .87
I .03

10. 16

9.43
1r.24
14.58,
8.85

10.78
Meant S. D 0.57110.074 10.26ù1.96

c,v(7") 13.0 19.1

HE 13

t7
t9
44

4

18

25

38

39

48

0.51
0.51 .

o.55.
0.48
o.46
0.61,
0.48
0.58 '

o.56,
0.51,

23.19,
2t .56.
21.32,
27.76.
19 .09

19.74'
21.73,
24.24.
22.22.
26.35-

Meant S. D 0 . 5 251 0.046 22 .t2!t ,99

c.v(7") 8.8 9.o

Grand Mean S.D 0.54716.965
c.v(7") 12.o

t6,50!6.24
37.8
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Table 4.2 The dry matter (DM), nitrogen (N), met.abolisable

enersy (ME) and dry matter digesLibility
(DMD) of the experimental diets. (Means t S.E.M. ).

Diet A Diet B

DM (%)

N (% of. DM)

88 .30r 0.01

2.71!0.10
77.3

to.64

86 .391r .70

5.1510.05

73,7

10.11

DMD (%)

ME (MJkg- 1

+

JDM)

+ both deEermined at 10OOgd-1 air dry feed inEake.
* determined from ME = 0.15DOMD% (MAFF Bull.33 p65).
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Initially, the 19 sheep (9L8, 10HE) were transferred to
Diet B (1000 gd-1 air dry) for a period of 8 weeks with the

oÙ¡."t of determining whether the relative differences in
wool grolvth efficiency observed in Experiment 1 were

sustained or eliminated. At the end of this periodr S sheep

(4 LE and 4HE) \{ere transferred back Ec Diet A (1000 gd-1

air dry) for L4 weeks. The object of this comparison \^7as to

assess whether there ç/as a return to the high wool growth

variation observed in Experiment 1 and whether the

efficiency performance of individual sheep in that
experiment \^ras repeatable. The number of sheep that cotlld be

transferred to Diet A \^/as constrained because the quantity
of feed remaining from Experiment 1 was limited. The

remaining tI sheep ( 5 LE, 6HE ) stayed on Diet B for a

further 7 weeks to ensure that any differences observed in
the f irst 8 weeks of f eeding !,üere sustained.

To monitor non-nutritional variation in I,,IGR the 4 sheep

on a uniform intake in Experiment 1 were maintained on this
regime for the entire 22 weeks of the trial.

The opportunity u/as also taken to examine the wool

growth responses attained at high inLakes of Diet B' to

deLermine if efficiency was reduced when a large quantity of
protein tiras provide per os. This was a subsidiary aim, but

it riüas considered that knowledge of the relationship betlveen

WGR ancl nitrogen intake would be helpful in the

interpretation of the dietary resPonses in this trial. Five

sheep (3L8, 2HE) were offered 1500 gd-1 (air dry) of Diet B

for 7 weeks after bhese sheep had previously been consumine
11000 gd-t Diet B for t5 weeks. Likewise, it provided

evidence regarding the wool producing capacity of t{E and LE
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sheep at high intakes of protein.
The feeding sequences described above are summarised as

fc;rlows:
PERIOD GROUP AND FEED

[,rleeks 1-8 All sheep on Diet B (f00Ogd-1)

8 sheep (4LE, 4HE) returned
(1ooo sd-1 )

tt sheep ( 5LE, 6HE) continued
( 10oo sd-1 )

5 sheep ( 3LE , zHE) PreviouslY
Diet B (1000 gd-1) received

L^leeks 8-22

l,Jeeks 8-15

Weeks L5-22

I,leeks l-22

to Diet A

on Diet B

recetvlng
Diet B

4.2.2 Inloo I

( 15Oo sd-1 )

4 sheep (Group DD from Experiment 1 ) received

Diet A ( 500 gd-1 )

growth

midside paEch wool

than 3 weeks (Section

scouring procedures

WGR was derived from right
production over intervals of not less

2.2.4 describes the clipping and

employed).

4.2.3 Statistical analysis
Differences in I¡JGR and efficiency between groups and

cliets brere examined in an anal ysi s of variance , the mearìS

compared using a t-test. Repeatability of the wool gror,vth

response to diet A was estimaLed by simple f.inear regression

of original efficiency in Experinlent 1w'ith efficiency in

the current Erial for each individual, the magnitude of the

correlation coefficient reflecEing the extent of

repeat abÍ I i ty .
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4.3 Resul ts
4.3.t lrlool growth

Rèsponse to the high protein diet (Diet B)

when the experimental animals were transferred to the
high protein Diet B there was a dramatic response in I'IGR by

all sheep, but the LE group responded to a much greater
extent than the HE group. t^lithin I ,weeks the I^IGR and

efficiency differences that existed beEween the two groups

had been eliminated, and for those sheep that continued on

Diet B for a further 7 weeks the differences remained non

significant. More importantly, the coefficienL of variation
in wool growth efficiency of 42% on Diet A rdas reduced Lo

7.7% on Diet B f.or these 17 sheep. Figures 4.2 a) and 4.2 b)

illustrate the time seqllence of tl're wooL growEh responses of
both the high and low efficiency sheep on Diet B. No

correcEion was made to wool production data because the mean

t{GR of the constant intake group was stable (Fig. 4.2a). The

increase in wool production of bhe LE sheep \^ras 17.O gd-1 ,

whereas the HE sheep increased by only 11.5 gd-l. The factor
of greater significance is that a highly significant
difference in I^IGR and I¡JGR per nitrogen intake between the
groups on DieE A, lvas reduced to a non significant level
when the sheep received Diet B.

Fig,ure 4.2b shor^¡s that the ef f iciency of both groups

declined initially when Diet B vras offered, because the
nitrogen intake v,7as rapidly increased while WGR responses

were delayed. The small advantage of the HE sheep fron weeks

8-15 hras statistically insignif i,cant. Once the wool growth
of the I{E and LE sheep had equilibrabed with Diet B, it r.^/as

apparent that the efficiency r:f LE sheep had been



Figure 4.2 a) Changes in mean t'lGR (gd-1 ) of 5

LE sheep and 6 HE sheep offered
DieE B for 15 weeks. Mean [^lGR change

of Ehe uniform intake grouP is included.
b) The mean efficiency (l^lGR per nitrogen

intake) of groups LE and HE on DieE B

for 15 weeks.

Significant levels refer to differences
beEween HE and LE sheep.
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Table 4.3 The relat
t ime on 1000gd

p erc enÈage

at each wool harvesÈ.

GROUP I.]EEKS

4 I

diet B. Values rePresent the
of the total change , which had occurred

of LE and HE groups with

t2 15

iv-e llGR changes
-1

100

100

P(0.001
P<O .0 1

not significant

Total WGR

chan

17 .0r1 . g

Lt.5*2.7

d-1

LE

HE

4¿J

¿4¿

27

30

*** 81

76 ns

94

93

ns

ns

***
**
ns

o

0

o

Hoa



W{lO'g. ii'{;,r''UtrE
LIBRARY

substantially improved (P(0.01 ) while HE shee

nitrogen iess efficienLly for wool production on Diet B than

on Diet A '( compare weeks 0 and 15 in Fig. 4.2.b) . The

significance of this fin<ling must be considered in the light

of the relationship observed between \^lGR and ni Erogen

intake, which i s di scus sed in sect ion 4 .3..1 . 3 '

The time sequence of wool growth resPonses Eo Diet B

are presented in Table 4.3' as percentages of the total I^IGR

change. Both groups approached equilibrium 12 weeks after

the diefary change, and Ehe pattern of wool growth change

v.raS very similar for LE and HE sheep, despiEe considerable

dif f erences in the absoluEe l^lGR change. It is also apparent

from this table that the period of greaCest increase in I'rlGR

v\raS f rom weeks 4-8, cìuri ng which time LE sheep increasecl

wool growth from 7 .g to t7.I gd-1. Indivdual WGR and inrake

data are tabulated in Appendices 4.1 and 4'2

4.3.!.2 The repeatabil ity of wool growth resPonse

Eo Diet A

Figures 4.3 and 4.4 show qui te clearly how the

dif ferences in t^lGR and efficiency between groups at the end

of Experiment 1 were rapidly eradicated within 8 weeks of

feeding Diet B, only to become re-established when Diet A

$/as fed for a subsequent t4 weeks. LE sheep in Experiment 1

$rere about 50% less efficient than FIE sheep. l^lhen Diet A was

reintroduced this difference \^7as reduced to 20%. Although

there \iüas a tendency for the groups to resume Eheir relative

positions, the repeatability of individual response uras

poor , as evidenced by the low correlation coefficient

between times (r = 0.31, n = B). The ranlcing of individual

efficiencies changed after the interveninq period of high

protein feeding (Table 4.4\.



Figure 4.3 Changes in mean t^lGR ( gd-l ) of 4 LE and

4 HE sheep which consumed Diet B for
8 weeks and Diet A for 14 weeks. Significance
leveIs are indicaEed.
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Figure 4.4 Changes in mean wool growth efficiency
(g wool per g nitrogen) * S.8., with
Eime, for 4 LE sheep and /+ HE sheeP

on Dlet B ( 0-8 weeks ) and Diet A (8'22

weeks). Significance levels are indicated.
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Table 4.4 Efficiency rankings for B sheep on Diet A

in Experiment. l- and on Diet A in the

present trial.
Group Sheep No. Experiment 7 Current Trial

HE

L9

L7

44

13

3

4

1

8

1

2

3

4

LE

47

L4

3

4T

7

6

5

2

5

6

7

8

From Fig 4.4 it is also evidenL Ehat

variance of [,JGR reduced f rom 5t .8%( C. V. )

feedingr wâs once again increased by diet
4.3.t.3 The relationship beEween [n]GR and

the between sheep

to 9.0% by diet B

A (34.7%) .

nitrogen intake
l^lhen sheep received Diet B at a level of 15OOgd-1 they

produced 24.64t2,0Og wool per day. The mean value for the 3

LE sheep vras 25.4gd-l and for the 2 HE sheep was 23.6 8d-1 ,

indicating that both groups tdere not constrained by an

inherently low wool producing capacity.
The efficiency of wool production was lower at

111500gd-'Diet B than at 1000gc1-'' Diet B in the same sheep

(P<0.001), and when data from the present experiment and

Experiment 1 were analysed, it rvas apParent that there ltas a

curvilinear relationship between t,lGR and nílrogen lnLake

f rom 12-63gd-1 . Fig 4.5 vüas clerived f rom data obtai necl f or

Diets A and B. It might therefore be suggested that lower

efficiency on Diet B waS a consequence of Poorer nitrogen



Figure 4.5 RelaEionship beÈween niErogen inËake

( gd-l ) and t^lGR { gd-1 ) . Values are means

for groups of sheep (n = 4-71) consuming

DieE A in ExperimenE 1 and Diecs A and

B in the currenE experimenË. The relaEionship
is described by Ehe following equaËion:

t^lGR = -0.19+ O.7!(Nr)-0.005 (Nrz I t2 = 0.99
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utilisation on this ration (e.g. poor qualiry protein for
wool growLh) and qot 9r. to a diminishing response at high
nitrogen levels. That this !üas not the case can be inferred
from the depressed efficiency a[ the higher compared to the
lor,'¡er intake of Diet B. A diminishing response at such high
intake levels (390g crude proEein d"y-1) is not surprising,
as the I,IGR of sheep on thi s rat i on hla s a pproach ing the
genetic maximum for this genotype.

Discussion
The abili ty of the LE sheep to respond to a

high-protein ration provides conclusive evidence that these
animals Ì¡rere not genetically cons trained in their capacity
to produce wool in response to a high nutritional input.
Rather, ef f iciency \^7as related to the composi tion of the
diet. such an interaction between diet and wool growth
efficiency has not been previousry reported, and the results
of this trial represent the first indication Ehat the

r-n a group
ranking of wool growth rates of individuals,.are not absolute,

buE can, in fact, be altered by diet
The t$ro diets employed in this experiment containecl a

similar amount of metabolisable energy, but cìi ffered
markecì1y in [he concentration of crude protein (Table 4.2).
[^]oo1 production responded to the additional protein in
Diet B, the increase in LE sheep being substantially greacer
than that in the HE sheepr so that after 8 weeks of feeding
there r^/as no di f f erence in hrGR between the ,s,rollps . The

efficiency of rvool qrowth of the HE sheep $7as reduced on

Diet B but thi s was not a ref lec t ion of poorer proteí-n
quality or avail¿rbility on this ration, buE rather of
reduced efficiency at high intakes of prorein (FÍg. 4,5). A

4.4
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diminishing returns-type curve has been demonstrated for hlcR

and nitrogen supplied. postruminaLly (Reis 1969), and many

studies have revealed a clepression of efficiency with
increasing intake, although some of these have not allowed
l^]GR to equil ibrate with diet (L .1.4) . Furthermore, f ew

studies have achieved the substantial hlGR's apparent in the
currenC brial when sheep \,rere f ed diet B. ülGR values
obtained at the highest level of dier B (24.64gd-t) are rhe
highest recorded for this genotype and are most certainly
close to the maximum genetic potential (Hogan et al. t979) .

In contrast to the response of the HE sheep, Eherrlow
efficiencytr group actually increased their wool growEh

efficiency despite the substantially greater rate of
nitrogen intake (Fig 4.2b). one can only conclude that had

the comparison between diets been made on an isonitrogenous
basis, then the increase in efficiency of LE sheep would
have been greater sti11. Clearly, some consEraint to
production operating in the LE sheep r^ras alleviated when the

high nitrogen diet was of f ered, but there Ì/üas little
suggestion that constrained productivity on the grain
concentrate diet was genetically determined. The ranking of
individual wool gror.rth ef f iciencies was thus al Eered when

this diet \^/as reintroduced, although the number of sheep

used ín the repeatability trial was too low to make an

unequivocal statement regarding any interaction betrveen

incJividual and diet. It is tentatively concluded Ehat wool

growth performance on a concentrate ration is
not a highly repeatable character.

That the high variabili ty in ef f iciency of wool grolvth
on diet A demonstraLed in this trial and in Experiment 1 is
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indicative of responses on concentrate rations in general,
is supported by the resul:s of schincker (1960), piper ancl

Dolling (1969a) and HuEchinson ( 1961 ) . These authors fecl
diets containing more than 50% cereal grain and noted large
wool growth variation beLween individuals.

The resulEs of the present experiment have imporEant
implications for the choice of rations for wool growth
studies and f or selection of high ruool producing_ genotypes.
High repeatability of wool growth efficiency under different
nutriEional conditions is essential íf_ genotypes selected
for high woor growth under one particular dietary regime are
to be high producers on a different regime. There is
considerable evidence that the diet x sheep interaction is
small ( Dolling and Moore t96l; Dunlop er al. 1966; [,tilliams
1966; Dolling and Piper 1968), so rhat pen rrials and field
Erials have produced similar efficiency rankings for
individual sheep (weston 1959 ) . rn contrast, Ehe present
results indicate a poor relationship between efficiency in
the f ield, (estimated as t{GR per unit bodyr,veighr (l,leston
1959) ), and efficiency on diet A (t2 : 0.004). Moreover,
efficiency at one time on diet A hTas poorly relaIed to
efficiencf measurecl aL anoEher (t2 0,01 ) . The raEter
result renders removal of error variance on this type of
diet by covariance analysis, trnsuitable. Efficiency of
individuals on diet B, on the other hand r wâs closely
rerated to field efficiency, the correlation coefficíent of
0.84 being simil.ar to that recorded by Dolling and Moore
(1-961.) and l,rreston (1959).
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Conc Ius ions
In this experiment a significant dieL x sheep

interaction in relation to efficiency vras demonsErated, buE

the response of an individr-ral to the high grain diet vüas not
repeaEable. The interacEi on does not appear to be

genetically determined. Such a finding is consistent with
the hypothesis that the pathways of metabolism in the rumen

are in a delicate state of balance when sheep are fed high
grain diets, and that factors such as rate of feed and water
consumption, the morphology of the rumen, and the
composition of the rumen microflora at the iniEiation of
feeding, could establish patterns of rumen fermentation that
lead to substantially different flows of protein to the
intestines. The dependence of wool growth on postruminal
flow would then be reflected in gross differences in I^IGR.

This concept is examined in che following Chapter.
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rrRuminants have complex stomachs co

compensate for their deficienI teetht' (Aristotle)

CHAPTER 5 Rumen ferment-ation patLern and the efficiency
of wool production of sheep fecì a concentr'ate

rat ion
5 .1 Introduct ion

Extensive variation in the amount of wool produced aI

any intake of a grain-roughage diet, \.das a feaEure of the

results obtained in Experiment 1 of this thesis. Further

studies revealed that this phenomenon was a characteristic
of the diet , and that efficiency of wool production on rhe

barley-lucerne ration was neither an inherent characteristic
of an individual, nor hras it related Eo production on a

ration of different composition.
High starch rations are known to be involved in the

development of meEabolic disordqrs such as grain bIoat, but

less is known of the consequences of rumen ínstability on

the nutrition of the host when a more chronic situation
prevails (Dirksen t969). tJool growth is dependent mainly on

the supply of protein to the duodenum, the postabsorptive

utilisaEion of Ehese amino acids being mediated by the

availabiliLy of energy substrates (nlacl< et al. 7973). There

is evidence that rumen fermentation paLterns could al ter
both the flow of protein and the utilisation of that proLein

in Several ways. Firstly, the turnover rate of substances in
the rumen influences the microbial species present, Ehe

ef f iciency with rvhich they synthesise protein, Ehe f luid Ptl '
and tl-re amount of dietary ¡'rrotein escaping ruminal

clegraclation (Chamberlain & Thomas 1980 ) . Secondly, the
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composition of fhe fermentation products (particul arLy

V.F.A. ) is determined by Ehe microbial species present

(Briggs et al. L957), the latter being principally governed

by diet composicion. The molar proportion of propionate may

be of particular relevance to the rate of degradation of

absorbed amino acids and hence, the quantity available for
wool growth ( Leng et al. L967 ) . Thirdly, digestive
malfunctioning as a result of the high starch inputr maY

impair the overall digestibility of protein and/or energ,v in
the whole tract.

The experiment reported in this section, while not

seeking to define the factors that initiate such changes in
rumen function, wâs designed to test the postulate that the

extensive variation in wool production of sheep on the diet
used in Experiment 1 was the outcome of variation in the

amounts of protein flowing to Ehe small intestines, and that
these quanti tal-í.ve dif f erences were related to the

fermentaEion and metabolism patterns in the rumen. This

hypothesis was developed after a review of the literature
pertaining Io those factors likely to be of greatest

importance in influencing postruminal proEein f1ow. In this
review, presented below, special emphasis lùas placed on the

ruminal events induced by ttconcentratef r f eeding,

particularLy variabiLiEy among sheep on the same diet, a

"concentraterrdiet being one in which more than half the

ration comprises cereal grain.
5.2 Literature review

Of the many interacting facets
those associated with the

of ruminal digestive
efficiency of proIein

Figure 5.1 , to¡iether
processes,

and energy digestion are summarised in



Figure 5.1 Some interacËíons between key parameters

of ruminal metabolism associated with
the ef.f.Lciency of energy and proEeÍn
digestion.
1. Crawford et al. (1980 b).
2. Crawford eE al. ( 1980 a ) .

3. Sutherland (19761

4. Bul l eE al . (\1979) .

5, Christiansen et al. (1964); Isaacson

eE al. (1975); Sutherland (1976);

Bergen and Yokoyama (t977); Czerkawski

and BreckenrÍdge (L977 ) .

6. Briggs et al. (1957 ) ; Eadie eE al.
(1970).

7.

8.

9.

10.

Klopfenstein et al. ( 1966 ) .

Abe et al. ( 1973 ) .

Lewis and Annison (79741.

Leng (1976).
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vrith a list of the main contributors to the understanding of
each process. I^lhile each parameter is now considered
separately, these inIeracIions need to be kept in mind when

assessing the performance of the rvhole system.

5.2.1 The turnover rate of rumen contents
Turnover rate, dil.ution and clearance rate are

synonymous terms for the proportion of the total ruminal
volume leaving the rumen each hour, typical values ranging
from O.OZ to 0.33 per hour (Hyden 1961; Tulloh et al. 1965).
I¡lhile turnover usually refers to the fluid portion of the
digesLa, Bul1 et a1 . (1979) emphasise the importance of
considering the ouIf1ow of. solids as well, because the two

are not always associated. It is clear from Fig 5.1 that the

rumen fluid diluLion rate (D) is closely linked to the

pattern of metabolism having direct relationships with rumen

pH, microbial protein, dry matter digestibility and the

amount of undegraded dietary protein arriving at the

duodenum. The fact EhaE D is lower and more variable on

concenLrate diets than on forage diets (Sutherland L976;

Cole et a1. 1976, Thomson et a1. I978; Chamberlain and

Thomas 1979), may have important consequences for the
protein nutrition of the host. Further, Ftg. 5.I indicates
that the diluLion rat-e is influenced by a wide variety of
facEors and rrthere is an almost inf ini te number of
combinations of ration componen[s, characteristics, and

levels of feeding which may resulE in a response in turnover
of 1 iquid and/or solids" ( gull et al. 7919) . For example,

differences in the rate of feed intake betroeen sheep in
Experiment 1 may rvell have influenced D.

For any diet there is an optimal partiEioning of
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digestion betlveen the stomach and intestines. Changes jn D

can influence the residence time of dietary componenEs in
the run'ìen and hence the extent of digest ion in the stonlach.

Table 5.1 indicates rihe marked effect of D on the proportion
of dietary proEein escaping ruminal degradation.

Table 5.1 The influence of D on the extent of ruminal

degradat ion of proteins from different sources

( from Zt¡n unpubl. ciLed by Bull et al. 1979).

Feeding level (xM)

o ( trr-1 )

Soybean meal

Cottonseed meal

Corn gluten meal

1, .2

0.091

85

76

54

L.6

0.110

82

39

39

)
)
)

)
)

% ruminally
degracied

Not only is the extent of ruminal degradation altered by D'

but also the efficiency with which the microbial population

synthesises protein from ammonia-nitrogen (NH3N) and free
amino acids. The majority of trials on this subject have

achieved alterations in D in the rumen by infusion of

artificia-l saliva or saliva salts (Harrison et al. 1974,

tgl5; Thomson ec al. 1975, I978; Chamberlain and Thomas

1980), or by inclusion of rnineral salts in the diet (Berger

et al. 1980 ) . AlIernatively in vitro continuotts f ermenl-ation

systems have been employed (Hobson 7965; Isaacson et aL.

1975; Crawford et al.1980 a, b). In rhese studies enhanced

microbial efficiency was invariably induced by increased l)
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(Harrison et a1. 7975; Isaacson eE al. t975; Cole et al.
L9761 Bergen and Yokoyama 1977). The relationship between I)

and YATP from the in viCro study of Isaacson et al. (Ig75)
is presented in Fig. 5.2a. Iulicrobial ef f iciency, in this
context, is expressed as either the molar growth yield (yATp

= g dty microbial cells per mole ATP) orr more crudely, as g

of microbial crude protein flowing from the rLrmen per unit
of organic matter disappearing in the rumen. The dependence

of microbial efficiency on D is thought to be a consequence

of the effect of D on the microbial maintenance requirement.
Maintenance functions include a) motility, b) turnover of
cell macromolecules, c) synthesis of extracellular enzymes,

proteins and carbohydrates, d) active transport, e) energy
losses in energetic uncoupling and f) resynthesis of cells
afLer cell Iysis (Hespell 1979). The major factor in
influencing the maintenance requirement is the energy losE

between ATP production from catabolism and that available
for synthesis (described in e). Limiting nuIrients other
than energy have an important bearing on this process. (e.g.
NH3N, branched chain V.F.A. ) (Hespel1, 7979\.

Because the maintenance requirement of the bacteri al
population is a time function (mmof ATP/g dry cells/hor-rr),
ce11 yields also depend on the bacterial grorvth raLe. As

growth rate of the popuLation increases, a l_orver proporLion
of available ATP is used for maintenance (I{espell 1979).
Bacterial growth rate and fluid turnover rate are
synonymous, otherwise the poptrlation would change to assume

a ne\,\r steady staLe (Owens ancl Isaacson t97l). The importance
of the above considerations to the florv of microbial and

toLal protein from the rumen is illustrated in Fie 5.2b,



Figure 5.2 a )

b)

The influence of rumen fluid diluEion
1raEe (h-') on Ehe molar growÈh yield

(YATP) of microbes ( from Isaacson

et al. (1975) )

Simulated effect of the microbial
maintenance requiremenE on microbial
and Èotal postruminal proÈein flow

1(gd-^). (from Faichney and Black

tg79l .
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derived from [he model of rumen function compiled by

Faichney and Black (1979). From Figures 5.2 and 5.2b it is
apparent thiat as D increases Lhe microbial maintenance

requiremenc decreases, and the microbial yield and microbial
protein flow increase.

Not only is microbial yield altered by D, but there has

also been speculation that the optimum D value is
"species-clependent'r because of differential growEh rates
among the bacterial species in the rumen (Sucherland 7976).

As D changes, a redistribution of species might occur,
presumably with concomitant shifts in the meEabolite

paEtern. Iuloreover, fluid pH, osmotic pressure and ionic
composiEion would be affected and, in curn, would influence
organism selection (Sutherland 7976) .

In this regard the clecline in protozoaL numbers as D

increases ( Bergen and Yokoyama 1977 : Czerkawski and

Breckenridge L977; Crawford et a1. 1980a) is of interest,
and may be a reflection of the effecEs of low pH (Eadie

et a1. 1970) or of the relatively slow rate of protozoaL

grow[h (Christiansen et al. 1964).

Such shifts in microbial populations coincidenE with I)

changes mighL be expected to influence the pattern of
metabolite production. Indeed, turnover rate and the V.F.A.

composiEion are related (Fig 5.3). As D increases, the

propionaLe molar proportion decreases, although, not

surpri.singly, the precise nature of the relaIionship has

varied widely between sEudies. Some rvorkers have observed no

relationship at all, while oEhers report a positive
association ( Isaacson et a1. t975) . These discr:epancies

probably reflect differences in diets, feeding patterns and



Figure 5.3 Published relationships beÈween rumen

fluid dilution raEe (h-1) and Ehe molar

proporEion of propionaEe.

a) Harrison gljl (1975).

b) Thomson et al. (1978).

c) Harrison et aI. (t9741.

d) Hodgson and Thomas (!9721.
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periods of adaptation. (Chamberlain and Thomas 1980).

Overall, however, there is sound evr'-dence that the V.F.A.
end-products are infLuenced by D, a result in accorcl with
changes in microbial species or the pattern of metabolism of
existing species (Hobson 1965).

A negaEive association betrveen D and propionate
proportion, and a positive effect of D on microbial
effici ency implies that "propionate" fermentations âre

inefficient, in terms of microbial synthesis. Several authors

have, in fact, reported higher bacterial yields when

Itacetatetrfermentations have been induced on grain diet-s
(Mc['{eniman et a1 . t974; Harrison et al. 1975, 1976i Thomson

et_al. 1,975, !978) . Data of Harrison et al. (I976) in ivl-rich

D \^ras modif ied by artif icial saliva infusion, is summarised

in Table 5.2. As D increased, the propionate 7. decreased and

microbial efficiency and duodenal nitrogen flow \^/ere

enhancecl.

Similarly, when diets containing from 0-100% concentrate
ü7ere fed, a decline in bacEerial efficiency as the

concentrate proportion increased, coincided with a high

propionate proportion (Chamberlain and Thomas 1979\.

In -contrast 
Eo these f indings, other workers have

reporLed enhanced microbial efficiency in the presence ofi

'rpropionate-type" fermentations ( Ishaque et a1 . t97t;
Jackson et al. 1971) . In these trials, tr,vo distinct
fermentation patterns r,Jere evidenE when sheep \^Iere fed a

dÍet of ground barley, maize and hay at hourly intervals.
Those with a high rumen fluid propionate proportion hacl

lor.¿er NH3N concentra tions and higher cluodenal ni Lrogen f lov;s

[han those with a ruminaL metabolism ctraracterised by high



Table 5.2 The relarionshi between dilution rate D

% , microb i. l qy4!¡"! ic efficiency, and toÈal duodenal

nitrogen f [ow- when sheep were infused with arcificial
saliva (4 lld). (adapted from Harrison et al. 1976).

CONTROL INFUSED

ionate

t( trr- 1 
)

Propionate (%)

Amino acid synthesised (g)
per mole hexose fermenÈed

Total duodenal N ftow(g¿-1)

0.032
31.6

25.4
11.65

0.075
20.0

29.8
13.25

S IGNIFICANCE

P(0.001
P(O.01

P<0.01

P( 0 .01

H
HÈ
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acetate and butyrate. Moreover, diaminopi-melic acid niLrogen
flow, âD indicator of bacterial protein flow (Hutton et a1.

LgTt), *o" positively related to the propionate
concentration. At present no satisfactory explanation can be

made for the disparity betr,veen trials relating V.F.A.
composition to efficiency of microbial protein synthesis and

posEruminal nitrogen flow. O[her fact-ors of importance in
regulating the nature of the ruminal. interactions will no\^I

be briefly discussed.
5.2 .2 Rumen f luid pH

The pH of rumen fluid is determined by the balance

between the buffering capaciEy of the fluid and the

acidity/alkalinity of the fermentation products ( Chalupa

t977 ) .

For the majority of diets Lhe value falls within the range

6.0-7.0 (Monroe and Perkins 7939; Olson L94l; Hunt et al.
!943) , but when concentrates are fed, low saliva flows
( Balch and Rowland 1957 ; Reid et al . 1957 ) coupled with
rapid V.F.A. producLion, can induce pH values as low as 4.1
(Phillipson t952; Briggs et al. 7957 ; Kezar and Church

7979). Lowest pH are recorded in the presence of lactic acid
( Briggs et al. L957 ) .

There is little doubt thaE alterations in the pll of
rumen fluid play an important role in the continual state of
flux of rumen metabolism which alloivs a wicie varieEy of
feeds ro be efficiently digested. It has long been

established that pH and the metabolic end products of
microbial digestion are related (Briggs et al. 7957; Slyter
et al. 7966; Esdale and SatIer t972). Carefutly controlled
media inoculation experiments have confirmed that pH per_re
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has profound effects on the relatíve competitive abilities
of different microbial species (Hobson 1972; RusseI et al.
I979). Figuie 5.4 from Hobson (t972) illustrates how the

growth rates of two bacterial species varied rvilh pH.

Pronounced shifts in the metabolic .end products as pËl

changes would be anticipated following the redistribu[ion of
species. Adaptatíon of propionate-producing organisms to low

pÌl I/üas thus concluded as being responsible for the high
propionate concentration in the trial of Briegs et al.
(t957 ) . Flowever, compensaEing changes wich pH in the

metabolism of existing species also occurs (Hobson t972).
l'licrobes vary their metabol ism with gror,vth rate, a f actor
previously shown to be pH-dependent (Fig 5.4). For instance

at low growth rates, Selenomonas rumi-nantium produces

predominantly acecate and propionare while at high growth

rates, lactaËe comprises a large proportion of the products
(Hobson 7965; Hobson and Summers 1966).

Thus, ruminal pH, which is influenced sErongly by

concentrate feeding, can affect fermenEation products by

altering both the types of micro-organisms present and the

biochemical pathways operating in these. Further alterations
to metabolism are also noted when the pl{ durinq any parL of
the f eecling cycle f alls bel ow 5.0-5.5, because niassive loss

of protozoa occurs under these condiIions (Eadie 7962; Eadie

et aI. 7967 and 7970; Schrvartz and Gilchrist I975) . The

nutritional consequences of disturbances to the protozoal
populat ion are considerecl in Section 5 .2.4.
5.2..3 Ruminal ammonia-nitroqen concentration

Microl¡ial activity in Ehe runìen provides Lhe hosE with
a supply of protein of good biological value (Bergen et al.



Figure 5.4 The growth rates of Èvùo bacterial species

as influenced by inocula pH ( from Hobson

tg72l .
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1968 ) derived from dieLary proEeins, peptides and

non-proLein nitrogen. Such nitrogenous substances are

degraded by extracellular enzymes to NH3 r the resulting
concentration of which is normally between 0 and

130mg/tOO ml, and influenced by baccerial utilisation rate,
metabolism in the rumen wall, absorption into the portal
vein, and passage to Che omasLrm (Tif lman and Sidhu 1969) .

The advantage of the ruminanE system of microbial
protein synChesis from non-protein, is most apparent when

Lhe protein content of the feed consumed is low. Under such

conclitions, a net gain of nitrogen can occur between the

mouth and the intestines, because the nicrobes can capture
recycled nitrogen (Nolan and Leng I972).

In contrast, subsEanEial nitrogen losses are recorded

when Ehe protein content of the diet is high, when the diet
spends a long time in the rumenr or when the dietary protein
is highly soluble (Hogan and hJeston 7967 a; Fergtrson 1972), ,

so that trthe extent of rumen ammonia production from

different protein sorrrces r,Jas found Eo be inversely
correlated with nitrogen retention". ( quoted by Ferguson

t972; see aLso Lewis and Annison 1974). The diurnal pattern
of ammonia production is likewise of importance, ås

producIion peaics may exceecl bacteriaL incorporation rates so

that NH3 is absorbed across the rumen wall and excreted as

urea.
Generally, the rurninal NH3-N concentration reflects the

NH3 procluct ion raLe in the same ü/ay tha t V. F. A .

concentration is related to V.F.A. synthesis (Leng eg_41:

1968 ) . The rumen fluid NH3 concentr:ation is impor t a nt

because this best describes the immediate microbial
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environment, compared, for instance, to total rumen NH3

levels. Because NH3 is an obligaEory substrate f.or most

bacteria (Allison L97O ) chere is a lower limit of NH3

concentration below which microbial synthesis is impaired.
There is, howeverr Do unanimity amongsE workers on this
ttoptimumrt value, estimates ranging f rom as low as

2.2mg/tOOmt (Slyter eE a1. t979) ro almost 30mg/tOOmf rumen

fluid (Miller 7973). (see Table 5.3). The criteria used to
define optimum concentration varied between these authors,
Ëhe value for maximal protein synthesis being somewhat lower
than that for maximum fermentation rate and protein flow to
the abomasum. Baldwin and Denham (t979) suggest Ehat the low

and high concentrations recorded in Table 5.3 can be

reconciled by consideration of tirê two enzymes involved in
ammonia utilistion by microbes r. namely glutamate
dehydrogenase and glutamine synthetase. The former has a low

affinity for NH3 (Km

affiniEy (Km = 0.2mM), implying two distinct concentrations
of NH3 for maximum enzyme saturation.

Alternatively, it has been suggested that the limiting
NH3 concentration varies with the population of microbes t

present r âûd with Eheir growth rates (Allison L97O) .

Microbial species may differ in Eheir abilities to
concentrate ammonia and possibly their rate of ammonia

assimilation ( Buttery 1977 ) . Pronounced effecEs of
concentrate diets, therefore r or the microbial species
distribution (Briggs et al. 1957; Schwartz and Gilchrist
1975), and Eheir growLh rates (Hobson t972) , may well be of
importance in alcering the nitrogen kinetics of the host. In
accord wiEh this concept is the observation that maximal



Table 5.3 Optirnum mean rumlnal anrnonia concenÈraÈion f or
microbial synthesis.

Au t.hor op rimum (NH3N) (mg/loomI) Cr iterion

Mehrez g!_g-L. (t97?)
SlyÈer et al. (1979)

SatÈer & SlyÈer (t974)
Bryant & Robinson (1961)

Hume et al. (1970)

MiI Ier (L973)
Okorie eÈ a1. (1977)
Allen & MiIler (L976)

1 MP = Microbial protein
2. NAN = Non-armonia nítrogen

23.5
2.2
5.0
6.0

8.8-13.3
28.9
8.5

79.4-26.9

Max fermenÈaÈion rate
1

Max MP- synchesis
( in vitro)It

Í
lt

tt

ll

It

il

( in vivo
Unknown

Max MP synÈhesis
t

Abomasal NAN- flow

H
H
\o
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microbial procein synbhesis is only achieved at high NH3

leveIs (.rp to 5Omg/tOOmf ) when sheep are f ed purif ied cliets
(Hume et al.'L970), rolled barley diets (Orskov eE al. 1972)

and high energy diets (Bartley and Deyoe 1977; Okorie et al.
L977 ) . Moreover, Lhe optimum concentraEion for ceIl
synthesis r^¡ould vary with the rumen tu:nor¡er rate if Ehe

rate of NH3 assimilation \^ras limiting (Kempton and Nolan

I978) . The possibitity exists, Eherefore, that the

requirement of microbes for NH3 is increased by concentrate

feeding and [hat this may contribute to differences betlveen

sheep in N utilisation efficiency.
Between-sheep variability in ruminal ammonia concentration
when sheep are fed concentrate cliets

l,Jhen sheep âre fed diets containing a high proPorEion

of cereal grain the patCern of ruminal fermentation varies
widely between sheep and at different Eimes in the same

animal, a reflection of the instability in metabolism

induced by such rations (Barry et al. 1977). Ishaque et al.
(7971) were among the first workers Eo demonsErate this
variability when sheep vrere fed a mixed diet of ground

barley, ground hay and flaked maíze, and it has since been

corroborated by the studies of Hocìgson and Thomas (1972;

7975 ) and Chamberlain and Thomas (1979). trll-rile these authors

have related the alterations observed in microbial synthetic
efficiency and duodenal protein flow to differences in
short-chain fatty acid production (hence Ehe previously
di scussed debate regarding Ehe ef f ici ency of rtacetate'r

versus trpropionaEett versus ttbutyratett f ermentations ) , a

consisEent feature of the different metaboli-sms has been the

differences in ammonia concentration. For instance, Ishaque



et -al . (t971)

concentrat ion
recorded an

and dtrodenal

inverse
nitrogen

T2T.

relationship between NH3

flow as indicated below:

NH concentration: 29.9t2.8 II.3!L.7
N f low ( as '/" of N i ntake ) : 57 .5t2.3 104.1t 3.5

Similarly, Hodgson & Thomas ( t972 ) observed distinctly
different fermentation patterns on the same diet (NH3-N: 5.5
cf 2I.6ng/fOOmt) and related these to dilution rate effects.
High dilution rate is associated not only with altered
V.F.A. mixtures (see Section 5.2.I\ but also wittr reducecl

NH3 concentraEion and increased duodenal N flow (Harrison

et al. 1976) .

While it is tempting to conclude from these studies
that variaEions in postruminal nitrogen flow when sheep

consume concentrate feecls are a consequence of variations in
the extent of dietary nitrogen losses from the rumen as NH3,

the possibility remains that NH3 concentration may be

relaLed to some other aspect of the efficiency of the

system. In this regard the observation Lhat NH3

concentration i s related to the presence or absence of
protozoa (Abe et al. 1973) may be of importance.

5.2.4 The influence of protozoa on pattern of
f ermenl-ation and nutrient ar¡aí labil i f y

Relatively hi gh concentrat ions of prot ozoa, up to
1t0' lnl-, have been recordecl in the rumen f luí d of sheep f ed

at restrict.ed inEal<es of concentrate cliets (Christiansen

et al. t964; Eadíe et al. L910, Slyter et al. t970), in
contrasL to their virtual disappearance at ad libi tum

intakes of the same rations (Eadie eL a1. t970). Low pH,

induced by high grain intakes, apparently eliminates the
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ciliate population ( Eadie 1962) . The contribution,
therefore, of protozoa ro the Eotal microbial proCein pool

is of imporËance. Diet, frequency of feeding and leve1 of
intake determine this conEribution ('Klopf enstein et al.
1966; Eadie ét a1. 1970) , and protozoa can eomprisê up to

50% of. the total microbial biomass (Leng L976).

Recently, considerable inLerest has arisen in the role
of protozoa in ruminant digestion, after it I^/as established
thaE Ehey r^7ere selectively retained in the rumen (t^leller and

Pilgrim 1974; Bird er al. f979) .

Incorporation of dietary protein into ptotozoal protein
would depress the availabitity of protein Eo the host (Leng

t976; Bird 1978) because the hydrolysis of Ptotozoal protein
and subsequent recovery of the NH3 by bacteria would involve
losses of nitrogen as well as energy. Moreover' the

fluctuation in protozoal numbers observed on highly
fermentable' diets would similarly' depress the microbial
protein available at [he duodenum (Leng t976). Removal of

proÈozoa from the rumen has resulted in a reducEion in dry

maËter digestibility ( Lindsay and Hogan t972) , altered
V.F.A. paCEerns ( Eadie et al . l97O; i'lales and Purser 197O1 '
reduced ruminal NH3 concentrations ( Christiansen et al.
1965; Klopfenstein et al. 1966; Luther et al. 1966 ) and

increased protein availability (Bird et al. 1979) . The

latter worl<ers attribute additional proEein flow to reduced

predation of bacteria by protozoa (Coleman 7975), greaLer

bacterial oubflow aS a resul t of reduced recycling of

microbial. protein, or a greater proportion of the digestible
crude protein leaving Ehe rLlmen.
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5.2.5 Conclus ions
. It is apparent from the literature review Ehat sheep

consuming a similar amount of a concentrate racion can

differ rvidely in the quantity of pr,otein arriving for
digesEion in the small intestine. \^lhile the source ( s ) of
such differences in nutrient flow have not yet been clearLy
identified, the responses are associated with variability
between sheep in microbial protein synthetic efficiency, the
'di lut ion rate of rumen f luid , and Ehe product ion of

endproducbs of metabolism (V.F.A. and NH3). The protozoal
density and sEate of flux of the ciliate population are also

of response to high n diets. As yeE no stuclies have

investigated Ehe nuËritional consequences of Ehe rumen

fermenEation patterns and postruminal nutrienE flow

likely to be of prime impgrar-

responses induced by

5.3 Experiment 4z

ortance inn

concentrate feeding.
Objective

g,enerating variabitity

This study hras undertaken to test the hypothesis that
the variation in WGR observed on the high grain diet used in
Experiment 1 was the outcome of a series of events
associated with rumen digestion and metabolism that
influenced the amount of di protein 'arriving at the
intestines for absorption, and \,^ras not a function of the
processes between absorption and the wool fo1licle.

To test this hypothesis Ehe posIruminal proEein flor'rs
and ruminal digestive patterns of 13 sheep surgically
prepared with ruminal and abomasal cannulae, !,rere stuclied.
These characters \,úere compared when sheep \^rere fed two diets
of different composition, the first being a roughage diet of
lucerne, and the second being a concentrate diet of similar
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composition to Ehat used in the studies reported earlier in
this thesis. The roughage raEion v,/as f ed for t4 weeks and

the concentrate ration for t6 weeks, during which time rumen

pH, ammonia concentration, V.F.A. concenEration and

composition, and diet digestibility r^rere examined in
relation to variations in the flow sf proLein Eo the
abomasum determined for each animal. It was postulated thaE

protein flows and rumen metabolism would be similar among

sheep on Ehe roughage diet but variable and divergent among

Ëhe experimental animals when the concentrate ration was fed
and thaE in both groups the poscruminal flow of protein
would be closely related to the observed variaLions in wool

product ion.
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5 .4 Materials and Methods

5 .4 .1 Anima ls and surgery
Fourteen sheep vüere selected from the originaf 48 sheep

used in Experiment 1, so Ehat a wide range of wool

production efficiencies measured on the experimenEal ration
vras represented ( Table 5.4) .

Table 5.4 The t^lcR (ed-l), DllI (gd-1) and efficiency
of wool growth (l^lGR/nltf ) of rhe 13 sheep

selected for the experiment.

Sheep No. l,lcR 
( 1 )

{ ga-1 )

DMI(2)

( e¿-1 )

Effi ci ency

( ed-1 /uga-I )

36

10

11

44

31

25

5

4t
23

27

13

t7
18

19

8.7

9.3

8.2

17 .8

10.9

15.8

7.5

4.9
6.9

t6.5
19.0

L2.4

t3.7
17 .4

902

638

805

9tt
457

8L4

884

662

872

773

913

639

768

909

9.6

14.6

to.2
19.5

23.9

L9.4

8.5

7.3

7.9

27.4

20.8

19.4

17 .8

t9.t
Mean+ SEM 15.67t5.58

( 1 ) These daCa refer to performance at the end of
Period I I in Experiment 1 . I^IGR are f inal values

and DI'1I are means for the whole period.
(2) Differences between sheep are not a reflection of
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offeredvoluntary intake
differenE levels of

Sursical Procedures

differences. Sheep

feed in Experiment 1

!vere

Simple cannulae hrere inserted into both the rumen and

abomasum of each of the experimencal sheep in the following
manner.

Anaesthesia hras induced with sodium pentobarbitone
( NembuLal ) , and maintained via endotracheal tube with
cyclopropane. An incision 5-6cm long was made in the
anterodorsal porEion of the flank, the muscles separated by

blunt dissecEion and the peritoneum cut and secured with
Mosquito forceps. A parL of the dorsal sac of the rumen lvas

secured with bowel clamps and suLurecl to the fascia. The

rumen \,ras then cut and the exposed rLrmen walls held with
hemostats while a flexible cannula (see Hecker L974 p.111)

I^tas inserted. An external f lange and rubber sEopper

completed the preparation. There was very lictle digesta
leakage from the f istula because the laparotomy r^ras done as

high as possible on the dorsal flank, and a EighE seal was

maintained between the external and inEernaf ffanges.
Abomasal cannulae were inserted immediaEely after the

rumen cannulation. A lateral incision \^Jas made about 4cm

behind the last rib. The muscle layers were parted by blunt
dissecEion and the peritoneum exposed, clamped with Mosquito

forceps and cut.
A suitable ârea close to the pylorus u/as selected anci 2

rings of Murphyrs sutures, about 1..5cm in diameter, placed

in Etre serosal layer of the abomasal wa11 using chromic 4lO

guf . A tube, about 7cm long and 1cm in diameter, \,vas then

inserted into a slif made through Ehe abomasal wall within
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these sutures. The ends of the suEure vúere drawn up f irmly
and tied. The free ""9 of the tube !üas passed out through a

stab wound, and the peritoneum, muscle layers and skin hTere

sutured.
Routine post-operative care was carried ouE including a

course of anEibiotics for 3 days. Feed intake returned to
normal in all sheep within one week of surgery.

The experiment did not commence unti1' 4 weeks

post-surgery. During Ehis period the sheep received a ration
of lucerne chaff (1000gd-1) and $rere treated for parasites.
VitaminS A, D and E vüere also adminisEered. Sheep numbers

44, 25 and 27 vüere operated on 6 weeks after the trial
commenced to replace nos. 4I and 18, t\^/o sheep from which it
proved difficult to obtain abomasal samples. The data for
these 3 replacement sheep are omitted for the period of
roughage feeding.
5 .4.2 Des ign and Feeding

The experiment spanned a period of 30 weeks which was

divided inCo 2 sub-periods. For the first t4 weeks sheep

$rere offered a roughage diet (Diet R) comprising
hammermilled and pelleted Lucerne chaff at 110Ogd-1 airdry.
A concentrate ration (diet C) prepared precisely as for the

initial studies of Ehis thesis, r^ras of f ered at 900gd-1

airdry for the remaining 16 week period. This diet comprised

60% barley (cv Clipper ) and 4A% lucerne chaf f , which \^rere

hammermilled and pelleted. AdapCation to this high grain
ration was achievàd by gradually increasing the daily intake
from 500gd-1 (1 week) to 700gd-1 (2 weeks) and then 9O0gd-1

for the remainder.

Feeding was carried out once daily at 0.800 hours after



'728.

Ehe residue from the previous day was collected and weighed.
The two rations u/ere fed at levels estimated to be

isocaloric so Ehat effects of energy intake per se on rumen

function hrere eliminated. The composition of the diets is
given in Table 5.5
Table 5.5 The dry matter ( D. M.% ) , nitrogen (%) ,

1energy (MJke- ) sulphur (%) and phosphorus

(%) content of diets R and C. Dry matter
digestibility (Dl'{D) (%) is also shown. (l'1ean

Diet R Diet C

t s.E. ¡,1. )

D.It. (%)

Nitrogen (%D.l'{. )

ME(I,tJkg-1d'm)
D.lul. D . (%)

Phosphorus (%DM)

Sulphur (7"DM )

n.d

88.21

3.18
8.72

64.2

n.d
n.d

(0.16)
(0.26 )

(0.26)
(1.e)

89.57 (1.01)

2.28 (0.08)
10.92 (0.39)

79 .2 (2.7 )

o.324

o.23L
not determined

The experirnental protocol is presented in Table 5.6.
The design allowed estimation of digestive efficiency of
individual sheep fed firs[1y, a diet which would presumably

induce a rrstable" fermentation pattern (Barry et al. t977),
and secondly the concentrate diet. To characterise the
prevailing rumen digesEion processes on each ration, rumen

pH, ammonia concentration and V.F.A. concentraEion and

composition vrere estimated as described ín Section 5.4.3 at
inLervals throughout each period. Flbws of organic matter,
dry matter and non-ammonia-nitrogen (NAN) were measured in
one infusion trial on diet R( 7-8 weeks after the diet was



Table 5.6. The outline of Experiment 4.
2 t7 15/8 8/9Date :

Weeks :

Surgery

RMS Clip 1

TOH 2

Fasted Bwt-

Rumen pH 3

Rumen [t¡H.

5t3 2813 1 4 5/6 2615 27 t6
12 5 10111 1 12 7

1 : Right midside patch wool harvest.
2 : Tritiated water space.
3 : pH - at 4 h- intervals.
4 : Ammonia - nitrogen concentration - diurnal estimation at 4 h. intervals.
5 : Volatile fatty acid concentration and composition estimated on

samples taken 4 h. after feeding. * = diurnal V.F.A. estimation.

o/ 10

101r1
27t10 14 11

I 14151

N

Rumen VFA
lnf usion

Trials - Nit. B
Shearing Qzl1

Key

1

N
r.o

fitrlarl

t{trtat

I I
I

LUCERNE HAY

H
I I I*
I I I
I I

r I
t I

I I I I

D¡ET R

11 I 1*
11 I 11

I I 11 I
I I I

I I
11 I

DIET C

H H
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introduced) and Ewice when Diet C r.ras fed (at 7-9 weeks and

13-15 weeks afcer diet introduction.) The digestibility of
nitrogen, dry matter and organic matter was determined for
each sheep on both diets during the infusion trials.
Nitrogen balance hras also measured at these times.
5.4.3 MeEhods

l,lool GrowLh Rate

hlGR bras estimated from patch
described in Section 2.2.4. The sheep

prior to, and at the conclusion of the
Nitrogen balance and feed digestibility

wool

\,vere

production as

shorn 3 months

experiment.

Nitrogen retention was determined for each animal, once

on Diet R ånd twice on Diet C. Sheep were put into
metabolism craEes t-2 weeks prior co the collection period.
Faecal and urinary nitrogen was measured as outlined in
Section 2.2.4. Body composition estimation is described in
Section 2.2.4.
Digesta flow rate

Animals in the trial \^rere f ed only once daily, so

accurate estimates of flow rate could only be made by

regarding the whole 24hr. feeding cycle as a steady-state
unit as described by Faichney (1980). Samples of abomasal

fluid were thus taken during, the lasE 3 days of an 8 day

inf usion (Plate 5.2) r so that each Zlnr. period of the 241-¡r

f eeding period \^7as represented. Equal quanti ties of whole

digesta and of filtraEe obtained by straining fluid thru
terylene cloth, 1,{ere bulked for each sheep.

In this study it was recognised that microbial
responses to the diets used \^Jere of. great importance and for
this reason the radioactive elements of chromium ( 51Ct) ancl



Plate 5.1

Plate 5.2

Sampling rumen fluid for estimation of
pFI, ammonia nitrogen concentration and

volatile fatty acids.

Sheep in metabolism crates during an

infusion period. The infusate and pump

are housed near the roof, and infusion
lines to each sheep can be seen. Apparatus

for faeces and urine collection are also

apparent.
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Ru) were used to label EDTA and phenanthrolineruthenium (

respectively because the detection limifs of these markers

are much lower than for the corresponding "cold markerStt.

Smaller doses can thus be used, and the risk of altered
meCabolism decreased. In the final infusion period, however,

cold markers \^7ere infused because of the difficuLties
involved in the preparation and handling of the gamma

emitters.
Infusates

Ruthenium Iabelled tris ( 1, 10-phenanthroline )

chloride was prepared as described by Tan eE a1. (7971) .

103Rrr-"hloride and 51ct-gotR \^/ere obtained f ron the

Radiochemical Centre (Amersham Eng) and the AAEC (Lucas

lleights, Syd) respectively. Cr-EDTA was prepared by

complexing CrCl, with disodium EDTA.

The radioactive infusate comprised lmCi 51CtnDTR,

0.2mCi 103R.r-p and 300mg Cr EDTA per litre (Faichney Ig75).

This solution was intraruminally infused at 80ml sheep

-1¿-1 f or 8 days. The 'rcold" narkers \^rere infused at 5mg

d-1 Ru-P and 5omgd-1crEDTA.

Samole Dre D aration fo r samma countins
A subsample of the bulked digesEa and filtrate sanrples

fron each sheep t^/as treated with a gel powder (Cab-O-Sil) at

rates of 4% for whole diges[a and 57" f.,ot f iltrate and urine.
Infusate standards were similarLy prepared in unlabelled
fractions.

The gamma counter (Packard Autogamma scintillatj-on
spectrometer l*{odeL 5120 ) rnas operated as f ollot^ts :
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Lower

Level Window Gain

Channe 1

Channel

t (cr51)

z ( Rr-,103 )

250

350

100

150

2

3

CounEing ef f iciencies Ehus obtained r/üere approximately:

5t 103Cr Channe I Ru Channel

Cr 51 Ru103 Cr 51 Ru103

7 .9% 8 .9% 0% 18.47"

That is, 103Ru could be counted without 51Cr interference
but 51Ct counts had to be corrected for 103Ru counts in that
channel.
The volume of sample counted \^/as al so important and uras

carefully standardised.
Flow of digesta and its constituents r,,/ere calculated as

described by Faichney (1975) after correcEion was macle for
Ehe percenrage of the daily 51Cr dose excreted in urine. It
hTas assunred that 43% of urinary Cr was absorbed from the

stomach (Faichney pers. comm. ). Rumen volume \^7as determined
(Faichney L975) only in the second infusion trial on diet C,

so di lution rate data are conf inecl to t-hi s period .

'rCold'r chromium for trial 2 on Diet C, üras assayed by

atomic absorption spectrophotome[ry using a Pye Unicam SP9

AAS machine. Abomasal, ruminal and faecal Cr concentrations
were estimated by repeated centrifuging and washinq of the

pellet until all Cr $ras eluEed (usually 3 washes t/as

sufficient ) . Urine Cr was determined by direct aspiration of
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centrifuged samples.

Considerable difficulty r¡ras encountered in quantifying
rrcold" ruEhenium in this trial. Neither X-ray fluorescence
spectrometry (Evans et al. 1977 ) nor atomic absorption using

electrothermal atomisation ( l'{egarrity and Siebert 1977 )

proved sufficiently sensitive for accurate estimation. Flow

rates for rhis [rial r^rere therefore based on chromium data

alone. Such an approach would noE be admissible without
justifying its use. For example Faichney (1980) demonstrated

Ehat nitrogen flow rates can be influenced greatly by the

sampling errors associated with single marker florv

estimates, but in the first infusion trial on the

concentrate ration there \^ras little sampling error apparent
(Fig. 5.5). The finely dívided particulate nature of this
ration may produce a more homogeneous digesta than coarsely
divided forages. On this basis the estimaEion of nitrogen
flow from chromium dilution alone appears justified.
Measurement of rumen digesEion variables

One of the problems of characterising the rumen

digestion processes is Ehat intermittent feeding inciuces

non-steady-state conditions. To obtain realisEic estimates
of the dynamics of digestion in the present study, rumen

samples vrere laken at 4-hourly intervals throughouL the day.

Ruminal pH, NH3N and V.F.A. were measured on Ehese samples

for each animal by the following techniques.
Rumen pH

Samples of rumen liquor \¡rere obtained
plastic tube into various sections of

by inserting a

the rllmen and



Fisure 5.5 Postruminal nitrogen flow (gd-1) estimaEed

from digesta flow data based on chromium

dilution aloner oÍ from digesta flow
correcEed for sampling errors by ruEhenium

dilution also.
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siphoning 40ml aliquots into a 200m1 glass tube which lras

stoppered when full (see Plate 5.1). The pH of the iluid q¡as

determined wichin 30 secs of sampling using an Anax pH mecer

wÍth automatic temperature calibraCion. The samples, taken

0, 4, 8, 12, t6 and 20h after feeding were then filtered
through Eerylene cloth and immediately sccred at -L7oC.
Ammonia-ni trogen concentration

Filtered ruminal and abomasal fluids vTere analysed for
NH3N by Ehe Conway microdiffusion technique using (NH4)2SO4

as the primary standard.
Volatile fatty fluids in rumen fluid

The following technique is based on that of Fennessy

( pers. comm) .

Rumen fluid, treated with a protein precipitant and a

measured amount of an internal sEandard, ü7aS analysed by

gas-liquid chromatography. The concentration of individual
acidS hrere esLimaEed by comparing the ratio of acid to

internal sEandard peak heights with the correspondinq ratios
measured on standard V.F.A. mixtures.
Rea¡5ent s

25"L metaphosphoric acid (HPO3)

10.5m1 n-Caproate in 2l H2O

AceEic, propionic and n-Butyric made

to 1..0ù1. VaLeric, iso-Valeric made

to 0.1Ì'1. using AR grade reag,enLs .

10ml Acet ic stock solution, 2.5n1

propionic , 2.5m1 Butyric, 5.0m1

Valeric and 5.0m1 íso-Valeric stock

soluEions, diltrted to 100m1.

Protein precipitant
Internal stanciard

Stock V.F.A. sclutions-

Stock VFA mixture



To produce standards containing
approximately the same prcportions as unknown

following mixtures were made.

ml. Stock ml. mI. protein
Std. No. VFA Mixture H2O Precipitant

135 .

reagents of
sarnples, the

ml. internal
Standard

5

5

5

5

5

5

5

5

5

5

5

5

1

2

3

4

5

6

0

5

10

15

20

25

25

20

15

10

5

0

5m1. protein precipitant and 5m1. internal standard

h¡ere added to 25m1. rumen fluid, mixed thoroughly and

centrifuged. Af ter chawing Ehe samples lvere shaken,

Ehen allowed to sEand for at least thr.
Separations t{ere made on a Packard GLC (ModeL 772I)

as follows:
Column: 10% AT1200 (Alltech) + 7% H3PO4 on Chromosorb

I^I-AI^1 (80-100 mesh) on a 2.4m x 3mm ID glass coil
Inlet Temp: 175oC Sensitivity: 3x10-10 amPS

Outlet Temp: 180oC Chart Speed: 1Omm/min

Column Temp: 11BoC Sample size: '3¡:1 .

Detector Temp i t75oC

Carrier gas (Nr): Z4nUmin
(H-, :63m1/min('

FID (Air : 300 ml/min

5¡rl formic acid (4%) was injected on column after every

4th sample to minimiserrghosting, effects (Geddes and

Gilmour 1970 ) .
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The above conditions provided good separation
of the VFA, and che internal std. (C.) had eluLed within
5 mins.
' Full calibrations with standard mixtures were

made for each run, and checked with primary standards.
This is necessary as peak height ratios vary with carrier
gas flow and the FID mixture.
Efficiency of bacterial protein synthesis

An assessment vras made of the contribuEion of bacterial
protein to total postruminal proEein flor,¡ by reference to

Ehe concentraEion of diaminopimel ic acid ( DAPA) in the

abomasal fluid of sheep fed Diet C. DAPA rúas measured in
hydrolysed (6N HCL at 110oC under niErogen) abomasal fluid
on a Beckman 179 amino acid analyser under the conditions
described below for other amino acids.
To convert DAPA-nitrogen to total bacterial nitrogen, it was

assumed that 1mg DAPA-niErogen r^/as equivalent to 159mg of
bacterial nitrogen. This conversion facEor is a mean value
from other trials (Hogan and I¡ùeston 1970; HuEton et al.
I97t; Bird 1972; UlyatL eE al. 1975; Lins and Buttery 7978\ .

IÈ r^/as recognised that this assumption may not be valid if
Ehe factor changes with bacterial species (Ling and Buttery
1978 ) . Nevert-heless, large dif f erences in bacterial
synthesis between sheep lvould reflect either grossly
different bacterial populations or true synthesis
differences.

The efficiency of bacEerial synEhesis rvas derived fron
bacterial protein flow rate and the quantity of organic
matter rvhich <lisappeared in the rumen (Ol'lI-OÌ'f flolv), ancl was

thus expressecl as gd-1 per 10Ogd-1.
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Amino acid composition of proCeins in abomasal digesta
It was considered tl-,at the t^lGR differences may not

necessarily have been a consequence of proEein flow

differences per !9r but may have been associated with the

composition of the protein flowing postruminally.
Such a possibility was a very real one if there ütere large

differences beEween sheep in the diluCion rate of rumen

fluid, and protozoal contribution to the total protein flow.
Proteins in Ehe abomasal digesta of sheep fed Diet C

(trial 2) were precipitated with an equal volume of 10%

T.C.A., frozen overnight, thawed and centrifuged. The

precipitate was then subjected to the follorving:
a) oxidation in performic acid (approx 1.5mg protein in

2ml performic acid) and hydrolysis in 6N HCI at 110oC

under nitrogen reflux for 221-1.

or
b) hydrolysis in HCL alone without prior oxidation.

The f.reeze-dried hydrolysates l^Iere then taken uP in
soclium citrate buffers (containing .25glL teEra sodium EDTA

to precipitate the chromium and ruthenium present ) , and

injected onto a 420mm AA15 resin in a Beckman 1-t9 AA sysEem.

AII amino acid data are expressed as grams of each acid

per 100 Brams total amino acids.
Statistical Analysis

Ef f eccs of. diet, tinie of day, and the 'rdiet x time"

interacLion for pH and ammonia-nitrogen concentrationr lvere

tested in a split plot analysis of variance using cliet as

the main plot, and time as the sub-plot.
The relationships between Che various dig,estive

parameters and between d i gest i.¡e parameters and [n]GR, l'Jere
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determined by l.egl-ession analysis. MuLEiple reg,ression

analysis vras employed to derive relationships in which Ehe

independent variates \^rere co-correlated, the parCial

regression coefficients indicacing the effect of each

variate corrected for its association wiCh Ehe other '
partial coefficienEs were tested for significance against

the degrees of freedom used for total correlation testing,

less Che number of eliminated variaEes (usually 1 ) '

Coefficients significant at the 5-tO% level are indicated,

because Some of the correlaEions were derived for a small

number of animals (n=12).

IE bras recognised that correlati on does not indicâte

causality. All relationships are discussed, Eherefore, in

relation to the biology of the system in which the

interactions take Place.
other comparisons in this trial $tere made in an

analysis of variance; group means were tested using a simple

frt-testtr.

5.5 Results
lnlool grorvth

[.]hen sheep were transferred to Diet C afEer 14 weeks on

diet R, the mean t^lGR declined substantially and Lhe

between-sheep variance of \,'lGR increased (Fig 5.6a) '
Depressed wool qrowth on diet C qras anticipated in response

to the lower protein content of Ëhis ration. Indeed, when

wool production \^ras expressed per unit of nibrogen intake

(see Appencìix 5.1 for inLakes) tl-re diet dif ferences were

eliminatecl (Fig. 5.6b). It is also evident from Fig'ures

5.6a ) and 5.6b ) Chat the wool growEh vari ance of sl-reeP

consuming diet R rvas low (Cf¡ !0.57") while diet C generated a

5.5.1



Figure 5.6 a) Changes in mean WGR (gd-l) and the
coef ficienE of variation in t^lGR(7")

wiEh time on Diet R and DieE C.

Mean efficiency of wool growEh (IüGR

per unit niErogen intake) (¿ S.E.M.)
on Diets R and C.
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Fisure 5.7 The relationship beEween wool growEh

e f f i c iency ( I^IGR per ni trogen inLake )

of sheep on Diet C in ExperimenL 1 and

Experiment 4.
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much wider ârray of wool growth rates and efficiencies
(CV 3L.5% and 22.6% respectively), indicating the same

insÈability of producEion that had been noted in
Experiment 1. trlool data for individual sheep are presented

in Table 5.7 , and individual wool responses wiEh Eime on

each ration in Appendix 5.2. Final efficiencies ranged from
1'lO.44gg-'Eo 0.62gg-'on diet R, while on diet C Ehe range

hras f rom 0.39gg-1 ro o .72gg,-r ( Table 5.7 ) .

A comparison utas made of Ehe relationship between

efficiency on Ehe concenErate raEion in Experiment 1 and

efficiency in the current Erial to re-examine the hypothesis

that wool producEion on this Eype of ration is genetically
determined. IE will be recalled that there htere only 8 sheep

in the previous examination made in Experiment 3. The

resulEs of Ehe current work confirmed Ehe findings of that
trial Ehat Ehe diet effect is not repeatable wiÈhin an

animal ( see Fig. 5.7). Repeatabilicy of resPonser âS

indicaEed by the low, non significant correlation
coefficient (12=O.198, n=12) hras poor, and it can be stated
with confidence thaE the wool production of any individual
sheep consuming this raEion cannot be predicted from

previous performance.

5.5.2 Flow of non-ammonia nitrogen in relation
Èo wool production

The variations in wool growth rate on the roughage diet
( R ) and the concentrate-roughage diet ( C ) $rere closely
associated with the wiEhin-group variaEions in the flow of

NAN from the rumen. On the roughage diet the responses of
all sheep vrere uniform in Èerms of wool growth and NAN flow
and it vras not possible to distinguish a relationship



îable 5.7 Final WCn(ed-1) and wool growch e¡fflcle4ql
(ed-1 per g nitrogen ¿-1) tof shqep on DieÈs R and C.

Final wcn(ga-1) t r"o-')
Diet R Diet C

Final efficiency (gd-
DieÈ R Diet CShe No.

36
10
11
44
3t
25

5
23
27
13
t1
18
t9

Mean
tSD

15. ó
13 .8
15.6

(t2.6)
T9.L

( 11.3)
15.9
15.5

( 13.s)
15 .7
15.9
18.8
t3 .7

15 .9ó
1 .68

7.4
t3.4
tt.4
6.0

4
6
7

9
I
2
7

1

0
8
0
T

9
4
9

0.506
o.448
0.506

(0.409)
0. 620

(0. 366 )
0.516
o.552

( 0.438)
0.509
0. 516
o. 610
o.444

0.523
o. o55

0.41ó
o. 385
0. 395
0.500
0.485
o.671
o. 520

o.665
o.427
o,724
o .617
0.400

t2.3

8. 88
2.80

0.517
0. 117

() these 3 sheep r^rere replacements and had lower IJGR because
t.hey were on Diet R for a shorÈer time than the other sheep.
Data for c.hese sheep on Diet R are thus omitted.
The I,JGR for each sheep throughouE. the experiment are presented in
Appendix 5.2.

HÈo
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between the two variables. However, when sheep htere offered
diet C, the variance of protein flow bettveen sheep increased

substantially, the coefficient of variation rising from 8.2%

on diet R co 23.9% and 32.57. in infusion trials 1 and 2 on

diet C (Table 5.8). The relacions of t^lGR to the posLruminal

NAN flow are presented in Fig.5.8. The EoP graph, Fig.
5.8a), illustrates the values for sheep on diets R and C for
Lhe firsr, trvo infusion sEudies, in which the radioisotopes
of chromium and ruthenium \.vere used to estimate digesEa flow
rate. Two regression lines have been fitted. One relates to

diet C only and is statistically significanL (t2 = 0.53,

P(O.02 ) . The other, in rvhich daEa f rom the tr.lo diet s are

pooled, is more highly significant (t2 = 0.77, P(O.001). As

menLioned earlier there was little variation in wool

production or NAN flows among the sheep on diet R' and no

significant relation between these characters $ras observed

on that diet.
Figure 5.8b) depicts the relationship beEween t{GR and

NAN flow in the second infusion trial on dieE C, in which

cold ruthenium vùas used as the second marker but could not

be quanËified. The responses on diet R are also included.

Once again the wirhin group I^JGR/NAN flow o'f sheep on diet C

\^ras linear and highly signi f icant (tZ = 0 .67, P(O .01 ) the

regression involving aIl sheep being curvilinear (t2 = 0.85,

P(0 . 025). Similarly the third graph ( Fig. 5.8c ) , rvhich

represents the mean of both infusion trials on diet C, shows

a significant linear relation beEween NAN and r'{GR among

sheep on diet C (tZ : 0.78, P(0.01), and a curvilinear
effecL where alt data u/ere pooled (t2 = 0.86, P(0.001).
There h¡as a strong correlation (r = O.73, P(0.05 ) bettueen



Figure 5.8 1
I,¡GR ( gd-') as inf luenced by postruminal

1
NAN flow ( g9 ) on Diet R ( one trlal
only) and

a) Diet C - Trial 1

b) Diet C - Trial 2

and c) Diet C mean of boEh Erials
The regression equations describing Ehese

relaEionships are presenEed in Ehe ËexE.

l
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Table s.B

Sheep No.

36
10
11
44
31
25

5

23
27
13
T7
1B
L9

Mea ns
S.E.M.

Nitrogen intake
(ed-1 /MJd -1

Diet Iì

1¡ , ,'tott f low ( sd-l ) and P/E ra t ío

) for sheep on Diets R and C.

Diet C

NI

17.0
t5.7
t7 .3
18. 9
18. 7

18. 9
18. 9

tt.2
18. 6
10.2
73.2
+
17 .8
18.8 '

21.8-
15.2
2t.7-

76,3
3.9

P E

10. ó
6.9

LO .7

NI

9.9
L7 .8
17 .8
17 .7
17 .8
17 .8
16 .1

2
NAN

5.O
+

9.6
14.4
9.8

13.0
t2.r

+

3.9

P
1

NAN

1

5
0
5
5

5
5
0
9

18.9
18.9
18. 9

8.6
8.8

7.9
2.r

17 .8
17 .8
17 .8

19.1--
8.7

13 .8

4.3
6.8
4.5
6.1
6.0

9.3
3.9
6.6

5,7
1.7

18.8 14.7 6.8
18.2

1.1
76 .7
2.5

LL.7
3.8

+ flow rate not determined due to unsuccessful infusion (e.g. irregular
pump rate).

a) P/E = l.¡AN f low to Ehe abomasum x 6.25, divided by the estimated
merabolisable energy inrake (derived from digesCibility
data)

HÀ
N)

29.9
o.2

3t.7
2.6

16
I

0
4

30.o 33.7 16.7

30.o
3 0.0
3 0.0

29.4
3 0.0

29.5
36.1

3 4.2
28.5
30.3
33.5

27 .9
32.5
30.3

16.7
14.3
15.5
17.3

15.1
18.6

13 .9
16.8
15.0

30.0
30.0
3 0.0
3 0.0

NI NAN P/E^)
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Ehe NAN flow of a sheep measured in the firsE and second

infusion trials on diet C indicaLing that once a pattern was

established, it !üas sustained
The point of greatest significance in Fig. 5.8 is that

a lar'ge proporEion oÍ.,the var:iaEion in WGR among'sheep

offered similar aîìouncs of a concentrate-roughage diet could

be accounted f or by the f low of NAN f rom the runìen. [,lhile

there were sonìe refusals of feed on diet C resulting in a

small variaCion in nitrogen intake (Table 5.8) this lvas not

related to the extensive NAN flow differences also depicled
in this table. irloreover, NAN flow accounted for more of the

dif ferences in I¡IGR than did nitrogen intake. For example, in
Ehe first infusion trial when the double-marker was used and

diet refusals were Ieast, Ehe relation of N inEake Co t^lGR

h/as non significant (t2 = 0.30), whereas NAN and WGR were

closely related. tlhen averaged over both infusion trials NAN

flow removed '0.78 of the differences in I^IGR while N intake
accounted for only 0.54 of the variance.

The following equations describe the relationships
between f inal t^lGR (Y ) and NAN f low ( X ) il lustra Eed in Figures

5.8a, b and c.
Equation 5.1.... Diet C (Triaf 1)i
Y- -0.44+0.556X 12=0.53 (P<0.02)

Equation 5.2.... Dier C

t= -1 .80+0. 169X

Equation 5.3.... Diet C (mean) :

12=0.78 (P(0.01 )

(Trial
rZ =O .67

2)z

( P40 .01 )

Y- -0.80+0.709X



Regression equations best describing
when results for both diets were combined

r44.

the relationship
rvere as folloriüs:

Equation 5.4.... Diet C

Y t .25+0.460X

Equation 5.5.... Diet C

Y = -0.86+1.08X-0.017X 2

Equation 5.6.... Diet C

Y = -5.24+1 .35X-0.022X 2

( Tri.al 1 ) +Diet R:

12:O .77 ( P(0.001 )

(TriaL 2\ +Diet R:

r2=0. B5 ( P(O .075)

(Mean) +Diet R

12 =O .86 (P<0.001)

Ruminal factors associated with high and low abomasal N

f low \^/ere examinecl in thi s experiment , and the resu'[ t s are

discussed in the following sections. Firstly, however, the

relation of wool growth to diet digestibility is considerecl,

as is the impact of Ehe NAN flow differences generated on

diet C on body nitrogen balance.

5.5.3 Digestibility and wool production on diet C

The dty marter digest ibil icies (oivn) of individual
sheep are tabulated below (Table 5.9). The higher

metabolisable energy content of diet C is apparent, the DIYD

for this diet being sone 15% units higher Ehan for the

roughage rabion. It is also evidenL that the Di'lD differences
observed between sheep on diet C in trial 1 were maintained

when a second estimate waS made. As for NAN, Ehere l^ras a

tendency for sheep to mainEain Iheir relative rankings

between [rials suggesting that different patterns of

digestion were maintained throughout the entire perÍod of

diet C feeding. The possibil i ty existed, therefore, that
wool growth differences $/ere relaLed to digestive efficienc¡r
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Table 5.9 Dry matter digestibilities (7.) for each sheep

fed Diet R (1 estimate) and Diet C (2 estimates)

Sheep No. Diet R Diet C

I 2

36

10

11

44

31

25

5

23

27

13

17

18

19

64.7

63.t
65.5

63.6

60.8

62.5

66 .3

65 .6

63.5

62 .6

83.0

78.1

80.9

82.4

79.9

76.5

78.9

75.5

80 .9

75.0

79 .7

83.1

78 .0

80.2

77.3

79.3

76.7

80 .9

75 .0

8t.4
76.1

Meant S .li . I'f . 63.8t1 .6 79.2+2.5 78.8x2;5
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on this ration. The relationships between wool growth

eff iciency (['lGR per NI ) and both dry matter digestibiiity
(%) and apparently digested nitrogen (%') are depicEed in
Figures 5.9 a ) and b) . In contrast to what migl-rt be

expected, sheep which digested bhe dry matter and nitrogen
fractions of the feed Eo the greatest extenE, Í^/ere in fact
the least efficient wool producers.

Clearly, the digestibility and NAN florv data indicate
that the site of protein digestion is of much greater
nuEriEional signi.ficance Ehan is the extent of digesEion in
the whole gastro intestinal tract.



Fisure 5.9 The relationship between a) dry matCer

digestibility (%) and b) apparenË1y digesEed
niErogen ("L) , and the efficiency of. wool

growEh (l^lGR per nitrogen inÈake) when

sheep rrtere consuming Diet C. DigesEibiliÈy
data are the means of 2 esEimates; WGRrs

are the final values recorded on EhaE

diet and nitrogen Íntakes are Ehe means

for Ëhe whole period.
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5 .5.4 NAN flow and bocly nitrosen retention
The variability in NAN f1 ow among sheep on the

concentrate/rotrghage ration $ras reflected not only in wool

growth responses, but also in the retention of nítrogen in
body tissues, although the relaEionships r,^rere less precise
in the latter case. Nitrogen reEenIion daIa for individual
sheep are presented in Table 5.10. NiErogen balance minus

nitrogen retained in wool tissues (NB-l^lN) was highly
variable between sheep on both diets, and NAN flow accounted
for only a small, non significant portion of this variance
on diet C in trials 1 and 2 (r2 = 0.13 and 0.16 ) . Horvever

Ehere hras a significant linear reLation of NAN(X) and body

nitrogen retention (Y) (estimated by faeces and urine
collection) when the means over both periods were examined
( Equation 5 .7 ) z

Equation 5.7 .... Y -1 .16 + 0.258X 2
f- 0.55 (P(0.05)

Similarlv, when nitrogen retention r^ras determined f or the
whole period for diet C feeding by reference to changes in
body composiEion estimaEed by tritium dilution (Table 5.6),
it hlas significantly related to the mean NAN flow for both
infusion trials (t2 = 0.61, P(0.05).

Consideration of the urinary niIrogen (UN) output data

in Table 5.10 reveals a considerable range of N excretion
values on diet C in comparison to the diet R values. In
trial 1 on diet C, UN rangecl from 7.44 to l3.27sd-7, a

substant-ial variânce when the similarity of nitrogen intakes
is considered. SimilarLy, for infusion Lrialr 2 there were

large betrn'een-sheep di f f erences , so tha t when urinary N
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Ê.SHEEP

36

10

11

44

J1

25

5

23

27

13

l7
18

t9

MEAN

1 SET4

omitted due to inâ e tance

18.90 5 .96 7 .44 6 .40 4.68 73 -2

18.90 3.35 t2.83 2.72 1.51 82.3

18.90 4.92 9.46 4.52 2.42 74-O
omitted due to cannula failure

1s.83 3.60 9.29 5.94 4.78 80. 9

2,33
2.99
2.62
2.86
3 .50

4.36
3.82

3 .58

0.86

17 .83

17.83
17.83

4.03
2.08
5.11

3 .36

t.t4

3 .79 2.68
0.50 -0.58
1 .41 0.09
2.77 1.36
4.97 3 .38

4.82 3 .10

5.33 4. 08

3 .93.

r.79
2.50
1.68

86.3
81 .0
84.9
86.2
81 .3
7 6.9
79.8

80.62
4.25

9.92
17.83

17 .83

t7 .68

17.83
17 .83

16.07

I .62
2.9t
3.20
4:03
2.76
4. s8

3 .31

2.76
3 .13

2 .08
1 .51

3 .6s

3.55
3.86

6.44
4.68
6 .55

1.65
1.97
o.76
0.10
2.06
1.83
2.61

4.72
3.47
4.45

83.7
83.7
82.r
73:8

87 .9

7 4.3
79.4

17 .4

88. 3

71 .3

6.43
0.50

3.98
1.95

78.50
1 .68

3.82
r.59

2.36
t.4L

80. 19

5. 63

PÈ
æDiet R Diet C (Trial 1)

fed Die¡s R and C.

29.97 6.26 20.17 3.54 0.68 79-7

29.97
29.97
29.97

29.39
29.91

29.97

29.97
29.91

29.97

6.41

I .r7
6.53

5.57
5.70
6.22
7 .O3

6.53
ó.88

18. 11

20.87
18. 14

t7.35
17 .42

20. 10

20.31

21 .80

27.25

5 .45 2.97
r.93 -o.22
5.30 2.99

7.05
6.85
3 .65

2.63

4.64
4.34
0.81

o.60

1 .60 -0. ó5

1.84 -0.69

7 8.6
76.1

7 8.2

77.8
77.O

81.4
81.O

79.3
7 6.5

Table 5.10 Nitrogen balance data for shee

Diet C (Trial 2)
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output hias expressed as a percentage of N intake the
coefficienL of variation was abotrt 20% on diet C and only 8%

on dieE R (Table 5.11). Some sheep on diet C excreted the

equivalent of nearly 807" of the ingested nitroqen in the
urine and others only 4O7". lrlhen these data were examined

statisti cally NAi\' f low vras observed to be associateci with
these clifferences in urinary nitroqen ouIprlt, but'parf of
Ehis was associated with differences in niLrogen intake
(NI). The relatíonship derived beEween NI, NAN and UN when

data for both trials on diet C hTere examined are presented
in Equation 5.8. The partial correlation coefficient of NAN

flow against UN is also shown.

Eqr-ration 5.8.... NAN = -5.8+1.59NI - 0.78UN (R2=0.45)

R2 after correction for NI = 0.40 (P(0.10)

The partial correlaCi on coefficient approacheci

signif i.cance (P(0. t0 ) , and with the small clegrees of f reedom

involved, the Likelihood of this occurrinq by chance is
slighc. The evidence suggests therefore that the observed

NAN floçv variance on the concentrate ration was in part, a

consequence of differences between sheep in'urinary nitroqen
excretion. High urinary niErogen output \ras associated with
low NAN flow.
5.5.5 Patt-erns of ruminal f ermen[ation and their

relaEionship to postruminaL NAN flow
It should be emphasisecl at this stage that the design

of the experiment clid not set out to establish the factors
that initiaEed a particr-rlar pattern of meEabol ism in each of
the sheep under study. Rather, it sotrght to examine wheItrer
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Table 5. 1 1 Urinary nitrogen output (gd-l) as a percenrage of
nitrogen intake (gd-l) for sheep fed Dier R and

SHEEP

36

10

11

44

31

25

5

23

27

13

L7

18

19

Mean

! s.E.

Diet C.

DI ET

R

60.4
69.6
60.5

67 .3

7 4.2
7 0.9

DIET C

65.38
5.44

1

63 .9
77.8
7 6.7
70.2

54.8
51 ,4
51.6

39.4
67 .9
50. 1

49.3

59.37
t2.oo

55. 9

66.1
7 0.4
65.3
67 .4
54.4
55.4

4r.3
62.t
34.6

57 .29
11 .06

2

57 .9

58.1
67 .1
67 .8
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the variat.ions in ruminal metabolic processes refIected: of
r/\¡ere associaEed with, the variations observecl in NAN flow
and t^lGR on the Ewo diets.

Of all the rumen variabl es meastlred in 'this trial , Ehe'

concentration of ammonia-nitrogen (NH3N) in the rumen fluid
appeared to be a most important characterisEic defining
diecary differences and, more importantly, differences
between sheep consuminq diet C. The diet effect and diurnal
pattern of NH3N vùere most pronounced and are illustraLed in
Fig. 5.10. The influences of diet, time of d^y, and the

"diet x timeil interaction on NH3N, âS depicted in this
graph, r¡7ere statistical ly highly signif icant when analysed

in a split plot analysis of variance (Table 5.12). Values

Eested by this means represented 3 sampling periods for
diet R and ¿+ for diet C.

The diurnal NH3N pattern on diet R b/as relativelv
consistent both between sampling Eimes and between sheep

(Note the sEandard deviations around Ehe mean esEirnates in
Fig 5.10). A peak mean concentration of 33mg/roomr fluicl
occurred 4h afcer feedi.g, followed by a decline to 16h and

a second, smaller peak at 20h. This latter peak was aPparent

at each of the 3 sampling periods for diet R, and regularLy

coincided with a period of rumination by most animals.

In contrast, a much higher variabil ity \^/as aPParent on

diet C (see S.D. values in Fig. 5.10) rvith no distinct
di urnal pattern of NIÌ3N. Never[heless, Ehe diet ef f ect \tas

significant, the mean NH3N on dieL C of about 46mg/tOOmf

being substantially higher tìran that on clj et R (22ng/f OOmt ).

Inicially, this result appears to be inconsisEent rviEhr the

protein intal<e differences on the two rations (Tab1e 5.10)



Figure 5.10 Diurnal patEerns of mean ruminal
ammonia-niËrogen concentraEion (ngl 100m1 )

for Diets R and C. Values in parenEheses

are standard deviations abouÈ the mean;

dashed lines represenE dieE means. Values

for each Eime hrere calculated for all
sheep on DieEs R and C from 3 and 4 sampling

periods respecEively.
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Table 5.12 Split plot analysis of variance in NH -N concentraÈion
in the rumen fluid of sheep fed Diec R and Diet C.

Tota1 (a)

Ma in Iot

D iet
Error

Split plot

Time

Diet x time
Error

TOTAL

n-1

1

20

2l

4

4

80

109

SS

87t6.67
5063 .39

13 780. 06

t253.29
287 4.49
1632.81

1 9540. 65

MS

8716.67
253.r7

3t3.32
7 r8 .62

20.47

F

34.43

15.35
35.2r

Si if lcance

P(0. 00 1

P( 0.00 1

P(O.OO1

H(¡
N)
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t^Iíth diet R having considerably more protein than diet C.

However j t must be recogni sed thaE NH3N is a concentration
estimate, and differences in rLlmen volume on the two rations
could account for the anomaly.

Mean daily NH3N concenErations for indivídtral sheep on

the two cliets at different sampling times are presentecl in
Table 5.13, and the diurnal NH3N concentraEion pattern for
each sheep on diet C in Appendix 5.3. Values are inclr-rded in
Table 5.13 for the adaptation period Eo diet C (27/8,3/9)
but Ehe means for díet C are calculated only for times when

the sheep h/ere offered the futl ration ( 900gd-1 ) . Once

again, the mean daily NH3 data beEween-sheep ( i.e. down

columns ) indicate wider variability on diet C than on

diet R. An importanL feature of these data is that while
mean daily NH3N for each sheep changed with sampling date on

diet C, there üras a strong Eendency for the relative
rankings of sheep to remain unaltered. This can be seen in
Table 5.74 which indicates the maqnitude of the correlation
coefficients between mean NH3N. concentration observed in
sheep at differenE sampling times. In all comparisons but

one, there wâs a significant repeatabitity of NH3N rvith
time, further indication that the beEween-sheep fermentation
pattern differences generated by this diet u/ere sustained
for the whole period. The esEablishment of a mean Nl'l3N

concentration for each sheep thus appeared reasonable,
estimates ranging from 21.7¡5.8 to 56.4t11.2mg/fOOmt (TabLe

5.13).
These NH3N concenIraEion differences beIween sheep on

diet C \^/ere related to both urinary nitrogen outpuL and NAN

flow when Ehese Ehree parameters were concurrently



Table 5.13 Mean daily NH N concentration for shee on Diets R and C.

DIET R

Sheep No 29/4 r4/5 22/7 XR

36

10

11

44

31

25

5

23

21

13

77

t9

DIET C

*f 27 /8 3/9 26/9 t6lto 4/Lt L9ltL x cv(7")c

(a)
CV(%) t

42.O

13 .9
43.7
30.9
35.6
19. 1

39.0

19. 6

27 .t
15.4
33.1

52.3
30.3
44.O

32.2
18. 1

18.0
38.2

20.3
42.8

19. 6

46.4

54.0
3 4.0
57 .2

43.3
32.O

23.3
44.1

23.2

50.9
20.6
47 .9

27.8
3 8.9
38.7
30.6
32.5
t2.6
32.3

12.3
35.8
t2.8
37 .7

47 .r
53 .1

69.6
48.3
ó0.8
43.5
39.3

28.t
58. 7

28.4

49.5

63.2
59.9

51.9
6L.4
53.9
49.6

43.7
47 .3
56.4

43.5

46.7
33.3
4t.3

2L .7
50.4
23.2

42.5

40. 9

10. 3

25.1

29.t
24.4
19.9

18.5

35.7
48 .8
t5.4

23.3
56.2

31.1

26.7
L7 .6
3 0.8
12.7

CV

i

t" t

29.O 32.9 39.1 27 .B 47 .7

to.z L2.O r2.5 10.3 12.8

35.2 36.5 32.o 37.2 26.9

50 .0
12.4
24.7

* X is the mean concentration averaged over dates when sheep ¡tere offered 90ogd-1 Diet C

(i.e. excluding che adaption periods 27/8,3/9).
t Coef f icients of variation a long roúls represent rrbetween samplings-tti thin sheeprr variances.

CVrs ciown columns represent "beEween-sheep" variance at any part.fcular sampling.

H
LnÈ

T9.L

2,1
11.0

21.8

2.5
11.5

23.9
4.3

t7 .9

21.3
2.7

12.6

23.7
24.4
30.7
22.8
24.7
19.0
23.4
20.9
14.5
25.3
29.2
28.4

2t .7
22.2
25.t
22.8
22.8
19.0
22.8
18.3
14.5

21 .7
22.O

23.O

15 .817 .8 26 .O

2.5
9.9

20,2
15.9
20.4

22.o
L7.t

L7 .3

19.8

2t .7

19.7
2I.O
20. t

24.1
22.4
23.O

22.9
17 .0

11.ó
24.9
t6.7

t4.4
8.5

15 .8



Table 5.14 The correlatíon coeffÍcients for the relationshi
between mean N N concentraÈion a dif rent s Iin
times on DieÈ C. SamPle 1 26/9;2=16/10:'3=4 Itt
4 -- rgltt.

Compar 1 SOn Corre lation coefficienc (r) Significance of r

I xZ
1x3
1x4
2xi
2x4
3x4

o.677
0.663
0.514
0.805
0.780

.8 71

P(O.05

P< O. 05

n. s.
P<O.01

P(0.01
P(0 .01

ul
(-rl
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determined in trials 1 and 2 on diet C (Fig. 5.11). High

mean daily NH3N concentration !,ras associated with high UN

and low NAN flow in both trials. The outlier in both

regressions of LtyaL 2 data \das an animal whose intake was

depressed durinq that trial, with subsequently low UN and

NAN, independenL of NH3N. To accoLrnL for the effects of the

small inIake differences between sheep on t]N and NAN' the

data hTere a1 so analysed using multiple regression

techniques.
High significant partial correlation coefficients of

NH3N against both UN and NAN ( Table 5.1 5 ) confirm the

relationships derivecl between these variables (Fig. 5.11).
Because NH3N and NAN f low \^rere signi f icantly rel-ated

when measured concurrently, and because NH3N waS measurecl

more frequently than NAN flow, further evidence thaE NAN

flow hras the major determinanL of the f^lGR differences on

diet C would be obtained if mean NH3N for the whole Period
were inversely relaEed [o WGR. The multiple reg,ression

equation of mean niCrogen intake (NI) and mean NH3N with
final wool growth rate (l^lGR) is presented in EquaEion 5.9.

Eguarion 5.9.... !,{GR = 5.08+0.65(NI)-0.18 (NH3N) ( R2=0.93 )

The partial correLation coef f icient of NH3N wi th [^1GR

vras -0.92 (P<0.001 ). If the relationship beIween NH3N and

NAN fLow noted ín the two trials on diet C, was mainLained

throughout the whole period, then there is little doubr that

postruminal NAN was the major variable inducing wool growth



Figure 5.11 The relationship bet.ween mean daily
ammonia-ni Ërogen concentraËion
(NH3 mg/t00mt) and

a) Urine niErogen ouEpuË {ga-1)
and b) Non-ammonia nitrogen (NAN)

flow ( gd-1 ) during infusion
trials 1 and 2 on Diet C.
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Table 5. 15 Mulciple regression analysis qf daÈa rglr!!ng to
nitrogen intake (NI) , urinary-nitrogen ouEput (UN),

non-an¡rnonia-nitrogen flow (uen) and arwnonia-nitrogen
concentration (NH N for shee fed Diet C

Tria I I ndepende nÈ

Variates

2

Depende nt
VariaÈe

Parcial CorrelatÍon
,Coefficients-

R

Mult iple
Corre Iation
Coefficient

R2
2 2

2
1 RY

1 .2 1

1

2

NI
NI

*H3 -N

-N

UN

UN*n3

NH
3

o.44
0. 91

0.53

**

¿4

-o. 11

0. 7ó

o.32

0.02
0. 70

0. 32

0.85

o.46

-o.7 4

-o.72

**
Bo th

Bo th

whe re

NI bNH3-Na UN

NAN

NAN

1

2

NI

NI

Nt3 -N

-N
**

**
**

o.77
0.83

o.80

**
**

****
NI NH

3 -Na NANC o.52 -o. 70

a)= mean daily anrnonia-nitrogen "orrat in each collecÈion period
b)= mean daily urinary-nitrogen ouÈpuE 1n each cotlecÈion period
c)= mean daily non-anÍnonia nitrogen flow in each collection period

* P(0.05
** P(0.01

H
ul{and



differences on this ration,
variations in nitrogen losses

the indication
from the rumen
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being that
and in the

uri-ne \^tere of i mportance.

The efficiency of bacEeriaL protein synthesis on di et C

Estimated values for bacterial protein flow rates
1(gd-'), the quantity of organic matter (OM) disappearins

from the rLrmen ( gd-1 ) and the efficiency of bacLerial
protein synthesis derived from these data (g crude protein
per d^yl100gm Oi'1 per day) are presented in Table 5.76 for
individual sheep on diet C. DílutÍon rates (h-1) determined

only in the second infusion trial on thís ration, are also
included.

The ranqe of estimated. bacEerial protein fLow raEes

between sheep \^7as substantial (5.0 to 118.1 gd-1 ) r^rhile the

fermentation rates, as estimated by orqanic matter
digestion, \^/ere much less variable. Consequently, the rate
of bacterial synthesis,O". unit organic matter'rdigested'r
ranged from as low as I.lg, per 10Ogd-1 to 35.4g per 100gd-1 ,

indicating either grossly differenI bacterial populations
with atIencling variance of DAPA-ni Erogen to total
bacterial-nitrogen ratios, or true synthetic efficiency
differences between sheep. That the I atter is the case í s
supported by significant relationships between bacEerial

efficiency and other rumen parameters. For instance, when

data f rom the L\.ro inf usion trial s vJere combi ned , a

significanE neqative coì:relaEion between NH3N and bacEerial
ef f iciency vùas apparent (rZ = O .25, P(0.05 ) . Further, sheep

with a hieh f luid di luLion rate had a hiqher synt-hetic
efficiency than Ehose with a 1ow fluid turnover rate ín
trial 2 (t2 = 0.65, P(0.01).



Table 5.16 Bacterial protein efficiency est.imaced from baccerial
protein flow rate and the amount of organic matter
disappearing in the rumen (OU0n). Rurnen fluid dilution
rate measured in trTaI 2 is also tabulated.

Trial 1 lrl-âl ¿

BacteriaL
Drote in f low ( ed-

OMDR

-1(sd ')
Efficiency
(g/100g/d)T

)

391t7 4 18.8È 12 . 166 .2t3 5 .9

5.0 454

95.6 309

22.5 42r
7 2.5 50ó

. Ftow estimaÈe unsuccessful
40. ó 435

98.1 401

nd .375
nd 442

89.4 302

105.6 299

9.4
24.5
nd
nd

29.6
35.4

1.1
30.9
5.3

t4.4

Sheep No.

36

10

11

44

31

25

5

LI

13

L7

19

Ì,lean S.D.

Bact.erial
roÈe in d-1

OMDR

d
1

E ff ic iency Dilution
100 d h-1

.026Lr9.4 369 5.

Flow esÈimate unsuccessful
2

37.5
118. 1

20.6
80. 6

59.4
100. 6

47 .5

58.1
nd

486

482

481

457

453

302
511

480

nd

7.7
24.6
4.3

t7 .7
13 .1

33.4
9.3

12.L

nd

.0304

.0399

.0242

.o367

.026 I

.0 3ó9

.0249
,o235

H
ul
\0

nd = nor- deËerrnined; missing samples

60.2!32.2 447!64 14.2!9.1 .0299!.0059
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The contribution of esEimated bacterial proEein flow to
total postruminal proEein flow $ras low and highly variable
( Table 5.L7 )'.

Table 5.17 The proportion of total protein flow
( ed- 1 ) contributed by bacterial protein
( ed- 1 ) (%). Diet C, Trials 1 and 2.

Sheep No.

Infusion
Trial L

Infusion
Trial 2

3'6

10

11

44

31

25

5

27

13

L7

19

6.8
65.9

35.7

80.0

33.1

67 .7

65.0

to9.7

59.7

58.2

t23.9
3t.2
94.6

75.8

81 .9

82 .0

65.4

Meant S. D. 58 .0 !29 .8 7 t+ .7 t24 .5

The two values greater than 100 are clearly erroneous.

Overall, bacterial protein accounted for 67 !28% of total
protein flow from the rumen.

The amino acid profiles of proteins in the abomasal

digesta of sheep on diet C

The high variability of bacEerial/tocal protein flow
between sheep on diet C, raised the possibiticy that
absolute protein flow was not Ehe only faccor inducing wool

growth differences on this raÈion. If bact.erial, protozoal
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and feed prot.eins were of subsEantiatly different
composition, the supply of specific amino acids to the

intestines of individual sheep may have differed. The data

in Table 5.18 indicate that this \^,as not the case. The botal

sulphtrr-amino acid contenI varied beEween 1 .84 and 2.61'L of.

Lhe total amino acids in differenE sheep, but was not

related to wool production on this rat-ion. Other essential
amino acids comprised a similar proportion of total acids in
each animal, and the profile of free amino acids in the

abomasal digesta did not appear to be a signi ficant
determinant of wool growth response (Appendix 5.4).
The pH and V.F.A. concent of rumen fluid

The diurnal pattern of ruminal pH for both diers is
sholn in Fig. 5.IZa, the main determinant of fluid pH being

the total V.F.A. concentration (Fig. 5.12b). Overall the

mean pH on diet C (6.15) hTas significantly less than that
for diet R (6.31) , but Ehe 'rdiet x timerf interaction \,vas

non-significanL (Appendix 5.5). Mean daily pH for each sheep

are presented í n Table 5.19. Unl ike the other characters

examined in this studv, the within group variation on diet C

ü7as similar to thaE of the roughage diet. However, the

lowest recorded pH values \.,üere 5.2-5.3 f or diet R, and

4.5-4.9 for some sheep fed diet C, there being substantiaL

variation aE the 4-Bh samplings (Appendix 5.6).
An examination of the i mpacE of the mean minimum claí 1y

ptl on ruminal digesIive pattern was warranted in the lieht
of the pronotrncecl effecbs of low pH on microbial poptrlaEions
(see SecEion 5.2.2). Table 5.20 shows the strenqEh of the

relationships be[ween mean minimum pH and dÍgestibility of
dty matter (DIYD), NH3N and NAN flow. There was a signif icant



Figure 5.12 a )

b)

Diurnal patÈerns of mean ruminal
pH for DieËs R and C.

The relationship between V.F.A.
concenÈration (mM) and rumen pH

on Diets R and C.
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Table 5.19 Mean ruminal pH for indivldual sheep on DfeÈ R and DieE C.

DIET R DIET C

X

t
1

500-

41 65322

Sheep No

36

10

11

44

31

25

5

23

27

13

77

19

Me an

S. D.

-1700 d 700 I 1 1 1 1

X

(only
1900 d i.e. 3-6

6.44
6.26
6 .01

6.13
6.11
5.89
6.34

6.04
6.t9
s.99
6.20

6.15
0.16

6.31
0. 10

6.27
0. 16

6.3r
0. 13

6.25
6 .08

6.06
6.29
5.28
5.8 6

6.57

4 .73

6.L9
6.26
5 .03

5.87
0. 56

6.36
6.37
6.15
6.29
6.20
5.85
6.32

6 .33

ó .30
5.96
ó .65

6.25
0 .20

900 d-

ó .18

6.48
ó.00
6.20
ó.11
5.85
6.26

ó.04
6.25
5.87
6.49

6.16
0. 20

900 d

6.27
6.13
5.92
6.10
6.28
5.80
6.47

5.96
6.22
5.86
5.94

6.09
0. 20

900 d

6 .83

6.26
6.28
6 .30
6.t4
6.05
6.46

6.42
6.39
6.15
6.18

6.32
0. 20

900

6.49
6.16
5.83
5.90
5 .90
5.87
6.18

5.75
5.91
6.08

ó.01
o.27 þ

oì
UJ

6.43
6 .31

ó.07
6.37

6.16
6.09
6.48
6.52
6.32
6 .30
6.t2
6.09

6.44
6.31
6.24
6 .37

6.24
6.09
6.45
6.52
6.32
6.36
6.L7
6.14

6.32

6.44
6.42
6.41

6 -!1
6.52

6.42
6.22
ó.19
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posí tive relationship between pH and both Dl'4D ancl NH3N, and

a negaIive relation of pH to NAN flow. These relationships
do not necessarily indicate causality but rather nìay reflect
co-corre l at i on rvi th other variabl e s .

Table 5.20 Simple linear reqression coefficient
estimates between mean minimal pH and

Dl'lD, NH3-N and NAN flow on Diet C.

VariaLe
2 Significance2r1

pH

pH

pH

DI,,lD

NH3-N

NAN

0. 70

0.59

0.76

P(0.01

P(0 .01

P(0 .01

V.F.A. composition
The mean V.F.A. molar Proportions estimated on rumen

samples taken during peak fermentation (4h after feeding)

are presented in Table 5.27. Here again, the coefficients of
variation on diet C were similar to diet R values, but there

I^tere dif f erences in the acetate, butyrate and vaLerate

proportions (P(0.001 ) between diets. The propionate

percentage on diet C '.^7aS not rel ated to producL j on

perf orrnance on that raf ion , and Ehere \^,as no relaE i onship

between propiona[e 7. and fluid dilution rate in infusion
trial 2 (12= 0.O5). In contrast, the butyraLe "L of sheep on

diet C hras positively related to NH3N in trial l-

(r2= 0.56 P(0.01 ) and neqatively to NAN flow
(12= 0.68 P(0.01 rrial 1 only).



Table 5.21 Mean V.F.A. molar r ortions aÈ 4 hrs. for each

sheep fed Diets R and C.

DIET R

*
Sheep No. Ac Pr. Bu. Va l.

DIET C

36

10

11

44

31

25

5

27

13

l7

Mean

t s.E.M.
c. v. (%)

64.t
63 .6
68.6
66 .0
69.9
65.9
62.6
71 .0
68.0
61.O

66.O7

3.11
4.71

21.4
22.3
20.1
22.5
L6.3
21.9
21.6
18.4
t9.6
25.5

20.96
2.39

11.40

10 .8
10. 7

9.5
9.2

11.9
9.8

t2.5
9.ó
9.9

tl.2
10.51

1.05
10 .00

3.8
3.6
2.O

2.4
2.O

2.6
3.4
1.0
2.6
2.5

2.59
0 .80

30.91

Ac.

62.2

56. 1

5 8.4
64.r
58. 9

59 .5
59.0
64.2

55.1
58.7

s9.62
2.89
4.8 6

Pr

19. O

22.7
t7 .9
16.6
24.3
17 .8

20.3
77 .t
22.1

19.5

Bu.

16.2

18. 1

20.2

L4.2

14.8
16.2

L6.7
73.6
18.9
14.6

1ó.35
2.O5

L2 .57

*
Va l.
2.7
3.7
3.4
5.1
2.O

6.5
3.9
5.1
3.8
7.3

4.35
L.57

36.00

t9.67
2.38

L2.lt

* includes n - valeric and iso - valeric
H
oì
ul
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The postruminal disappearance of NAN

It was postulated that suboptimal pH in the atromasum

and smaLf in[estine may have impaired digestion and

absorption of protein in some sheep on Diet C. The

proportion of NAN flowing from the rumen which was excreted
in the faeces was thus examined. The recults are presented

in Table 5.22.

Table 5.22 The ratio of faecal nitrogen output
(gd-1) to abomasal NAN flow (ed-1) in
sheep on Diets R and C (%).

Sheep No Diet R Diet C (Triaf 1) Diet C (Trial 2)

36

10

11

44

31

25

5

23

27

13

t7

18

t9

22.9

22,2

2L.5

18.7

22.O

19.1

t6.4
20 .0

20 .5

20.9

20.5

16 .1

25.5

22.O

24.7

20.2

23.4

22.4

22.6

24 .5

32.O

33. 3

31 .9

22.5

35.t+

27 .3

20.9

24.1,

37.0

20.4! L.9 22.2t2.6 29 .t+ !5.5
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It i s clear from this table that the
aPparentr digesCion/absorption processes in the small intesEine and

hindgut did not vary widely between sheep on either diet,
nor did consideration of Ehe extent of nitrogen
disappearance postruminally, improve the relation of NAN to

t^]GR previous ly demons trated .

5.6 Discussion
The results of this trial regarding the influence of

diet composiIion on the I^IGR varÍance between individual
sheep, confirm a conclusion drawn earlier in this thesis
that the feeding of high-grain diets induces a substantially
greater ranÉle of WGR than is âpparent when predominantly

ror-rghage diets are f ed. The coef f icient of varíation f or
wool growth ef f iciency was 70.57" when Diet R vúas of f ered,

and 22.6% for concentrate-fed sheep, but there htas no

evidence that I^IGR on the grain diet b¡as genetically
determined (Fig 5.6 ) . A similar f inding l^ras reported earlier
in Ehis thesis and it can be unequivocally concluded that
the source(s) of wool growCh differences acts independently

of genotype.

The efficiency of digesEion of energy and proEein

nutrients in the whole gastroinbestinal tract varied widely

betwen sheep on Diet C, buE was noE responsible for
generating the high \n¡'GR variance. In fac[, sheep v¡iEh the

lowest apparent digestion coefficients produced more wool

per unit dietary intake than those with a high disappearance

of nutrients from the Eract. Hutchinson (1961), in a stttciv

of similar sheep to those used in the present trial, noted

large differences in both wool qrowth efficiency and the

digestibility of a concentrate ration. The two were not
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related, and he concluded Chat the variance in efficiency
was a reflection of genotype differences ln the efficiency
of post absorptive metabolism, thereby corroborating ear:lier
observations that genotypic wool growth differences were not

relaled to digesEive efficiency per se (l^leston 1959; Dunlop

et al. 1966; Píper and DoLLing 1969b). The resulEs of the

present trial allow more appropriaEe in[erpretation of Ehe

Hutchinson dat-a. Firstly, ,En.r.",':-tt.r-iance in wool growth
' 

,,.' i 1, .,1 .. ]

efficiency he observed \,,üas probably not a function of
genotype aI all, but rather relaEed to che diet effect
demonstrated currently. Secondly, while Eotal diBestibjlitv
was unrelated to efficiency, the current study clearlv
demons trates that the s i te of diqest ion of concentrate

rations is the more importanL determinant of wool growth.

The wide range of NAN flow rates generated in sheep on

Ehe concentraEe ration, had a pronounced effect on wool

growth ( Fig. 5.8 ) , a result in accord with previcusli'
demonstrated reSponseS to protein protected from rr-rminal

degradation (Ferguson 7972) or infused posEruminally (Reis

1969). Comparison of Figures 5.8 and 5.9 substantiates Ehe

con[ention thaE the site of nutrient dig,estion is of much
' than

greater imporIancer. toEal nutrient digestibi'li ty ' in terms of
wool prodr-rction. The chain of events in the rLlmen leadinq '.o

variations in NAN flow and I^IGR of sheep receiving the sårle

diet, appear Io be clirectly linke-d t o the ef f ects of rl-rmen

retention Eime on nutrienc avai labil ity. Thus meIabo1 isms

characterised by high rumen NH3N, high cliet digestibilit-y,
high br-rtyrate concenf ration, anci loru f l ui d di lution wÞre

inef f ici enI in terms of bacCeria I protei n synthesi s ancJ NA);

flow. luloreover, dry matter disest-ibility in rumínant. is



169.

positively related to ruminal residence (Balch and Campling,

ì.965), and the positive association beEween DMD and NH3N
n

( r'= 0.43, P 0.01 ) is probably a reflection of their
relation to res i dence time in the rumen . Hi gh NH3N

concentrations, in turn, \^/ere recorded when urinary-¡¡if¡sgs¡ '

output \^ras also high ( Fig 5.11a ) and NAN f low \^ras low
(Fig 5.11b). It appears that the negative association of
urine-N excretion and NAN flow (Equation 5.8) indicative of
a shift in the site of digestion from the rumen to the
intestines of some sheep. Subsequently the availability of
protein at the intestínes (P) relative to energy
availability (E) varied widely be[ween sheep because P and E

qrere inversely related.
To speculate at length would be both unjustified and

unrewarding since the experiment u/as not designed to assess

the causal factors underlying the variations in metabolism.
However, some of the relationships observed warrant mention.

Firstly, the ruminal NH3-N concenIration l,ùas a factor
of some importance in distinquishinq between hieh and low
producers on Diet C. In conErast, when sheep were offered
Diet R, the NH3-N concentration differed little between

J

sheep and the diurnal pat tern Í^ras cons i s Eent . The smal ler
peak in NH3 concentration at 16-24h. after feedinq !v'âs

associated with rumination and may have been a resutt of an

inptrt of a large quantity of salivary urea, some of which
would have been derivecl from NH3 absorbed immediately post

feeding. High variability of NH3-N on Diet C is in accord
with results obcainecl by oEher r¿orkers using concentrate
rations ( Ishaque et a1 . 197t; Hodgson and Thoma s 7972;
Chamberlain and Thomas 1 979), the NH3-N level being
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positively related to protozoal numbers (Abe eC a1. L973;

'Christiansen eE al. 1975\ , and the butyraCe concentration
(Ishaque et al. 797f). In the laEEer experiment, high NH3

and high butyrate \,üere associated with low duodenal nitrogen
flow, a feature of Ehe results of the present trial. Ishaqtre

et a1. (t97L) concluded that a rrbutyrate f ermentation
patternrr r^'as generated by microorgani sms of Iow ef f iciency,
although no estimate of bacterial efficiency wâs made in
that tria1.

Bacterial efficiency in Ehe present study vras low and

highly variable on Diet C, in comparison to values normally
recorded for forage diers (19-23gltOOs. OùIDR) (Hogan and

[¡leston t967b) . For barley and maize-based diets, on the

other hand, the efficiency range is 70-27gltOOg OMDR

(Chamberlain and Thomas 1979; 1980) when sheep are fed at
regular inLervals.
I^lhile current ef f iciency estimates ( 18.8112.7g/tOOg OMDR and

l¿+.2r9.1glL}Og OMDR) fatl within this range, the variability
$ras substantially greater, possibly a consequence of
once-daily feedins with its attending gross fluctuation in
the pattern of ruminal fermentation (Fig 5.10, Fig 5.12a).

JAlternaIively, high between-sheep variance may have resulted
from poor conversion of DAPA-ni trogen to total bacterial
nitrogen ( Ling and Buttery 1978) , a real possibili ty if
differenE bacterial populations existed in different sheep.

That the bacterial synthetic data are valid is strongly
supported by the significant posi Iive relationship between

rumen fluid dilution rare and efficiency (tZ = 0.65 P(O.01),
a result also recorded by Harrison eE al. (L976) when D was

increased by infusion of artif icial saliva. l'1ore ef Ficient
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bacterial protein production is p)enerated when the rate of
.fluid turnover in the rumen is enhanced, but unlike the data

of Harrison et al. (t976) this occurrecl in the present study
without any alteration in Ehe propionate molar proportion.
Again this may be a result of infrequent feeding but it does

indicate thaI bacterial efficiency changes need not be

associated with changes in metabolic end-producEs. The

contrasting reports in the lilerature concerning the V.F.A.
metabolism pattern which is most efficient in terms of
bacterial synthesis (McMeniman et a1. 1974; Chamberlain and

Thomas I979) are in accord with this hypothesis.
If the bacterial protein estimates are correct, Ehen a

large quantÍ ty of either undegracled dietary proCein, or
proLozoal protein, wâs flowing from Che rumen of some sheep,

because only 67!28% (n : 17) of the total postruminal
protein flow compri sed bacterial protein. This value is
lower than that recorded by Chamberlain and Thomas (1980)

for a similar diet.
Low bacterial efficiency on concentrate rations has been

aEtributed to low ruminal pH (Hobson 1972), low dilution
rate (Harrison eE al. L976) , high protozoa populations
(Lindsay án¿ *o*"*) or Iimiting niCrogen supply (SaIter
and Slyter 1974) . In the current tri a1 there \,ras no evidence

of a positive relationship between NAN flow and minimum pH,

nor was there any suggestion that bacterial efficiency tüas

related to pH. That ruminal niEroqen supply ü,7as timitine
bacterial efficiency is also considered unlikely because at
no time did the NH3-N concenEration fall below levels
regarded as optimum for microbial synthesis (see Table 5.3

for opEÍmal values). The possibility remains that higher



1_72.

optima are required when sheep are fed high-sIarch dieEs

_(Orskov et aI. 1972; Okorie et al. 7977; Bartley and Deyoe

t977). However sheep with the highest NH3 levels in the
presenc study \^7ere the least eff icient (tZ = 0.25 P(O.05).
This may be due to an elevation of bacEerial maintenance

requirements with increasing NH: concenEration, so that
efficiency is clepressed ( Isaacson et al. 7975) , but it is
considered more likely that inefficient bacterial synthesis
v/as induced by the presence of a large or fluctuating
ciliaEe population (Leng t976). This contention is supported
by the known effects of protozoal poputations on the NH3 and

butyrate leveIs in the rumen (Abe eE a1. 7973 ) and the
efficiency of bacterial synthesi s ( Jackson et a1. 797I;
Ishaque et a1. L97t). The status of the protozoa in the

rumen could well have been important in the current
experiment for the following reasons:
a) ResEricted inLakes of high grain rations can induce a

high density of protozoa (Eadie et al. 1970).
b) The ruminal pH of some animal s of t.en f ell below that

required to sustain an active ciliate population (Eadie

and Mann L97Ol.

c ) The Lacterial protein f low of some sheep \^/as only a

small proportion of toIal protein flow.
d) The fermentation pattern induced in some sheep \¡¡as

characteristic of EhaI associated with the presence of
protozoa, and sheep with such meEaboli sms had lorv

bacterial efficiency.
An analysis was made of the amino acid (AA) composition

of the proLeins flowing to the abomasum of each sheep

consuming Diet C, because the contribr-rtion of bacterial
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protein Eo toEal protein flow varied widely between sheep.

If. the AA composi Eion of bacterial r, proto zoaL and feed

proteins differed, then alterabions in their relative
contribution to total postruminal protein flow would be

reflected in changes to the abomasal proEein composítion.
Differences betç;een sheep hTere small and probably not

nubritionally signif icant (Table 5.18) . I^IGR, then, varied
from sheep to sheep in response to total protein
availability and not as a result of Che AA composition of
Ehat protein. Moreover, the disappearance of nitrogen
between the abomasum and ¡he faeces hras relatively consEant

between sheep (Table 5.22) and Ehere was no evidence that
digestion and absorption processes postruminally brere

impaired in poor performers.
Suffice it to say that at this sCage the relaEionships

between rumen variables when sheep are consuming concentraüe

diets, need much closer study. Such studies are warranted
because diets conEaining a high proportion of grain are

commonly used both as experimental raIions and for drought

feeding. Extensive cereal grain feeding, moreover, is
frequenEly practi sed under the more intensive production
systems. As manipulation of rumen fermentation processes

becomes more widely exami ned as a mean of improving
producIive efficiency (Chalupa 1977), knowledqe of the type

of rumen inCeracEions described in this chapter are clearly
important.

The results of the present experiment also relate to

the choi ce of diet for selection of genotypes for wool

growth poLential. Poor extrapolation of wool growth

efficiency from the concentrate ration used in Experimen[ 1
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to oCher diets, including grazi.g, is of significance
par[icularly to studs which feed diets of high nutritional
quality and'selecc rams accordingly. If these diets contain
a high cereal-grain proportion the accuracy of selection
musE be questioned.

Consideration of the rumen Processes and postruminal

protein flows of sheep fed the wheat diet in the study of
Reis and Tunks (1974), mây provide an explanation for the

depressed wool growEh observed when these sheep received

methionine supplements intra abomasally. These authors

predicted the'rprobable" protein flow to the intestines from

previous work, but in the light of the present results such

prediction is like1y to be imprecise. The decline in l,lGR of

control sheep on the wheaE < ieE and the variability of
,h_

Índividual sheep to meEhionine supplementation (Reis & Turyls

t974) support the contention Ehat digestion of the basal

raEion is a determinant of response.

A clear application of the studies reported in chis

Chapter lies in Ehe characEerisation of digestive processes

when sheep consume concentrate rations. A large number of

animals would be required, for instance, in a study such as

that described by Charnberlain & Thomas (1979) , when the

ruminal niErogen metabolism and passage of amino acids to

the duodenum of sheep receiving diets containÍng hay and

concenLrates in various proportions, wâs exarnined.

Final ly, the choice of rat ions f or wool grolvth

experiments must be carefully made, in the light of the

presenI restrlLs. \^Jhile cereal qrains provide a readily
definable energy source and a means of manipulating

liveweight responses, the disturbances to ruminal nitrogen
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in some sheep are such that wool growEh is
affected.
Conc lus ions5.6

The experiment confirmed the hypothesis that the high
l^lGR variance of sheep on a concentrate ration was related to
the quanLity of protein supplied postrtrminally and noL a

consequence of differences between sheep in nutrient
digestibility, absorption or post-absorptive utilisation.
ProLein flow to the intestines \,vas governed by the pactern

of fermentat ion prevailing in the rumen; fermentat ions

characterised by high NH3 concentration, high butyrate moLar

proportion, and low diluÈion rate, urere associated with low

bacterial efficiency and low postruminal NAN flow.
Differences in AA composition of the abomasal proteins \tere

small and not related to wool procluction. The results are
I

consistent with the postulated effects of protozoa on II
nutrient digestion in the rumen.

Results of this experiment have important application,
firstly, Lo f-he selection of diet for wool growth studies
and for estimating wool growth potential, and secondly for
the characterisaEion of digestive processes when ruminants

are fed high grain diets.
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1Appendix 2.1 Fleece freè Iiveweight changes (gd
in Periods Il and llI of Experiment 1.
(Escimared from inicial and final weights
in each period)

)

Gr oup Sheep No.
BodyweighE change (e¿-1)
Period lI Period III

Ad lib. ur.
1

7

15
42

99
743
lo7
123

L4
-40

11
-22

Mean ( SD) 118 ( 17 ) -9 (23)

AA
27
33
40
45

81
105

42
111

-7
-25
51

9

1

Mean ( SD) 85 (27) 7 (28)

AB
13
25
39
44

r43
r14
144
t32

-20
-6
-6
-1

1

Mean (So) 133 (12) -8 (7)

AC
20
30
37
4t

L4t
108
158
65

-22
-13

nv
-43

1

Mean ( SD) 118 (36) -26 (13)

AD

4
5
ó
9

11
t4
L9
23
32
35
36
43

77
105
137
109

81
132
t26

97
132
9t

138
119

13
-1947
-57
-34
-22
-23
-23
-9
72

-25
-31

Mean (SD) Il2 (21) -22 ( 20)
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Gr oup Sheep No.
BodyweighÈ change (g¿-1)
Period II Period III

BB
I

18
27
34

84
104

97
81

27
4

10
35

1

(Mean (SD) 92' (9) 19 (13)

cc
10
L7
26
28

62
69
74

-45

-27
32
79
34

t

Mean ( SD) 40 (49) 15 ( 25)

DA
3

46
47
48

L4
38
24
26

40
55
51
55

I

Mean ( SD) 26 (9) s0 (6)

DBt
T2
22
31
38

8
13
29
11

49
37
54
46

Mean ( SD) 15 (8) 47 (6)

DD
2

16
24
29

28
31
27
2l

t9
11
L6
-9

Mean (SD) 27 (4) 9 ( 11)

n.V. = no-vaLue for Ehis sheep
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Group

Ad I ib.

ndix 2.2 The cha es in bod rotein k wi t.h È ime af Eer
intake cha e in Period lI O-18 weeks and Period
ltr 0-9 weeks Group means t S.E.

I{EEKS - PERIOD II

I

(.zt)
( .21)
( .1e)
(.07)
(.2e)
(.12)
( .30)
(.le)
(.08)
(.10)

5. 33

4. 09

(.2t)
(.oz¡
( .31)
(.tz¡
(.34)
(.47)
(..2e)
(.26)
(.tt¡
(.ta¡

5. 63

4.39
4.82

4.81
4.69
4.44
4.27
4.05
3.94
3 .91

(.20)
(.15)
(.30¡
(.33)
(.33)
(.4s)
(.3s)
(.ro¡
(.16)
(.2s)

40 18 (o)

I^IEEKS - PERIOD III

(3) (e)

B

AA

AB

AC

AD

uut
tct
oo1

Dut

DD

5.24
4.26
3 .90

3.91
3 .93

4.06
3.84
4. 13

4. 10

4. L9

6.67
4.60
5.80
5. 19

5. 16

5.08
4.35
3 .90

4.2r
4.4t

(.33)
(.5s)
(.te¡
(.7e)
(.s+¡
(.42)
(.72)
(.zt)
(.20)
( .zg)

5.97
4.42
5.25
5.08
4.90
4.93
4. t4
4.2L

4.24
4. L5

(.25)
(.40)
(.20)
(.40)
(.33)
(.51)
(.72)
( .10)
(.21)
(.20)

5.7t
4.12
4.97
4.42
4.43
4.84
4.30
4.07
4.36

4.76

(.20)
( .31)
(.22)
( .60¡
(.43)
( .30)
( .62)
(.20)
(.10)
(.10)

T

1

1

1

4.
4.
4.

40

52

22

4.33
4.03
3.7r
3 .90

3.96

P{
\0
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15 2073

Indivdual I"JGR (Sd ) with Èime in ExperimenE 1 (Chaocer 2\.

I4IEEKS

PERIOD I PERIOD II

o 4 8 I2 18
Sheep 4 8 t2 0

Appendix 2.3:

Group

Ad lib. B
1

5.1
8.2
2.9
5.0

9
7

6
o

.6

.1

.8

.1

5.8
8.3
4.2
4.2

7.4
10. 1

7.5
6.7

14. II.
4 3

t3.2
5.9
7.4

1,r .7

PERIOD III

11

.0

.6

.2

.9

d
d
d
d

7

1

6
5

1

6
4
5
6

2

2
0
9

1

L

1

7.o
t7.4
6.5
6.9

9.7
4.4
4.4
7.3

tt.4
4.8
4.O
8.2

5.5

.1

.8

.6

.0

18.5
22.t
9.t

14. t

15.2
20.9
9.0

74.6

8.4
t7 .6
7.9

12.9

n
n
n
n

16 .6
16.2
10. 9
20.0

15. 15. 15.
3 3

16.8
t7 .5

7.O
2r.8

5.8
5.3
6.8
7 .6

7.1
6.5
7.O

10. 7

5.9
8.1
6.6
7.8

1

7

15
42

16.2
14.9
10.8
2t.t

11.3
nd
10. 6
15.0

5.3
t.9

5.3
2.4

9.6
3.O

8.4
1.9

7.1
1.5

5.ó
t.7

8.0
2.O

13 .5 7 .7
2.3

5.7
0.9

2
4

7

9

7.I
2.9

9
2

13
3

I
4

6.4
o.9

9
3 5

I
7

8.8
1.5

8.1
t.2

9.3
7.5
7.3

11.1

6
9
I
8

Me an
S.E

2t
33
40
45

Me an
S.E

I3
25
39
44

Iule an
S.E

12.3
t.9

I
2

3
6

5.7
9.7
6.6
6.5

6
3
3
5

3
3
7

5

1

5
7

9

19
5

8
8

4
5
7

2

4
6
4
1

7

6
5

8

10.4
9.7
8.8

12.7

AA
1

4.7
1.3

7.9
1.3

6.3
2.O

5
1

8.0
1.5

6.9
1.0

10 .4
1.4

7 .1,

0.9

6
3
8
2

13 .8
11.ó
13 .3
11.3

17. 14. t2. 11.

15.1
12.4
1ó.1
17.1

15. ó
13.3
16.6
14.2

13 .5
8.4

15.0
1ó .8

t9.
15.

0
8
0
B

1

2
8
3

4
9
7

0

7

0
9
I

AB
1

1

18
T7

1

9
3T

7

21

4
I

I
7

7

1

9.0
r.4 H

æo
I

15.2
1.8



AC 20
30
37
47

8.5
tt.2

7 .6
11.0

6.2
9.4
t.9
9.5

7.1
L4. t
14.0
6.2

7.9
t4.9
L4 .3
6.8

8.
16.
t4.
4.

7.9
13 .8
t2 .5
5.4

6.r
8.4

6
I
6

5
9
8
7

5.6
9.2
6.r
7.8

I
t
8
3

6.3
8.7

7.4

8.2
10.4
5.4
2.8

7.8
10. 9
8.9
5.0

1

1.,0

5.3
3.o

2

8
5.5
3.0

6.1
2.9

8.2
2.r

9.9
3.4

10.
3

11.0
3.7

11.
4

4
7

7.8
1.3

7.2
1..4

8.3
1at

9.6
t.6

Mean
S.E

4
5
6
9

11
L4
I9
23
32
35
36
43

11.1
70.2
9.8
9.2

74.4
11 .O
12.2
8.5
7.9

10.1
12.8
9.2

5.0
2.2
3.0
1.8
3.5
4.s
8.4
r.4
7.r
3.1
4.r

6
2

2

2
2

4
8
2
7

2

3
6

6.7
3.1
4.3
3.4
4.9
4.9
9.9
3.3
8.0
4.0
4.6
8.0

7.4
4.t
4.8
5.3
5.6
5.7

10 .0
3.9
8.2
5.6
5.1
8.3

2
1

9
4
9
2
4
0
2

9
9
6

5
5
1

4
7

2
4
1

1

3
2

2

1

5
7

6
6
7

3
5
1

7

I

1

1

1

I
5
1

0
2
3
4
9
6
4
7

2

15.
7.

10.
6.
B.
6.

t7.
6.

74.
7.
9.
5.
9.
1.

16.
7.

6
5

0
0
7

3
2
4
2
1

7

8

8.8
7.6
7.9
4.1
9.7
6.8

14.8
10.6
13 .9
7.5
1.5

15.3

4.7
7.3
5.7
4.8
8.7
5.7

10 .8
5.O
9.0
5.8
6.5
9.7

2
3
0
2
7

9
1

2

6
5
Õ

5

6
7

7

5
9
8
0
7

8
5
I
I

T

10.6
8.5
9.0

10. 3
II .6
9.4

11 .0
9.8
9.8
8.7

10.5
9.4

AD

15.
6.
1.

14.

15.
1.
8.

15. 10.

4.2
2.r

4.3
2.r

5.4
2.r

6.2
1.8

8.3
2.5

4
o

Mea n
S.E

10 .5
1.8

10.
3

10.
4

i
8

9.1
3.3

7.o
2.O

7.8
1.5

oo
0.9

P
æ
P
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PERIOD IIIPERIOD II

8

PERIOD I

t
8 11 15 203

t2 18
0

4.9
11.6
16.0
6.7

o
t2

4

4.1
11 .5
12.2
2.9

3.8
10.6
11.5
3.1

4.4
9.7
6.3
2.1

1

1

3
0

6
1

6
2

4
4
9
2

6
5

3
4

5
T2

7

I

Group

CC
1

DAt

7.5
12.O
72.2
9.3

5.0
13.7
16 .5
7.4

5.4
14.6
15.1
7.3

7

6.1
74.7
13.0
5.6

7
4
0
5

1

4
9
6
7

7.8
10.9
8.2
2.6

4.1
7.8

12.5
5.8

7.2
6.7

11.1
5.5

10.7
7.4
7.t
8.8

7.7oo
t2.3
8.7

71.2
8.3
8.3
o,

Sheep 4

I
18
27
34

BBt
1

7

7.7
4.2

10 .6
4.3

10.7
4.6

4.5
10.0
5.6
2.o

6.2
11 .O
7.2
0.4

7.t
11.9
6.3
0.6

9
8
4
4

9
8

1.3
3.8

5.5
2.9

6
2

9.6
4.7

6.6
3.9

8.2
2.8

9.9
4.1

6.2
3.8

3
4
2

0

9
2
8
1

9.7
tl.2
t3 .4
6.9

1

8.6
t2.o
8.8
2.o

7.6
9.0
5.8
4.t

6.1
6.2
6.4
7,3

9.8
4.3

7.9
2.6

6.5
o.5

9.4
4.2

7.6
3.1

7.6
2.1

9.7
1.7

7.4
3.0

I

6.3
o.5

6.9
0.9

8.5
t.4

9.3
7.2

9.7
10.o
9.5
4.6

.5
2.2

6.6
7.9

6.2
1.9

5.8
8.9
6.5
3.6

2
2
1

1

Mean
S.E

10
T1
26
2B

Mean
S.E

Mean
CF

10.3
2.O

10.
2

10. 5
1.0

5.6
2.8

6.8
2.6

7.3
3.6

7.1
1.5

7,7
4.2

6.9
0.8

3
4

1

4.2
7.8
4.6

10.7

4
6
4
1

5
9
5
21

7.0
8.4
5.6

10. 8

6.8
1.2
5.2
9.3

6.9
6.4
6.0
8.2

I
6
6
7

5.8
6.3
5.9
7.0

7r.9
11.0
9.8
9.3

3
46
47
48

8.0
1.9

ts
æ
N



DB L2
22
31
38

Mean
s.Ê

2
I6
24
29

72 .3
t2.7
10 .8
11.1

11 .0
7.3

11.O
9.6

10. 7

7.6
11.3
8.5

7.3
10.9
11.5
6.o

8.7
5.9

10 .5
5.6

.7

8.4
4.9

IO.2
5.9

7

2

9.8
5.9

11.6
8.7

9.6
7.8

12.4
10.4

10. 1

t.7

9.4
9.1

14.0
1r.7

6.4
7.7

tl .7
10. o

9.o
2.1

5.9
4.8

t2.5
9.8

9
8
9
5

I
5
9
7

8.ó
3.9

10.9
7.4

1

7t .7
0.8

11 .0
ro.2
12.9
8.9

9.7
1.5

8.0
1.5

9.5
1.5

7

2

9.0
2.1

4
10

1

7

0
9
4

o
0
9
9

7.7
2.5

8.3
3.1

11.1
2.O

DD 8.0
IT.4
13.8
7.2

6.5
10. 1

10. o
4.9

I
I
4
1

5
9
9
4

7.2
9.6

10. 7

4.4

7
9
I
4

2
I
6
1

9
9
2
7

7

9
0
3

7
8
2
0

7

9
1

3

6
7

7

2

6.2
7.8
8.2
2.2

1

0
I
0

1

1

5
2

6.t
2.4

7.9
3.1

7

2

.7

.2
9
6

7.4
2.1

8.0
2.4

7.3
2.4

0
1

8
2

7.9
2.3

8.9
2.3

10.1
2.7

Mean
S.E

10 .8
1.5

F
@(,
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1Appendix 4.1 Dry matter intakes (ed- ) of sheep in Experiment 3
(chaprer 4).

a) Mean daily DMI (g¿-1) for the 6 HE sheep and 5 LE sheep
offered diet B for 15 weeks after diet A feeding.

SHEEP DIET A DIET B

LE

-5
11
t2
23
36

445
4t7
393
445
445

428!22

622
44s
418
622

527!96

578
533
445
578

855
8s5
855
855
855

8s5
855
855
855

855
855
855
855

85 5tO

HE
4

18
25
38
39
48

445
578
578
578
578
622

855
855
855
855
855
855

56315 5 855ú 0

Mean daily DMI (gd-l) for 4 HE and 4 LE sheep
offered diet A, Ehen diet B for 8 weeks, Ehen
diet A again for 14 weeks.

SHEEP - DIET A DIET B DIET A

LE

b)

HE

3
T4
4t
47

13
t7
19
44

855ú 0

846
829
873
760

827t42

862
728
845
845

534!54 85510 82G 54
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Appendíx 4.2 a ) I^IGR( nd-l) of sheep in ExperimenÈ 3 (Chapter 4)
fr om ro s LE and HE and the maintenance

GROUP SHEEP NO.

LE 3
t4
4t
47

5
11
L2
23
36

HE 13
l7
t9
44

4
18
25
38
39
48

2

16
24
29

inÈa e qroup M

I¡EEKS

0 4

L2.4
t6.7
12.5
11.0
8.4

15 .5
15.9
15.1
11.3
15.1

5.ó
ó.8

10.1
3.2

L2 15

Trans ferred
(See App. 4

A

18. 5
22.4
18. 7
18.1
18.8

Transferred to Diet A
(See App. 4.2b)

I

to D ieE
2b)

19.4
23.9
20.0
19.5
19. 3L6

10.9
7,6
6.5

10. ó
9.t
9.4
6.2
6.0
8.7

5.0
4.2
1.5
6.2
3.8
3.4
4.0
1.8
3.8

2
6
I
9
7

6

5.9
5.8
8.7
2.2

20
22
19

5
6
5
1

0
I
o
4
0
3

6
t2
t2

9
6

11
t2
11

7

t2

21.
18.
16.
20.
16.
20.
1ó.
16.

19.1 )
2t.6 )
1ó.6 )
18.s )
L6 .7
2r.2
18.4
20.7
18. 6
17 .l

18. 9
23.O
19 .8
22.3
2r.4
19.1

)
)
)
)

1

4
9
4
2
0
1

3
I

22.
22.
2r.

6.5
5.5
9.5
3.7

6.6
7.8
8.8
2.6

M 6.7
5.6
8.6
2.8
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of shee in erímenÈ 3 from ro
for weeks

Appendix 4.2 b T.IGR(

GROUP SHEEP NO.

LE 3
t4
4L
47

HE 13
t7
19
44

.-1
d

HE and LE on diet A

I.TEEKS

I t2

2t .L
18.4
16 .9
20.4

18.5
13 .6
13 .7
15.2

15

14.3
9.4

L8.7
11.3

19

11.3
9.0

18.0
9.8

10 .4
13 .3
t7 .2
2t.L

19.1
2t .6
16.6
18.5

t4.9
20.4
t4 .7
76,6

11.1
19. 3
16.0
19.8

tera iet B



LB7 .

-lAppendix 5.1 The mean daily dry matter in'-akes (gd )of
sheep fed Diet R and Diet C in Experiment 4.
(averaged over the IasE 13 weeks of each períod).

She No Diet R Diet C

36

10

11

44

31

25

5

23

27

13

t7
18

19

970!2
970!2
970!2
970!2
970!2
970!2
966!t2
970!2
970!2
970!2
970t2
970!2
970!2

9701 1

523t184
7 66!7 |
777!34
793!27
770181

8o7t ó

748!66

808r 6

795!27
8081 6

801114
7031 85

75&.77



-1Fppendix 5.2

or ig ina I

9 shee

) for sheep fed Dlets
riment 4.

o 3

t4.3
11 .9
t3.2

R (O+14 weeks) and C ( 14-30 weeks)

3
t7

I.IGR (sd
in Expe

hleeks
Shee

36

10

11

44

31

25

5

23

27

13

t7
18

t9
( I.IGR
(
( t s.o.

6

16.4
14.0
16.7

18.4

10

15.7
13.8
t6.2
10.8
18.2

10.5
t4.4
t6.2
13.1
t5.7
15. 5

77 .7
12.8

o
74

15.ó
13 .8
15. 6

72.6
19. 1

11.3

15 .9
15.5
13.5
L5.7
15 .9
18.8
t3.1

9.9
8.3

11.5
9.1

L2,L

8.5
8.5

10.3
9.o

13.7
t2.t
9.6

20

7.9
5.9
8.4
9.5

10.4
10.o
7.5

10. o

8.1
11 .9
9.7
8.0

5.5
6.4
7.7
7.7
9.5

10. ó

7.5

9.6
6.4

13 .4
9.8
6.9

16
30

4.0
ó.8
7.O

9.1
8.9

t2.4
7.9

t2.3
7.4

13 .4
11 .4
6.0

6 10
24

t2.8
9.6

12.5

13 .3 t4.9

9.3 10. 7

13.88.6
t4.t
t7 .7

8.5
12.3

13.1
9.7

12.8
t4.3
14.8
10.8

15.3

17 .0
19.1
13.0

9+3 I^IGR(
(

10.91 13.15 16.17 15.62

1 .93 r.49 r.92 1 .56 1 .68

15.96

15.13 1o.22 8.94 8.42 8.88 H
æ
æ

re Iacement s t S.D. 2.2r 1 .68 1.54 2.14 2 .80



Appendix 5.3

She

36

10

11

44

31

25

5

27

13

t7
19

Ruminal f luid ammonia-nitrogen concenÈration (mg/

time after feedin for individual shee fed Diet C

-1 eriment 4 (Means of 5 estimates t SE).( 9oo d in Ex

100m1) with

o

42.5
34.6
49.2

39.9
32.8
30.1
39.0
t7 .9
42.7

26.5
36.1

(12.s)
(1s.1)
(14.7 )
(13.1)
( 1e.8)
(15.0)
(8.2)
(3.4)

(17.0)
(s.e)
(4.3)

4

45.6

32.O

46.3

39.1
35 .6
16 .9

37.8
19.0
43 .8
13.5
40.6

(13.7)
(t2.6)
(8.s)
(6.5)

( 14.e)
(6.2)
(4.s)
(6.e)

( 10.1 )
(4.3)
(8.e)

HOURS

I

46 .0
30.5
52.3
33.O

34.9
20.4
37.8
18 .3

43 .0
72.3

38.2

AFTER

( 13.4)
(11.7)
(10.2)
(7.0)

(17.6)
(12.s)
(4.1)
(s.3)

(lz+.2¡
(4.2)
4.3

FEEDING

r2

38. 7

35.7
48.5
33.6
38. s

25.5
40.8
20.9
40. 1

t7 .7
43.1

(e.1
( 1s.9
(11.s

(6 .t+
(13.9
(13.1
(2.5
(4.1

( 10.8
( 4.3
(s.e

16

43.2

38.9
55.3
36.7
38.9
30. 1

4t.2
28.8
42.7

26.7
4s.3

(e.t¡
( 1s. 1)
(13.1)
(s.1)

( 10.4)
( 1o.8 )
(z.o)
(5.7)
(s.5)
(7 .2)
8.3

)

)

)

)

)

)

)

)

)

)

uean (SD) 35 .6 ( 8.3 33 .7 (11 .3 ) 33 .3 11.7) 34.8 9.2 38.9 (7.e)

H
co
\o
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She

A.A.

ndix 5.4 The amino acid comPo sition of free amino acids in the

abomasal fluid of sheep fed Diet C, Experiment 4.

11 t7 31 44 13 25 5 27 36

AsP

lnr
Ser

Glu

Pro

Glv
Ala
Val
Met

IIe
Leu

Tyr
Phe

Ìli s

Lys

Arg
cys

3.0
2.3
3.5
2.O

0.8
3.0

12.6
6.7
2.8
5.4

t2.t
24.5
12.6
1.0
6.6
o.9
0.3

4.4
0.9
1.6

22.O

o.2
1.5

.8
6.1
4.6
1.8

12.3

t2.o
24.9
o.7
3.O

1.0
0.5

0.6
1.1
2.3
9.3
1.5
2.2
6.2
6.0
3.9
4.0

13.9
17 .8
24.4
t.6
3.2
1.8
0.3

7.7
1.1

2.2
12.5

o.8
2.4
5.7
ó.1
4.4
3.0

12.5

20.5
20.8
t.6
3.2
1.3
o.3

3.8
1.3

2.1

8.8
1.0
1.8
5.1

5.9
4.6

3.2
tt.7
25.6
17.0
1.5
4.2
2.1

0.3

5.5
1.1

2.o
13.O

o.6
2.t
4,t
5.2
4.9
3.0

17 .7

19.1

18.5
1.0
2.5

o.4
o.2

2.1
0.7
1.2
7.2
o.5
1.8

2.9
4.9
4.9
2.2

12.o

26.3

26.r
3.2
2.9
0.9
o.2

3.9
1.5
2.t
8.7
1.1
2.5
7.9
5.2
3.3
3.4

14.2

24.1
16.0

1.5
2.5
2.O

o.2

4.3
1.6
2.5
8.5
1.2
3.1
8.3
oo
7.3
5.6

18 .3

10.8

9.t
3.9
3.9
0.9
o.7

H
\o
Oacid



Apendix 5.5 Split ploÈ analysis of v4¡ia¡ce qf ru*inal pH for
each shee fed Diets R and C.

Main Plot n-1 SS MS

5.99

F

Diet
Error (a)

TotaI (a)

Sp I ir Plot

T ime

Date x Time

Er:ror ( b )

Tota I

1

22

23

5

5

110

143

1.15
o.192

1.15
4.22

5.37

45.72

0.310
4.900

s6 .30

Si nificance

P(O .02 5

P(0.0019.744
0.062
0. o45

203.2
1.38 n.s.

H
\o
H



Appendix 5.ó Ruminal fluÍd pH with time aft,er feeding for indlvidual
sheep fed Diec C (900gd -1 ) in Experiment 4. (Means of 4

es Eimates t S.E. ) .

HOURS AFTER FEEDING

She o 4 8 t2

3ó

10

11

44

31

25

5

27

13

t7
19

ó .90

6.79
(.08)
(.zt¡

ó.08
5.97
5. 70

5. 68

5 .76

5.09
5.84
4.82
5.71
5.09
6.10

(.46)
(.23)
(.22)
(.28)
(.37)
(.1e)
(.12)
(.20)
( .10)
(.0e)

6.2r
5. 91

5.55
5.55
5.53
4.98
5.77
4.98
5.7L
5.09
5. 99

( . ¡+)
(.24)
(.15)
(.22)
(.zt)
(.oo)
(.15)
(.23)
(.2s)
(.08)

6 .38
6.11
5.73
5.90
5. 78

5.64
6.25
5.85
6.o2
5.78
5. 98

(.26)
( .14)
(.22)
(.1ó)
(.zt)
(.27)
(.18)
(.+a)
(.33)
( .30)

6.11

(.24
(.22
(. to
( .13

6.75
6.88
6.82
6.97
6.99
7 .3t
6.88
7 .O4

6.17

(.18)
( . to)
(.05)
(.04)

.o7

76

6.24
6.25
s.96

6.23
6.t4
6.47
6.44
6.25
6.28
6.o4

(.26)
(.tt¡
(.27)
(.24)
(.2t)
(.20)
( .30)
(.ss)
(.28)
(.2s)
(. tq

20

6.66
6.46
6.36
6.49
6.s2
6.55

6.88
6.57
6.66
6.47

( .17 )
(.2+¡
(.zt ¡

(.20)
(.16)
(.13)
(.23)
(.20)
1. 16)
(.13)

)

)

)

)

6 .73

6.92 ( .15 ) 5.62 ( .4t) 5.57 .3e) 5.95 .22 6.24 .16

.09

6.57 .14

.36 .48 .29

S.DX

H
ro
lv
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