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ABSTRACT 

BONE AND MUSCLE GROWTH IN SHEEP 

WITH PARTICULAR REFERENCE TO THE EFFECTS 

OF NUTRITION AND INTESTINAL PARASITISM 

Two studies were undertaken examining change in bone and muscle under different growth regimes. In the 

first study, ontogenetic growth of bone and muscle was examined over the range of Ii veweight (L W) 5 kg to 

67 kg. A second group of animals were subjected to a 56 day period of LW stasis at 20 kg LW through 

controlled undernutrition, followed by recovery growth over the range 20 kg to 67 kg LW. The second study 

employed a similar design but substituted infection with intestinal parasites for simple undernutrition. 

A novel approach was developed for description of change in geometric form in bone and muscle. 

M~asurement of linear dimensions, volume and weights of chemical components allowed construction of 

indices highlighting the impact of changes in form and composition on tissue weight. This provided a more 

mechanistic and objective description of growth and change in these tissues than was previously available. 

From the study of ontogenetic growth it was shown that both bone and muscle exhibit significant changes in 

shape over the range of growth examined (10 to 45 kg LW). In bone, volume1/3 showed relatively lower 

growth than most linear dimensions, while density increased. However, the former phenomena had a greater 

effect on bone weight than the latter leading to a reduction in weight relative to extemallinear dimensions 

(mean change = -17%). Muscles studied demonstrated negligible change in density but did show substantial 

changes in shape. For two muscles of the thigh, M. semitendinosus and M. rectus femoris, weight increased 

relative to length (mean change = +18%) while the muscle of the vertebral column, M. longissimus dorsi, 

showed the opposite effect (change = -16%). 

For three of the four bone-muscle pairs studied, the net effect of these changes was to increase gravimetric 

muscle: bone ratio. In consideration with data from the literature it was concluded that changes in tissue 

shape make a substantial contribution to increases in the gravimetric muscle: bone ratio of the body during 

ontogenetic growth. 

During restricted growth, muscle displayed marked changes in shape. While absolute volumes decreased 

(mean change = -17%), consideration of change relative to length revealed larger effects (volume: length3, 

mean change = -33%). In contrast, bone largely showed changes in composition. Pronounced increases in 

bone fat were explained on the basis of fat replacing protein and ash within bone. This was supported by the 

data of Trial Two which showed that in animals subject to similar changes in BW, there was a 30% reduction 

in width of the femur cortex while external bone dimensions increased. The data highlight the inadequacy of 

weight as a measure of change in tissues under such a growth regime. Certainly, bone was shown to make a 
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dynamic response to undernutrition through changes in composition and the spatial distribution of material. 

Change in bone weight failed to provide any indication that these effects had occurred. 

Recovery growth was characterized by significant changes in relative growth favouring restoration of normal 

body and tissue form and compQ!>ition. In some cases this led to "classical" compensatory growth ie. greater 

than normal growth in absolute terms, but recovery was predominantly a function of changes in relative 

growth. Despite severe depletion of body fat (chemical), growth of fat was slow during early recovery. 

However, relative growth of fat was high suggesting that rate of fat accumulation may be related to the size 

of fat depots. 

A second study examined the effect of intestinal parasitism on bone and muscle growth. Young animals 

(c.25 kg) were subject to an 83 day period of infection (4000 Trichostrongylus colubriformis larvae/ animal! 

day), followed by recovery growth (INF group), while a control (CTRL) group underwent continuous 

growth. A further group (PW) were individually paired with infected animals on the basis of change in LW. 

Despite documented effects of parasitism on protein and mineral metabolism, no specific effects were 

observed in bone ie. bone exhibited a response to undernutrition that was similar in INF and PW groups. In 

contrast muscle was depleted to a greater degree in parasitized animals (average weight change -36% and 

-24% for INF and PW groups, respectively). However, effects attributable to infection were generally small 

compared to those attributed to simple restriction of growth. This general restriction of growth could be 

attributed to reductions in voluntary feed intake and in the efficiency with which nutrients were utilized. 

There was some evidence that the deleterious effects of parasitism on muscle (but not of undernutrition) were 

still apparent in animals slaughtered at 45 kg L W. 

Overall, these studies demonstrated the inadequacy of tissue weight as a sole measure of change and the 

significant contribution that can be made to the understanding of change through additional consideration of 

geometric form and chemical composition of tissues. Applications for such an approach to other studies of 

growth are discussed. 

Keywords: Bone, muscle, growth, ontogenetic growth, shape, density, chemical composition, muscle: bone 

ratio, restricted growth, undernutrition, intestinal parasitism, Trichostrongylus colubriformis, recovery 

growth, realimentation, compensatory growth. 
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CHAPTER 1 

INTRODUCTION 

Consumers are increasingly demanding leaner meat. In order to optimise lean meat production from existing 

animal populations and to maximise genetic progress in breeding programs, a basic understanding of the 

fundamental determinants of muscle tissue growth is required. 

Tissue weights are important in determining product value but do not fully reflect growth processes and 

developmental changes occurring in the growing animal. Additionally, other factors can affect product 

value, such as shape and chemical composition of muscle or the muscle: bone ratio by weight (Palsson, 

1955; Kempster, Cuthbertson & Harrington, 1982; Butterfield, 1988). 

1 

The primary function of both bone and muscle is for movement, hence growth of the two tissues is very 

closely related. Skeletal size has been postulated to be the major determinant of body size (Beitz, 1985). As 

a consequence, studies of muscle growth must consider associated changes in bone. 

Conceptually, much theory on relative development during post-natal growth has been derived empirically 

from gravimetric measurements on tissues. Often descriptions of growth have been perfunctory with much 

work wasted in attempting to find quick and easy methods to describe body composition (pomeroy, 1966, 

cited by Kempster et aI, 1982). Little consideration has been given to the importance of conformation in 

tenns related to shape of dissectable tissue units, despite the fact that bone and muscle each increase i'n size 

by two separate processes. Quantitative descriptions of tissue growth at the macroscopic level are seldom 

made in terms related to these growth processes. 

Structural considerations suggest that both bone and muscle should increase relatively more in diameter than 

in length during growth in order to maintain relative strength. As a consequence tissues must change in 

shape. However, the impact of such changes on bone-muscle relations, in conjunction with associated 

changes in tissue chemical composition, has not been Objectively examined. 

Animals in a pastoral situation seldom achieve their genetic potential for rate of growth and for mature body 

size. Environmental, nutritional and disease effects have been implicated. Some of these may generally 

inhibit growth @&. feed quality and quantity) while others may act more directly on certain tissues @&. 

gastro-intestinal parasitism may directly affect bone growth (Sykes, Coop & Angus, 1975». Periods of 

restricted growth, followed by recovery or "compensatory" growth are the norm in such environments. 
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Studies of these phenomena have not always yielded data describing consistent effects and in some cases 

quite contradictory conclusions have been reached. Few studies have examined, in detail, changes in tissue 

geometric dimensions in these growth regimes. 

Experiments reported in this thesis were conceived to provide a more comprehensive description of tissue 

growth at the macroscopic level than is at present available. In particular, the relationships between bone and 

muscle during ontogenetic growth were studied. In order to examine the constancy of these relationships, 

growth was perturbed by a period of undernutrition after which animals were nutritionally rehabilitated to 

facilitate recovery. Changes in bone and muscle were assessed in terms of weight, geometric form and 

chemical composition. Sheep were chosen as experimental animals because they are a commercially 

important species commonly farmed in a pastoral environment, a feature of which is fluctuations in seasonal 

pasture supply. 

2 
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CHAPTER 2 

BONE AND MUSCLE GROWTH 

A LITERATURE REVIEW 

2.0 INTRODUCTION 

In the following review growth in mammalian species is described although data from avian species were 

considered where appropriate. Data were predominantly those of domesticated species, ruminants in 

particular. It is assumed that findings are generally applicable across species unless there are data to prove 

otherwise. Such an assumption is valid given the remarkable similarity among mammalian species for many 

physiological and anatomical traits (Taylor & Murray, 1987). Also, while there are differences in carcass 

tissue distribution among mammals (Berg & Butterfield, 1976), anatomy is essentially similar in terrestrial 

quadruped species. 

PART I: ONTOGENETIC GROWTH 

2.1 GENERAL BODY DEVELOPMENT 

Growth is an increase in size (Butterfield, 1988). As animals grow, changes occur in chemical composition 

and tissue distribution within the body. Collectively such changes are termed development (Seebeck, 1968), 

and result from differences in relative growth of body tissues, tissue geometric dimensions and tissue 

chemical components. A variable exhibits greater relative growth than another if it shows a proportionately 

greater increase in size. Relative growth is commonly studied in terms of allometry (Huxley, 1932). 

Differential growth, both within and between tissues, may be thought of as a consequence of increase in size 

rather than as an essential part of the fundamental process (Butterfield, 1988). Ontogenetic growth refers to 

"normal" developmental growth and in this thesis will be taken to be that associated with continuous 

bodyweight (BW) growth at a moderate to high rate. 

Bone is early developing and fat late developing with muscle intermediate in nature (Hammond, 1932; Berg 

& Butterfield, 1976; Butterfield, 1988). As a consequence both the muscle: bone (M:B) and the fat: muscle 

gravimetric ratios increase during development. In ruminant animals, and sheep in particular, relative 

development of the three main dissectable carcass tissues (adipose, muscle and bone) is largely determined 

3 
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by body size (Greenhalgh, 1986). Thus animals of similar genetic background should exhibit only small 

differences in relative development of tissues at the same BW. The effects of nutrition are considered in Part 

II of this review. 

Body proportions change as animals develop post-natally. In part this is due to differences in relative 

development of adipose, muscle and bone tissues. Another contributing factor is differences between body 

regions in relative growth (Hammond, 1932; McMeekan, 1940a; Elsley, McDonald & Fowler, 1964; Berg & 

Butterfield, 1976; Davies, Tan & Broad, 1984; Butterfield, 1988). In sheep post-natally-there is a disto-

proximal gradient of increasing relative growth in the limbs while the axial skeleton basically demonstrates a 

caudo-cranial gradient of jncreasing relative growth (Davies et ai, 1984). Subjectively assessed differences 

in body conformation (or shape) have frequently been largely attributed to the degree of subcutaneous fat 

development and only partly to differential growth of body regions or changes in tissue shape (Berg & 

Butterfield, 1976; Kempster et al, 1982; Kirton, Woods & Duganzich, 1983; Butler-Hogg, 1987). However, 

Bass, Johnson, Woods & Moore (1982) observed a small improvement in the prediction of muscle weight in 

the carcass through consideration of conformation. Unfortunately such studies have assessed conformation 

on the basis of tissue weights and external body dimensions rather than by direct measurement of the shape 

of individual tissue units. Certainly, conformation is a term much used but not clearly defined (Butterfield, 

1988). 

Body chemical components exhibit differences in relative growth. By far the greatest effect is the marked 

increase in proportion of chemical fat (Lohman, 1971; Berg & Butterfield, 1976) which tends to mask 

changes occurring among other components. Fat increases are the result of relative increases in adipose 

tissue weight plus increases in the proportion of chemical fat within bone, muscle and adipose (Hammond, 

1932; Callow, 1948; Ascenzi, 1976; Leat & Cox, 1980). Relative to the fat-free empty body, water shows a 

small decrease in proportion while protein and ash proportions increase. 

2.2 BONE DEVELOPMENT 

Bone growth occurs by two processes; endochondral and endosteal growth. Much of the literature on bone 

growth describes these processes as they occur in the long bones ~ Sissons, 1971; Ham & Cormack, 1979; 

Vaughan, 1980). Descriptions of growth in other bones of the carcass are singularly lacking. This probably 

reflects the complex shape of many other bones which defy simple description of the processes contributing 

to growth in these bones. 

Endochondral growth at the epiphyses leads to increase in bone length and is primarily responsible for 

increase in overall size (Ham & Cormack, 1979). Bone cannot grow by interstitial accretion within 

mineralized tissue, so epiphyseal cartilage is virtually the only source of increase in bone length. When 

activity of epiphyseal cartilage cells ceases at a programmed point in development (Smith, 1956; Goss, 

1976), growth in length of bone ceases and mature frame dimensions are achieved. There is a characteristic 

pattern of cessation of epiphyseal cartilage activity for bones in the body (Smith, 1956) and this is the major 

4 
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determinant of the regional growth gradients previously described (Burwell, 1986). An important feature of 

endochondral bone growth is that it is uni-directional, progressive and [mite. 

Endosteal growth involves extensive remodelling of bone by resorption and redeposition of mineralized 

osteoid both to maintain overall shape, during growth, and to maintain structural integrity (Stewart, 1975; 

Ham & Cormack, 1979). In long bones, growth in diameter of the diaphysis is the net result of periosteal 

bone deposition which leads to increase in bone external diameter, and endosteal resorption of the inner waLL 

of the cortex which leads to increased width of the medulla (Stewart, 1975). 

Relative development of indi vidual bones follows the pattern of regional growth gradients described 

previously. Thus distal limb bones develop early, exhibiting less post-natal growth than proximal limb bones 

(Hammond, 1932), while the axial skeleton is largely later developing than the limbs (Davies et aI, 1984). 

These descriptions were largely derived from gravimetric data. 

Changes in chemical composition of bone largely reflect the degree to which osteoid is mineralized and the 

development of the fatty marrow. Bone from actively growing animals is not as well mineralized as that of 

older animals (Davies & Tan, 1984), due partly to a high rate of turnover for developing bone tissue and 

pardy to a higher proportion of bone volume as developing cartilage. As bones develop the proportion of fat, 

by weight, increases (Ascenzi, 1976) particularly in the meduLLary cavity of long bones. 

While individual bones maintain recognizable shapes as they grow, the relative proportions of dimensions do 

change (Davies, 1984). In the long bones of pigs, external diameter increases relatively more than length, 

although the ratio of cortex cross-sectional area to medulla cross~sectional area remains relatively constant 

(Davies, 1984). 

Various theories have been developed to account for differential growth of length and diameter. Structural 

theory, based on phylogenetic data, suggests that bone cross-sectional area must scale with weight in order to 

maintain "elastic similarity" (McMahon, 1975; Gordon, 1978). Few data clearly support this theory 

(Alexander, 1985), but interestingly those from limb bones of the bovidae do (McMahon, 1975). Most other 

data exhibit relationships for bone dimensions that are intermediate to those predicted for elastic similarity 

and geometric similarity (Davies, 1984; Alexander, 1985). 

Both static and dynamic forces are known to affect bone growth. Bone responds to increased load with 

increases in cross-section and in tissue density, while decreased load leads to reductions in these parameters 

(Murray, 1936; Armstrong, 1946; Tulloh & Romberg, 1963; Siemon & Moodie, 1973; Goss, 1976; Lanyon 

& Rubin, 1985). Increases in length may be stimulated by moderate increases in muscle forces (Hall, 1985) 

or gravity (Simon, Holmes & Olsen, 1985), but excessive forces are inhibitory (Burwell, 1986). The 

persistence of such experimentally induced changes in bone length has not been assessed. Endochondral 

growth, which is primarily responsible for increase in bone size, is modified by forces acting on the 

epiphysis, but it is ultimately under the control of intrinsic factors such as genotype and sex (Hammond, 
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1932; Murray, 1936; Bdinnang, 1971). Forces acting on bone modify the basic shape of the tissue (Murray, 

1936; Van Sickle, 1985). 

2.3 MUSCLE DEVELOPMENT 

Muscles are made up of multi-nucleate cells known as fibres. Fibre hyperplasia is essentially complete by 

birth in sheep and post-natal growth is due to fibre hypertrophy (Goldspink, 1972). Muscles, like bone, grow 

by two separate processes. Fibre length increases through serial addition of sarcomeres, largely at the ends 

of the fibre, while increases in diameter result from proliferation of myofibrils (Goldspink, 1972). This is 

associated with incorporation of satellite cells into the fibre, thereby increasing the number of cell nuclei per 

fibre (Swatland, 1984; Cheek, 1985). 

Differences in relative development of individual muscles essentially follow that of associated bones, so that 

the musculature exhibits similar patterns of growth gradients to those seen in the skeleton (Berg and 

Butterfield, 1976; Davies, 1979; Butterfield, 1988). These descriptions are again derived from gravimetric 

data. Variation within muscle groups may be due to muscle function ~ postural or propulsive) or because 

muscles attach to bones varying in growth intensity (Swatland, 1982). 

Muscle is predominantly comprised of water and protein. Chemical development is largely a result of fat 

displacing water (Callow, 1948; Goldspink, 1972). During ontogenetic growth, increases in intra-muscular 

fat are associated with small decreases in the ratio of water:protein. 

Fibre architecture can have an effect on the relative growth of gross muscle dimensions during development 

(Goldspink, 1972; Swatland, 1984). Functional length of a muscle may be defined as that linear dimension 

that passes through both the origin and the insertion of the muscle on the skeleton. This may be hard to 

define where the origin or insertion are extensive. In muscles where fibre length is not parallel to functional 

length, increases in fibre length and diameter each contribute to increases in both muscle length and muscle 

diameter (Swatland, 1984). 

Muscles retain recognizable shapes as they grow. Generally, the position of the body of the muscle and 

tapered tendons minimise interference with joint movement (Lockhart, 1972) ie. the "bulk" of the muscle is 

located mid-way between its ends. Differences occur in relative growth of linear dimensions, with diameter 

increasing relatively more than length (Prusson, 1939; McMeekan, 1940a). Thus diameter per unit length, 

termed "muscularity", increases (Kempster et aI, 1982). This should affect body conformation. However, 

examination of differences in tissue shape have not been a feature of studies of body conformation. Rather, 

consideration has largely been given to muscle distribution as assessed by gravimetry ~Jury, Fourie & 

Kirton, 1977; Butler-Hogg, 1987). 
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Increases in muscularity could act to offset the reduction in relative power of a muscle as it increases in size. 

The latter effect results because muscle power is determined by total fibre cross-sectional area (Lockhart, 

1972), a two-dimensional variable, while the forces required of muscle are more likely to be related to body 
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or organ weights which are three-dimensional variables (Alexander, 1985). It is axiomatic that when an 

object increases in size, three-dimensional variables increase proportionately more than two-dimensional 

variables. Thus a muscle would have to show relatively greater increases in fibre diameter than in fibre 

length in order to maintain relative power (power per unit weight). If such compensation occurs during 

ontogenetic growth, it could be concluded that muscles tend to maintain functional similarity rather than 

geometric similarity as they grow. 

Muscle hypertrophy and hypotrophy are closely related to functional requirements (Bryden, 1969) with both 

static and dynamic forces affecting muscle growth. Artificial increases in muscle length stimulate muscle 

growth (Holly, Barnett, Ashmore, Taylor & Mole, 1980; Sivachelvan & Davies, 1986) and muscle wasting 

results when tension loads are removed (Goldspink, 1972; Stewart, 1972; Goss, 1976). Muscle length 

appears to adjust to maintain tension between points of attachment (Stewart, 1972) and consequently is 

primarily determined by linear dimensions of the bones to which it attaches. Increased load or tension leads 

to increases in diameter per unit length (Stewart, 1972). Consequently, it is conceivable that increases in 

muscle length due to overall increases in body size, induce proportionately greater increases in muscle 

diameter in order to maintain the relative power of muscle. While Butterfield (1988) concluded that reduced 

locomotory activity did not affect muscle weight distribution, he did not consider muscle shape, a variable 

more likely to be affected by exercise hypotrophy. 

2.4 BONE-MUSCLE RELATIONSHIPS 
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Butterfield (1988) reviewed available data on ontogenetic change in whole body M:B (w/w) ratio and 

concluded that much change occurs in the immediate post-natal period, with little change thereafter. 

However, this conclusion may be biased for several reasons. Firstly, it was based on limited data from 

different trials for the early and late periods of development. These periods were confounded by nutritional 

differences between the trials. Secondly, the rate at which M:B (w/w) ratio increases declines as total weight 

increases. This is simply the result of muscle growing relatively more than bone in a constant manner <k,. 
allometric b> 1.0), so that equal increments in M:B (w/w) ratio are associated with proportional increments in 

muscle plus bone weight. The increasing contribution of fat or adipose tissue to LW gain during 

development would exaggerate the latter effect. 

Most theories concerning bone and muscle development have relied on gravimetric examination of tissue 

growth. While some studies have also examined ontogenetic growth of geometric dimensions of bones at the 

macroscopic level ~ Hammond, 1932; Davies, 1984), few have considered such effects in muscle, and then 

only cursorily ~ Palsson, 1939; Swatland, 1982). Weight is an easier dimension to measure accurately 

than length (Thompson, 1966) leading to an unfortunate paucity of quantitative information on tissue shape 

changes occurring during ontogenetic growth. 

Together bone and muscle provide movement for the body or its parts. This is the primary function of both 

tissues. There is much evidence suggesting an important role for local forces in the development of bone and 

of muscle with both tissues responding to dynamic and static loading with changes in length and diameter 



(see previous sections). Muscle weight and bone density have been shown to be positively correlated 

(Doyle, Brown & Lachance, 1970; Stewart, 1972; Davies, 1984) suggesting that bone strength is related to 

ash density, while muscle strength is related to weight, and" strength" of the two tissues changes 

isometrically. Since the primary function of the two tissues is to effect movement, it is reasonable to expect 

similar changes to occur in the two tissues in terms of tissue strength. However, tissue strength is a complex 

entity and tissue design is a compromise between strength and size so that chemical and geometric changes 

occur in both tissues to effect increases in strength with a minimum increase in weight (Thompson, 1966). 

Thus the relative contribution of changes in shape and composition to the functional relationship between 

bone and muscle remains unknown. 

There is little evidence to suggest that muscle plays a leading role in ontogenetic growth of the two tissues. 

While it may modify growth of certain bone dimensions (Hall, 1985), the majority of evidence suggests that 

muscle fulfills a more passive role, whereby it adapts to changes in passive tension (or length) and active 

tension (or load) by changing in length and diameter, respectively (Bryden, 1969; Stewart, 1972; Loughna, 

Goldspink & Goldspink, 1986). Such changes act to maintain functional similarity in terms of the amount of 

force developed per contractile element. 

Other changes occurring during ontogeny will modify forces acting on bones or needed from muscles. 

Davies (1979) has suggested that limb bone growth gradients are a functional adaptation for increases in 

propulsive force required with increases in scale. The main propulsive (power) muscles of the body are 

located in late developing regions and generally later development of these muscles acts to offset the relative 

reduction in total muscle power consequent upon general increases in muscle size. Associated with this, 

distal limb bones, with a primary postural function, make mainly qualitative changes post-natally to increase 

bone strength with minimal increase in weight @& increased mineralization of osteoid) while proximal limb 

bones make large quantitative changes as well @& increased dimensions of the propulsive lever). These 

effects also act to maintain power: weight relations for body propulsion (Davies, 1979). 

Bone growth in length may be the "pacemaker" for growth of muscle (Hooper, 1978) since it is the major 

determinant of growth in muscle length due to attachment (Beitz, 1985). Hooper (1978) concludes that 

growth in diameter of both tissues is stimulated by increased loading consequent upon increases in overall 

body or organ size associated with these increases in length. Swatland (1982) clearly demonstrated that 

differential growth of thigh and leg muscles was due to greater growth in length of the thigh muscles since 

muscles of the leg displayed greater growth of diameter relative to length. 

2.5 CAVEATS 

It should be emphasized that much theory concerning change in tissue shape with change in scale is based on 

phylogenetic data ~ McMahon, 1975; Schmidt-Nielsen, 1984). As such it may have little relevance to 

ontogenetic growth. Taylor (1980) cautions that the allometric coefficient (0.73) relating BW to metabolic 

rates which was derived from phylogenetic data (= size allometry, Seebeck, 1978) is not directly applicable 

to ontogenetic data (= growth allometry, Seebeck, 1978). 
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Caution should be exercised with regard to application of static structural criteria to the musculo-skeletal 

system (Thompson, 1966; Alexander, 1985). StUdying individual bones and muscles in isolation may yield 

artificial results since, during movement, loads and stresses are shared by other body structures (Thompson, 

1966). Also, body design is an optimal solution balancing the needs of different tissues and organs in order 

to fulfill their functional roles. What point is there in maintaining a large muscle mass when an animal has 

relatively weak bones? Thus bone and muscle should develop in parallel in response to functional 

requirements normally placed on the locomotory system. 

Despite these cautions, the study of individual bones and muscles should indicate general trends in the body 

for changes in tissue form and tissue composition. 

PART IT: NUTRITION AND GROWTH 

2.6 LEVEL OF NUTRITION 

Level of nutrition affects the rate at which animals grow. It can also affect relationships between chemical 

and physical (dissectable tissue) components of the body. While nutrition can be quantitatively and/or 

qualitatively limiting, the former will be primarily considered since deficiency of dietary energy is generally 

more important than deficiencies of other nutrients in commercial animal production systems (Blaxter, 

1956). 

Comprehensive reviews of the effects on body development of undernutrition and subsequent recovery 

growth (realimentation or compensatory growth) have been made (Wilson & Osbourn, 1960; Allden, 1970; 

O'Donovan, 1984). These have attempted to reconcile the diverse and often conflicting results of various 

studies of these phenomena, with varying degrees of success. The two former reviews contained only 

limited information on changes in dissectable body tissues, while the latter review failed to provide a clear 

summary of experimental findings. Such is not unexpected given the contradictory nature of many 

experimental findings. Frequently data have been incomplete and consequently examination of those effects 

that might have led to apparently conflicting findings cannot be made. Fortunately work is now becoming 

available that addresses questions raised by earlier work ~ Black, 1974, 1983; Butler-Hogg & TuUoh, 

1982; Butler-Hogg, 1984). 

2.7 UNDERNUTRITION 

Body tissue changes due to undernutrition are of critical importance in studies of "compensatory growth" 

since many of the effects observed to occur during the latter phenomenon are dependent upon those changes 

induced by restricted growth (Butler-Hogg, 1984). 

Any level of feed intake below ad libitum may be termed undernutrition. For the purposes of this thesis 

undernutrition refers to levels of nutrition that result in growth rates substantially below those normally seen 

9 
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in animals of a given type ~ relative maturity, genotype). Generally these can be divided into three broad 

categories, (Wilson & Osbourn, 1960); 

1. those causing low, positive liveweight (LW) gains (mild undernutrition), 

2. those causing LW stasis (moderate undernutrition), 

3. those causing LW loss (severe undernutrition). 

These categories overlap due to differential effects between and within tissues and are based on change in 

one variable, L W. 

2.7.1 Mild Undernutrition 

2.7.1.1 Body components 

Classical studies of tissue growth by Hammond and co-workers, established a ranking of tissues for priority 

of use of nutrients for growth (Hammond, 1932; McMeekan, 1940b&c; Palsson & Verges, 1952) such that 

restricted nutrition affected all tissues, but to varying degrees. This theory was questioned by Wallace 

(1948), Elsley et al (1964) and Tulloh (1964), who demonstrated that low but positive growth reduced fat 

development relative to that of the fat-free body mass but that non-fat tissues essentially did not deviate from 

normal relationships with fat-free body mass and hence that fat can vary relatively independently of the fat-

free body mass. 

In ruminants, and sheep in particular, variation in rate of positive LW gain has been associated with only 

small or insignificant effects on body fat proportion (Kirton, 1970; 0 rskov, 1983; Greenhalgh, 1986) unless 

extreme growth rates are compared. Thus body composition is largely determined by body weight. 

Nevertheless differences in body composition due to variation in growth rate do occur. Slow growing 

animals generally show relatively less fat development than faster growing animals (Black, 1974; Murray & 

Slezacek,1979). They also show reductions in the size of some organs ~ liver) relative to the empty body 

(Slezacek & Murray, 1978; Ferrell, Koong & Nienaber, 1986). These organs have an important role in the 

metabolic "drive" of growth and adjust their size to the metabolic activity of the animal. Slow growing 

animals characteristically have relatively greater skeletal development in the body, normally at the expense 

of fat and the internal organs (Seebeck & Tulloh, 1968a; Morgan, 1979; Murray & Slezacek, 1980a). 

Weaned sheep have been shown to gain bodyweight while in negative energy balance due to concurrent loss 

of fat and gains of protein and water (Searle, Graham & O'Callaghan, 1972; Kellaway, 1973; Searle & 

Griffiths, 1976; Bickerstaffe, Chambers, Geenty & Sykes, 1984). Bickerstaffe et al (1984) studying weaned 

and milk-fed lambs demonstrated the energy cost of protein deposition to be greatly increased in weaned 

lambs and that such animals mobilized fat reserves in order to maintain non-fat tissue growth. It may also 

reflect a change in protein and energy supply consequent upon a move to an all herbage diet and the 

moderating effect of rumen degradation on dietary protein supply to the small intestine (Ulyatt, Poppi & 

Barry, 1984). 
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Manipulation of feed composition parameters such as energy and protein density, or frequency of feeding can 

influence the ratio of fat: protein in gain (Black, 1974; Fattet, Hovel, 0 rskov, Kyle, Pennie & Smart, 1984). 

Models for growth in the ruminant sheep developed by Black (1974, 1983) suggest that low levels of feeding') V 
may actually increase the proportion of fat in LW gain since feed is retained longer in the rumen, leading to / 

greater degradation of protein (Searle, Graham & Donnelly, 1982). 

2.7.1.2 Bone and muscle 

While there is little evidence suggesting that mild undernutrition markedly affects tissue composition, there 

is evidence that tissue shape is affected. Those processes contributing to increases in tissue geometric 

dimensions are differentially retarded during slow growth. Tulloh & Romberg (1963) demonstrated that 

slow growing sheep (125 gld) had more slender bones than fast growing sheep (250 gld). Other studies have 

reported similar findings (Palsson, 1955; Suttie, Wenham & Kay, 1984). Such effects may reflect a 

combination of both a change in functional loading @:. lower L W at similar frame dimensions (Tulloh & 

Romberg, 1963» and a genetically driven priority for growth in length of those bone dimensions that lead to 

increases in frame size. Burwell (1986) states that nutrition can affect bones differentially for growth in 

length. 

No direct evidence is available for similar effects on muscle shape although there are indications that slow 

growing animals may have more slender muscles (pals son, 1955). Such an effect would support the theory 

for a close relationship between growth of bone and growth of muscle (Hooper, 1978). 

2.7.2 Moderate and severe undernutrition 

2.7.2.1 Body components 

Chemical and dissected components of the body exhibit differential responses to a period of moderate to 

severe undernutrition. The effects depend on the severity and the duration of the nutrient restriction (Black, 

1983). These responses are in tum affected by the relative development, or maturity, of the animal (Butler-

Hogg, 1984) and the composition of the diet (Fattet et al, 1984). 

Prolonged LW loss in immature animals is severely debilitating ~ Searle, Graham & Smith, 1979) and is 

normally only encountered in older animals ~ Panaretto, 1964). McCance (1960) has commented on the 

technical difficulties of maintaining L W stasis in very immature animals. Severe undernutrition has 

therefore only been studied in short-term trials while long-term effects have only been studied with moderate 

undernutrition. It can therefore be difficult to separate observed effects into those that are due to the duration 

of the undernutrition and those that are due to the severity of undernutrition. 

During the initial stages of these forms of undernutrition there is rapid loss of weight in some internal organs 

such as the liver (pomeroy, 1941; Hight & Barton, 1965; Seebeck, 1967 & 1973a; Murray, Tulloh & Winter, 

1977; Murray & Slezacek, 1978; Tulloh, Brimblecombe & Dennis, 1986; Aziz & Murray, 1987). Muscle 
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weight may be lost during this early stage when undernutrition is severe but bone weight seems to be little ------------affected (Seebeck & Tulloh, 1968a). 

A characteristic feature of this early stage is either little change or even small gains in weight of body fat 

I (Seebeck & Tulloh, 1968b; Drew, 1971; Drew & Reid, 1975a; Graham & Searle, 1975; Murray & Slezacek,) 

_1978; Searle et aI, 1979; Butler-Hogg, 1984; Aziz & Murray, 1987). Consequently, protein and water 

comprise a large proportion and fat a small proportion of weight loss in the short to medium term (Kirton & / 

Barton, 1958; Hight & Barton, 1965; Drew & Reid, 1975a; Butler-Hogg, 1984). Protein losses from the 

body are negatively correlated with dietary protein density (Fattet et ai, 1984). 

Subsequently, fat and adipose tissue losses become more important (Hight & Barton, 1965; Drew & Reid, 

1975a; Searle et ai, 1979; Butler-Hogg, 1984), leading in the long-term to relatively greater depletion of 

these than of non-fat variables (pomeroy, 1941; Panaretto, 1964; Drew, 1971). During the early stages of fat 

depletion internal fat depots are more readily mobilized than those of the carcass (Drew, 1971; Seebeck, 

1973b; Butler-Hogg, 1984). 

While body ash is relatively insensitive to short-term LW loss, severe or prolonged LW loss will lead to ash 

loss (Drew, 1971). This has led to the conclusion that bone is relatively insensitive to nutritional restriction 

compared to other tissues (Butler-Hogg, 1984). 

Immature animals tend to respond differently. They have a smaller proportion of body protein in muscle, 

smaller reserves of fat (Butler-Hogg, 1984) and a strong drive for growth of bone. Seebeck (1967) found that 

younger cattle lost a proportionately greater weight of internal organs reflecting the greater proportion of BW 

that these comprised, while Butler-Hogg (1984) observed that young sheep lost proportionately more water 

and proportionately less protein and fat than older animals, again reflecting differences in initial body 

composition. Butler-Hogg (1984) found that young animals gained ash while older animals did not during 

LW loss, consistent with a stronger drive for bone growth, or with progressive mineralization continuing to 

occur in the less mature bones of young animals. 

2.7.2.2 Bone 

Bone frequently appears to be resistant to undernutrition in comparison to other tissues. However, Seebeck 

& Tulloh (1968a) observed that younger animals displayed reductions in bone weight during L W loss while 

older animals did not. This occurred despite the stronger drive for growth in length of bone commonly seen 

in immature animals (pratt & McCance, 1964; Hopkins & Tulloh, 1985; Tulloh et aI, 1986) and may reflect a 

slower turnover of bone matrix and a smaller proportion of body protein located in the skeleton of older 

animals. Certainly, it is the opposite effect to that suggested by the changes in body ash noted by Butler-

Hogg (1984). Individual bones have shown variable responses to undernutrition with limb bones being less 

retarded by undernutrition than bones of the axial skeleton in terms of proportional loss of weight (Benzie, 

Boyne, Dalgamo, Duckworth, Hill & Walker, 1960; Seebeck & Tulloh, 1968b; Seebeck, 1973b). 
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A common, but apparently anomalous, finding in studies of moderate to severe undernutrition has been 

increases in weight of bone fat, even when other fat depots were depleted (Drew, 1971; Little & Sandland, 

1975; Thornton, Hood, Jones & Re, 1979; Priboth, 1984). However, bone fat was depleted in the chronically 

restricted animals of McCance and co-workers (1960). Bone "maturity" apparently increased during 

undernutrition since a predominance of older, more mineralized bone remained and new bone was highly 

mineralized (pratt & McCance, 1964). While osteoid was more mineralized, medullary erosion and general 

rarefaction of bone led to decreases in ash and protein per unit bone volume (Pratt & McCance, 1964). The 

cortex, while becoming very dense in long bones of these animals, was much thinner. 

It has been frequently observed that bone grew in linear dimensions, albeit slowly, during LW stasis 

(Trowbridge, Moulton & Haigh, 1919, cited by Tulloh & Maritz, 1964; Pratt & McCance, 1964; Hopkins & 

Tulloh, 1985; Tulloh et aI, 1986) or LW loss (Gunn, 1964; Seebeck, 1973b). However, growth in diameter is 

retarded to a greater degree than growth in length (palsson & Verges, 1952; Tulloh et aI, 1986). While 

periosteal bone deposition was retarded, medullary erosion was, initially, affected to a lesser degree resulting 

in a reduced cortical thickness in restricted animals (Dickerson & McCance, 1961; Pratt & McCance, 1964; 

Bauer & Griminger, 1984; Tulloh, pers. comm.). No data exist to show that length or external diameter of 

bones are reduced as a consequence of undernutrition supporting the concept that growth in the external 

dimensions of bone is uni-directional and progressive. 

2.7.2.3 Muscle 

Loss in weight of muscle was a feature of L W loss in many studies (Seebeck & Tulloh, 1968a; Drew, 1971; 

Seebeck, 1973b). Initially, muscle is depleted to a greater degree than adipose tissue ie. it is more labile in 

the short term. Only small changes in muscle composition occur, with protein being depleted to a slightly 

greater degree than water (Drew, 1971; Murray & Slezacek, 1979). 

Fibre diameter decreases in association with loss of muscle weight (Yeates, 1964; Goldspink, 1972; Kelsen, 

Ference & Kapoor, 1985). A not so well appreciated effect is an associated reduction in fibre length 

(Hooper, 1984 & 1986). The latter effect is likely to be influenced by fibre architecture of the muscle. 

While muscle strength is reduced during weight loss this is simply related to loss of fibre cross-sectional area 

with no reduction in strength per contractile element (Kelsen et aI, 1985). 

2.7.2.4 Bone-muscle relationships 

Gravimetric ratios of M:B generally decline with undernutrition because muscle appears to be affected to a 

greater degree than bone (Seebeck and Tulloh, 1968a; Drew, 1971; Seebeck, 1973b). Since bone length 

either increases or remains the same while muscle bulk decreases, shape of muscle must change. Muscles 

will become more slender. Change in muscle shape has not been objectively assessed previously. Certainly, 

no attempt has been made to compare changes within bone to those occurring within muscle in terms of 

geometric form or chemical composition. 
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2.8 RECOVERY GROWTH 

The growth following periods of undernutrition has been termed compensatory growth (Wilson & Osbourn, 

1960) or realimentation (Drew & Reid, 1975a). These terms imply specific effects that may not always 

occur. For instance, while there is an implicit assumption that compensatory growth is "positive", higher 

growth rates than seen in comparable control animals are not always a feature of recovery (O'Donovan, 

1984). For these reasons the term recovery growth will be used here, and examination will be made of 

those changes that occur within and between tissues in an attempt to restore an animals normal body tissue 

relationships after a period of restricted growth. 

2.8.1 Feed intake 

Voluntary feed intake (VFI) greater than that of unrestricted animals of the same L W has led to relatively 

high LW gains in some studies (Allden, 1970; Graham & Searle, 1975) but not in others (McManus, Reid & 

Donaldson, 1972; Drew & Reid, 1975c; Butler-Hogg & Tulloh, 1982). Caution is needed in attributing high 

ra,tes of gain simply to tissue accretion as changes in gut-fill have been shown to contribute to apparent L W 

gain (Murray, Tulloh & Winter, 1974). 

2.8.2 The effect of undernutrition on recovery growth 

Composition of L W gain during recovery is greatly influenced by those changes in body composition 

resulting from undernutrition (Yeates, 1964; Lohse, Pryor & Butterfield, 1973; Drew & Reid, 1975a&b; 

Graham & Searle, 1975; Winter, Tulloh & Murray, 1976; Searle et al, 1979; Thornton et ai, 1979; Murray & 

Slezacek, 1980b; Butler-Hogg, 1984; Tulloh et ai, 1986) and on the length of the period during which 

recovery has been examined. Basically, relatively greater growth is exhibited by those variables most 

retarded during undernutrition and this effect is greatest during early recovery. 

2.8.3 Composition of gain during recovery growth 

Initially, characteristically high growth is exhibited by those tissues most retarded by undernutrition ~ high 

impetus muscles (Lohse et ai, 1973) or protein and water (Drew, 1971) or fat (Meyer & Clawson, 1964). 

Conversely, relatively low growth is shown by tissues that were least retarded ~ bone (Tulloh et ai, 1986) 

or fat (Searle et aI, 1979). Another notable feature change in growth rate is increases in size of the 

"metabolic" organs such as the liver (Ferrell et ai, 1986). Misinterpretation ofrecovery effects can arise 

when recovery is only partially complete. For example, recovery gain may be characterized as being high in 

lean tissue (muscle) ~ Butterfield (1966), Russel, Doney & Gunn (1969) and Little & Sandland (1975). 

This is likely because skeletal growth can occur during L W loss, so that recovering animals of the same L W 

as that prior to imposition of undernutrition, will appear leaner (less fat) due to greater skeletal development 

(Drew, 1971; Seebeck, 1973b). 
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During early recovery greater rates of L W gain than seen in unrestricted animals of similar L W can be 

explained on the basis of high gains of lean tissue components which have a low energy density (Winter 

et al, 1976; Murray & Slezacek, 1980b; Butler-Hogg & Tulloh, 1982; 0 rskov, 1982). 

There is a notable exception to this generalized description of recovery growth. Evidence suggests that 

changes in fat metabolism may lag behind that of other tissues during recovery of body tissues, mirroring the 

delay in switching from fat anabolism to fat catabolism seen duri~g early stages of undernutrition (Drew & 

Reid, 1975a; Little & Sandland, 1975; Searle et aI, 1979). Initially LW regain contains high proportions of 

protein and water while fat may even continue to be lost at this stage. However, as recovery progresses, fat 

becomes an increasing proportion of gain, until recovery of normal body composition for BW is achieved 

(Drew & Reid, 1975a; Searle et aI, 1979; Turgeon, Brink, Bartle, Klopfenstein & Ferrell, 1986). 

2.8.4 Basis for assessing change 

Skeletal size is the major detenninant of muscle mass and hence body size (Beitz, 1985). This in turn is the 

m~jor determinant of body composition in nonnally growing animals (Greenhalgh, 1986). Consideration of 

chemical composition of the body alone does not accurately describe recovery growth phenomena since, 

relative to skeletal dimensions, normal body composition has been disturbed (Seebeck & Tulloh, 1968a; 

Seebeck, 1973b). Consequently, comparison of animals after a period of undernutrition with those 

undergoing continuous growth, at equal LW, may be of limited use when assessing the potential for or 

progress of recovery growth. 

2.8.5 Evidence for permanent retardation of growth 

Undernutrition of a very severe nature in early post-natal life will produce permanent reductions in the size 

of rats and pigs (Widdowson & McCance, 1963). At this early stage of development in these animals, cell 

hyperplasia is still an important part of growth. Severe nutritional insults at this stage of development appear 

to reduce the size of cell populations or the capacity of tissues such as the epiphyseal cartilage for cell 

multiplication. Certainly, animals in these studies were characterized by permanent reductions in stature. 

Sheep are born relatively more mature than pigs or rats and since tissue cell hyperplasia has progressed to a 

greater degree of completion by birth, post-natal undernutrition has little effect on cell multiplication. To act 

on an equivalent stage of development to that of the newborn pig, undernutrition in the sheep must act in 

utero. While restricted growth of foetal sheep in utero has been achieved (Schinckel & Short, 1961; Everitt, 

1964), the claimed permanency of such effects is open to question due to premature cessation of many 

experiments (Allden, 1970). For sheep few studies of pre- or post-natal growth have shown permanent 

effects of undernutrition on attainment of mature body composition or proportions (Allden, 1970). Failure to 

detect such effects may, in part, be due to the natural variability of animals in conjunction with a limited 

number of animals in experiments leading to small effects being statistically non-significant. However, there 

is evidence that post-natal undernutrition can lead to small reductions in mature skeletal size, and hence BW, 
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when animals recover under less than ideal nutritional conditions (Gunn, 1977; Allden, 1979; Suttie et aI, 

1984). 

2.9 GAS1RO-IN1ESTINAL PARASITISM AND GROWTH 

Gastro-intestinal parasitism is known to retard growth in sheep through reductions in voluntary feed intake 

and in the efficiency with which absorbed nutrients are utilized (Sykes, 1983). It also disturbs the 

metabolism of protein (Bown, Poppi & Sykes, 1984 & 1986; Poppi, MacRae, Brewer & Coop, 1986) and 

mineral (Sykes et aI, 1975) in lambs. Marked effects of infection on the epiphyseal cartilage have been 

demonstrated leading to the conclusion that there may be permanent retardation of skeletal growth, and hence 

body size (Coop, Sykes & Angus, 1976). However, the experimental designs employed by Sykes and co-

workers confounded level of nutrition with infection since pair-feeding did not correct for differences in the 

efficiency with which absorbed nutrients were utilized. Consequently, infected animals were subjected to a 

lower level of nutrition than their pair-mates. If specific effects of parasitism on tissues are to be proven, 

inherent differences in overall growth due to relative levels of nutrition must be corrected for or eliminated. 

Permanent reductions in body size are likely to be mediated through retarded growth in those bone 

dimensions that determine the overall size of the skeleton (or frame), which largely increase as a result of 

endochondral bone growth. To date, no work has examined the long-term effects of a period of infection 

with gastro-intestinal parasites on general body growth,let alone growth of bone and muscle. 

Given the specific effects this form of parasitism is reported to have on protein and mineral metabolism, it is 

more likely that permanent reductions in adult body size would occur from restricted growth induced by 

intestinal parasitism than by simple undernutrition. 

PART HI. SUMMARY AND CONCLUSIONS 

2.10 DEFICIENCIES IN DESCRIPTIONS OF TISSUE GROWTH 

Bone growth is fundamental to muscle growth with indirect evidence supporting Hoopers (1978) hypothesis 

that growth in bone length is the pacemaker for muscle growth. Studies of lean tissue growth must consider 

this close relationship between bone and muscle in order to provide mechanistic descriptions of treatment 

effects. Many do not ~ Thornton, Tume, Wynn, Larsen & Johnson, 1987; Williams, 1987; Wolff, 

Dalrymple & Ingle, 1987). 

Clearly, two effects act to increase muscle weight or volume. Firstly, growth in length of bone and secondly, 

increase in load consequent upon simple increases in overall size. The relative importance of these two 

effects is not known. On a whole body basis, changes in regional proportions also lead to a greater 

development of muscle relative to bone. 
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Gravimetric data alone provide only an empirical description of change in tissue size. Weight is a composite 

variable, changes in which are the net result of changes in various linear dimensions and the proportions of 

chemical components. When such variables exhibit differential changes, weight alone may be inadequate for 

description of change in tissues. 

Bone and muscle appear to be functionally related by length and cross-sectional dimensions. While tissue 

shapes do change during development, the impact of such changes on tissue weight and on the gravimetric 

relationship between bone and muscle remains to be described. Certainly, changes in geometric form should 

be examined in order to provide a more mechanistic description of change in each tissue during growth and 

of the relative magnitude of changes in the two tissues. 

It is likely that difficulty in defining shape and the extra work involved in collecting the data required to do 

so has previously deterred workers in the field of ontogenetic growth from examining these phenomena. 

2.11 HOW DOES GRAVIMETRIC MUSCLE: BONE RATIO INCREASE? 

Whole body gravimetric M:B (w/w) ratio increases during ontogenetic growth. A description of how this 

occurs has not been made previously. At least three effects could be acting; 

1. Regional growth gradients lead to greater growth of those regions with inherently higher M:B ratios 

~ Hammond, 1932; Davies, 1979). 

2. Changes in shape of bone and of muscle. Data in the literature indicate that bone and muscle both 

increase in diameter relative to length (Hammond, 1932; Prusson, 1939; Davies, 1984). In bone this 

effect would act to decrease M:B (w/w) ratio, while in muscle it would act to increase M:B (w/w) 

ratio. The net effect is unknown. 

3. Changes in tissue density act to decrease gravimetric M:B ratio since muscle density decreases, albeit 

slightly, due to increases in intra-muscular fat while bone density increases as a result of increased 

mineralization (Stewart, 1975; Davies, 1984). 

To date, the relative importance and net effect of these phenomena have not been assessed. 

2.12 EFFECTS OF RESTRICTED GROWTH AND "COMPENSATORY GROWTH" ON BONE AND 

MUSCLE 

Undernutrition during growth m7Y permanently reduce mature body size particularly when it is associated 

with gastro-intestinal parasitism due to the effects the latter condition has on protein and mineral 

metabolism. Study of tissue shape change has been largely neglected in studies of restricted growth and 

subsequent recovery growth due to a reliance, again, on gravimetric data for assessment of the impact of 

undernutrition on the body and its tissues. 
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Since certain geometric dimensions of tissues can increase during severe undernutrition while others 

decrease, marked changes in body form must result. Thus tissue weights must underestimate the impact of 

undernutrition on tissues bringing into question the validity of a solely gravimetric approach to measurement 

in such studies. Furthermore, since the gravimetric ratio is probably a poor measure of the functional 

relationship between bone and muscle, the degree to which the two tissues are affected by undernutrition 

should also be assessed in non-gravimetric terms. More meaningful conclusions may be derived by also 

examining change in geometric form and chemical composition of tissues. 

Recovery has been characterized as preferential growth of those variables most retarded during restricted 

growth with the probable exception of body fat. To what degree this conclusion has resulted from the 

gravimetric approach to previous studies remains unclear. Recovery of tissue weight does not necessarily 

reflect recovery of tissue form or composition, and persistent effects of treatments on tissue growth processes 

may be overlooked if tissue weights alone are considered. 

In summary, the relationship between bone and muscle needs to be examined in terms other than tissue 

w~ight in order to provide a more mechanistic description of tissue change under these growth regimes. 

Both simple undernutrition and gastro-intestinal parasitism provide models from which these descriptions 

can be derived and also allow study of the relationship between bone and muscle during abnormal growth. 

2.13 OUTLINE OF THESIS - TOWARD A MORE MECHANISTIC DESCRIPTION OF CHANGE IN 

BONE AND MUSCLE 

In order to address these deficiencies in our knowledge of growth, two trials were set up to provide data 

describing ontogenetic growth of bone and muscle at the macroscopic level. These data provided a reference 

for associated examination of changes in both tissues during restricted growth (induced by simple 

undernutrition or by intestinal parasitism) and subsequent recovery growth. A key feature of these trials was 

the description of tissues in both gravimetric and geometric terms. Thus change was described in terms more 

closely related to the processes by which tissues grew. 

Basically, animals in the first trial either grew continuously or were subject to a period of restricted growth 

consequent upon undernutrition, followed by recovery growth after nutritional rehabilitation. Representative 

animals were slaughtered at regular intervals and detailed measurements made on selected bones and 

muscles. In a second trial of a similar design, restricted growth was exacerbated by infection with intestinal 

parasites. 

Other studies have examined change in bone during undernutrition in terms of gravimetric and geometric 

form, notably McCance (1960) and co-workers. While muscle received less attention in the studies of these 

workers other research has considered changes in muscle dimensions (Yeates, 1964) and composition (Drew 

& Reid, 1975b). The literature in this field might be considered fragmentary since seldom have experiments 

considered geometric form and chemical composition in both bone and muscle. Certainly, little attempt has 

been made to describe relative change in the two tissues in other than crude terms. 
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Similar experimental designs to that outlined above have been followed before ~ Drew & Reid, 1975a; 

Searle et aI, 1979; Butler-Hogg, 1984). Where this study differs from those previously reported, is in the 

methodical approach to description of tissue geometric form and tissue chemical composition in order to 

provide a more mechanistic description of change in tissue weight. This enables the partitioning of change in 

weight into effects due to changes in shape, in chemical composition and in overall size. In particular, 

relative changes in bone and muscle were assessed. Consequently, a more fundamental description of tissue 

growth than is presently available was derived. Certainly, it provided the opportunity to assess whether 

change in tissue form is important in the growth of bone and muscle and hence, whether other studies of 

tissue growth should cons.ider these phenomena to aid in interpretation of experimental findings. 
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RESTRICTED GROWTH CONSEQUENT UPON UNDERNUTRITIONJ 

AND SUBSEQUENT RECOVERY GROWTH 

TRIAL ONE 

3.0 INTRODUCTION 

This trial was set up with an aim to describe changes within and between bone and muscle during restricted 

growth and subsequent recovery growth. In order to provide a base for reference, changes in these tissues 

were also examined during ontogenetic growth. 

An important feature of the trial was the description of change in geometric form as well as in chemical 

composition for both tissues. As a consequence, the adequacy of weight as a measure of change could be 

assessed. It also provided the opportunity to estimate the relative effect of changes in shape and composition 

of bone and muscle on whole body gravimetric muscle: bone M:B (w/w) ratio during ontogenetic growth. 

Many data are presented for this study. While not all data are directly referred to, they are presented in order 

to provide a comprehensive description of growth utilizing most of the measurements made in this study. 

General effects, with relevant examples, will be discussed in the text. The detail lies in the tables. Tables 

and figures referred to in this chapter are located in the appendix corresponding to the first portion of the 

number by which they are designated. Thus, Table 4.5 and Figure 8.3 are located in Appendices IV and VIII, 

respectively. 

3.1 MATERIALS AND METHODS 

3.1.1 Experimental design, materials and procedures 

A comparative slaughter design was used. One hundred and thirteen female progeny of a (Border Leicester 

X Corriedale) ewe flock mated to Dorset Down rams, were selected for uniformity of L Wand allocated to 
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one of two treatments; control (CTRL, n=63) and recovery (RECD, n=50). Animals were slaughtered at 

5kg increments ofLW between 5 and 45 kg (CTRL) and 20 and 45 kg (RECO). Additionally, for each 

treatment a final slaughter group was kept until 860d to assess long-term treatment effects. This design is 

illustrated by Figure 5.1 and slaughter dates are detailed in Table 4.1. All animals were assumed to have 

been born at Id. 

CTRL animals were fed to maintain continuous L W growth at moderate to high rates of gain. RECO 

animals were fed to maintain LW after weaning (c.20 kg LW; 56d) while CTRL animals gained 15kg in LW. 

The duration of this period of restricted feeding was 57d. RECO animals were then given the opportunity to 

display recovery growth thJ;ough nutritional rehabilitation. 

All target L W slaughter groups contained six animals except for the CTRL group slaughtered at 860d. This 

group contained only four animals due to a greater number of losses than expected from this treatment group. 

Experimental animals were slaughtered on the basis ofLW. Consequently there were variable dates of 

slaughter within some target LW groups. This procedure was adopted since variation in BW is considered to 

affect relative development of body components more than variation in age (Kirton, 1970; Greenhalgh, 

1986). 

Until weaning (56d), experimental sheep ran with their dams at pasture. Subsequently CTRL animals grazed 

a high quality clover-dominant (Trifolium repens) sward previously prepared by spraying a 2-year old 

ryegrass-white clover pasture with paraquat (Gramoxone, ICI NZ Ltd; 0.75-1.50 litre/ha) to remove grass 

species. This sward was irrigated throughout the summer period to maintain high clover growth. The sward 

was rotationally grazed, fresh areas of feed being offered at 1-3 day intervals. RECO animals were 

constrained to low herbage intakes immediately after weaning by restriction to small areas of poor quality 

permanent pasture. Fresh areas of feed were offered at 3-4 day intervals. At the end of restriction (l13d), 

RECO animals were gradually introduced to generous amounts of the feed offered to CTRL animals during a 

period of 10 days. From 123d to 270d all animals were run as one group and offered generous quantities of 

the clover dominant pasture. Subsequently. animals in the final slaughter groups were run with a mob of 

farm dry stock under conditions which reflected variation in seasonal feed supply. However, they were not 

subject to prolonged undernutrition of a severe nature at any stage and were provided with generous 

allowances of feed as shown by their final LW and body composition (see Table 7.12 and Figure 8.1.3). 

All animals were weighed off-pasture weekly between 56d and 270d and the data were used to adjust feed 

supply in order to meet the objectives for LW change. Subsequent to 270d animals were weighed at two to 

four month intervals. 

All animals were treated with anthelmintic containing a selenium additive (fenbendazole; Panacur, Coopers 

Animal Health NZ Ltd.) fortnightly from 56d to 270d and vaccinated on Id, 58d and 113d with a 5-way 

clostridial-selenium vaccine (Multine-5, Coopers Animal Health NZ Ltd.). Animals had access to water and 

mineral salt block. Feet were inspected regularly and treatment for footrot applied where necessary. 
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Subsequent to 270d anthelmintic was administered and minor health problems attended to in association with 

weighing. 

Animals were shorn prior to slaughter which generally occurred 3-9 hours off pasture. Immediately before 

slaughter the fleece-free LW was measured. Animals were killed by simultaneously severing blood vessels 

of the neck and the spinal cord at the atlanto-occipital joint. Blood released was collected. The dressed 

carcass was derived after removal of the pelt, head, feet (distal to and including the metacarpals and 

metatarsals), gastro-intestinal tract (GIT), liver, kidneys, heart, lungs, bladder and reproductive tract. 

Kidney fat was not removed. 

Both the carcass (CS) and non-carcass (NC) were sealed in plastic bags at the earliest opportunity to prevent 

moisture losses. The NC was immediately stored at -20°C, while the CS was held at 4°C for 24hr to allow 

muscle to attain a state of rigor, before storage at -20°C. Subsequently, the following bones and muscles 

were individually dissected from the carcasses of experimental animals. All muscles and those bones 

marked with an asterisk were dissected from the left-hand-side of the carcass. 

* 1. Femur (FEM) 

*2. 6th rib (RIB) 

3. 6th thoracic vertebra (TV6) 

4. 4th lumbar vertebra (LV 4) 

5. M. semitendinosus (ST) 

6. M. vastus lateralis 

7. M. rectus femoris (RF) 

8. M. vastus medialis 

9. M. vastus intermedius 

10. M. longissimus dorsi (thoracic section) (LDt) 

11. M. longissimus dorsi (lumbar section) (LDl) 

NB: Muscles 6 through 9 together comprise the M. quadriceps femoris (QF). 

Carcasses were thawed and cut in the transverse plane along the caudal edge of the 12th rib. The cut surface 

of the cranial CS section was photographed for subsequent measurement of LD dimensions. For the 

photograph, a finely engraved metal ruler was placed in the same plane as the cut surface of the carcass in 

order to indicate the scale for measurements taken from the photograph. That section of the LD lying cranial 

to the cut surface was designated the thoracic section (LDt), and that lying caudally, the lumbar section 

(LDl). 

Bones and muscles were dissected with scalpels and trimmed of traces of other soft tissues. During 

dissection damp towels were used to cover carcass tissue in order to minimise moisture losses. 
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Residual carcass tissue, bones and muscles were stored separately at -20°C in sealed plastic bags prior to 

preparation for chemical analyses. 

3.1.2 Experimental measurements 

The following measurements were made during the slaughter procedure. 

1. Carcass weight. 

2. Full GIT weight. 

3. Empty GIT weight - after manual removal of digesta. 

NB: The spleen was included in both GIT weights. 

4. Liver weight. 

S. Kidney (2) weight. 

6. Non-carcass weight - includes empty GIT,liver, kidneys, heart, lungs, empty bladder, reproductive 

tract, pelt, head, feet and blood. 

At dissection bone and muscle fresh weights were obtained directly and volumes by water displacement. 

Linear dimensions were measured using dial calipers on fresh bones and frozen muscles, details of which are 

given in Appendix 1. 

Photographs of the cut surface of the LD and surrounding tissue were used for measurement of some LD 

dimensions since muscle shape changed when the LD was separated from surrounding tissues. Two 

photographic prints were made of the left-hand-side LD of each sheep. Measurements A (muscle width) and 

B (muscle depth) of Paisson (1939) were made on each print and the muscle was carefully cut out. The area 

of each of these duplicate cut-outs was determined by passing through an area meter (Model LI 3100, Licor 

Ltd., Lincoln, Nebraska, USA.). True dimensions were determined by correcting for the magnification of the 

ruler scale included in each photograph. Figure 1.6.1 illustrates these measurements. 

A summary of those chemical analyses performed is given in Table 4.2. Other relevant details are given 

below. 

Body sub-sections: - Residual carcass (excluding dissected bones and muscles) and non-carcass body sub-

sections were bandsawn into 1 to 3 kg blocks and passed through a large mincer three times (Model 801 lIP, 

Autio Co., Astoria, USA; 6mm plate aperture). A SOOg to 1000g sub-sample of the thoroughly mixed mince 

was collected and stored in a sealed plastic bag at -20°C. These frozen samples were later cut into small 

cubes and duplicate samples of c.120g taken for dry matter determination. Dry matter content was 

determined by freeze drying to constant weight. Dry duplicates were bulked and further ground in an ultra-

centrifugal mill (Model ZM1, Retsch, Germany) with a 2mm plate aperture. Subsequent analyses were 

performed on duplicate samples of this material. 
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Fat content of a dry sample was measured by difference after an 8hr extraction with di-ethyl ether in a 

Soxhlet apparatus. Crude protein (CP) was derived from nitrogen (N) content of a dry sample using the 

Kjeldahl method (CP = N * 6.25). Combustion of a sample for 12hr at 550°C yielded ash content of the dry 

material. 

Bone and muscle: - For bones and muscles, chemical composition was determined by similar techniques with 

the following differences (see also Table 4.2). Bones were not ground. They were bandsawn into pieces 

small enough to fit into fat extraction thimbles and ash determination crucibles. Fat extraction of bones was 

for 16h with petroleum ether in a multi-sample giant Soxhlet apparatus. It should be noted that each 

chemical analysis for a bone (dry matter, fat and ash) was performed on the entire bone and consequently 

was not duplicated. 

Thoracic and lumbar sections of the LD were bulked for chemical analysis as were all four muscles 

comprising the QF group. Frozen muscles were cut into 1-2cm cubes by bandsaw prior to freeze-drying. 

Dry muscle material was ground using the ultra-centrifugal mill (2mm plate aperture) prior to subsequent 

aI!alyses. 

For bones and the LD, the fat-free, ash-free dry matter was determined by difference. For the QF and ST, the 

fat-free dry matter was determined in a similar manner. Since bone and muscle both contain relatively low 

levels of carbohydrate, while muscle also has a relatively low ash content, these "residual" weights were 

assumed to represent tissue protein content. 

Individual chemical components of the two vertebrae were summed (TV6+LV4) for subsequent comparisons 

of growth with LD chemical components. 

3.1.3 Biometrical analyses 

3.1.3.1 Growth rates - ontogenetic growth 

The logarithmic form of the Gompertz function was fitted to data from CTRL animals from the Skg to 4Skg 

target L W slaughter groups, inclusive, using optimization procedures of the GENST AT statistical package 

(Release 4.04B; Rothamstead Experimental Station, England). The final slaughter group was nO[ considered 

since these animals were not the product of continuous growth at high rates of gain. Differentiation of fitted 

Gompertz functions at three arbitrarily chosen times yielded growth rate data for the study of ontogenetic 

growth. These were chosen to represent early (2Od), rapid (7Od), and late (140d) phases of growth for CTRL 

animals. 

3.1.3.2 Growth rates - recovery growth 

For consideration of recovery growth, four "equivalent" times were arbitrarily chosen to represent initial, 

early, mid and late growth for the treatment data subsets used in these analyses (20kg to 4Skg target LW 

1:::-" .... 
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slaughter groups, inclusive for CTRL and RECO treatment groups). Time of slaughter for animals in both 

treatment groups was adjusted so that both 20kg target L W groups were slaughtered on Od, "corrected time". 

The logarithmic form of the Gompertz function was fitted to these data. 

3.1.3.3 Relative growth - calculation of relationships 

Allometry (Huxley, 1932) was used to describe relative growth during ontogenetic growth and recovery 

growth. Two techniques were used; regression and the Reduced Major Axis method of Kermack & Haldane 

(1950). A FORTRAN program was written to determine allometric relationships between variables based on 

the Reduced Major Axis method of Kermack & Haldane (1950). This method has advantages over the use of 

regression to estimate parameters of the allometric equation (Kidwell & Chase, 1967; Smith, 1980). 

Basically, these relate to the minimization of the deviations at right angles to the fitted line rather than the 

minimization of the deviations in the Y variable that regression techniques perform. Consequently, the 

allometric coefficient, b, is estimated with more accuracy. 

Indiscriminate use of allometry to describe growth and other biological phenomena has been criticized on the 

basis of biology and of statistics (Smith, 1980). Nevertheless, the concept provides a simple and powerful 

approach for description of growth, which is particularly important when there are a large number of 

variables to be considered and comparisons to be made. Butterfield (1988) details an alternative method but 

this requires knowledge of values for variables in the mature animal and is methodologically more complex. 

Hence study of allometry was the obvious choice for the analyses performed in this study. 

Relative growth of tissue parameters was assessed with both variables having the same number of 

dimensions. Reasons for this are detailed in Appendix II. Comparisons were made of the relative growth of 

linear dimensions with the square root of areas and the cube root of volumes. 

3.1.3.4 Relative growth - ontogenetic growth 

Allometric relationships for data from the 10 to 45 kg target L W slaughter groups were derived by the 

techniques outlined above. Appendix III outlines the reasons why the birth (5kg L W) and 860d (67kg LW) 

groups were not included in these analyses. 

3.1.3.5 Relative growth - restricted growth 

Consideration of relative change in variables during the period of restricted growth induced by undernutrition 

was assessed by two methods. Tests for mean separation (t-test) between CTRL (56d) and RECO (113d) 

slaughter groups utilized the MINITAB statistical package (Version 81.1; Pennsylvania State University, 

USA). Additionally, observed mean values for data from the 20kg RECO target LW slaughter group (l13d) 

were compared with values predicted from a selected base variable ~ observed and predicted bone volumes 

at the observed bone length. Predictions were made using the allometric relationships between variables 

derived for examination of ontogenetic growth. 
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3.1.3.6 Relative growth - recovery growth 

In order to study compensatory effects occurring during recovery growth, two types of allometric analysis 

were performed on data from "equivalent" subsets of animals of the CTRL and RECD treatments. Firstly, 

analyses were made for the the "full" range of recovery (20kg to 45kg target LW slaughter groups inclusive; 

n=36 per treatment) and comparison of treatment allometric coefficients was made using at-test (Snedecor & 

Cochran, 1980). These two treatment groups were then further divided to represent eady (20kg to 30kg 

target LW slaughter groups inclusive; n=18 per treatment) and late (35kg to 45kg target LW slaughter groups 

inclusive; n=18 per treatment) growth periods, and similar comparisons were made of allometric growth 

between periods within treatments and between treatments within periods. 

Using these two "types" of allometric analysis alone sometimes revealed apparently contradictory effects 

whereby treatment differences that were readily apparent by one method were not always found by the other 

method. Examination of plotted data helped to determine why these effects had occurred. For this reason 

d.ata are presented for the two types of allometric analysis and as data plots for selected combinations of 

variables to illustrate how interpretation of the data was made. Taylor (1978) has commented on the value of 

graphical representation of data for interpretive purposes. 

3.1.3.7 Residual effects of undernutrition 

To assess long-term effects of restricted growth, comparison was made of the slaughter groups at 860d from 

each treatment. Tests for mean separation (t-test) utilized the MINITAB statistical package. 

3.1.4 Description of change in shape 

For this study a novel approach was adopted for description of change in shape ( density) of tissues. 

Previously, some authors have attempted to address this issue but have used technically incorrect methods 

~ McMeekan, 1940a; Hopkins & Tulloh, 1985; Butterfield, 1988). The method devised for this study 

involved construction of indices that were independent of change in scale. All calculated indices were 

geometrically dimensionless ~ volume: length3 and g: cm3). Failure to ensure that this condition is met 

confounds change in the index with change in scale or size. An example of technically incorrect indices is 

presented in Appendix II. 

3.1.5 Terminology 

Two terms relating to the shape and relative size of tissues will be used in the following chapters. The two 

terms will be strictly defined as follows; 

1. Relative volume - This is calculated as volume 1/3/length (for comparisons based on linear 

dimensions) or as volume/length3 (for comparisons based on cubic dimensions). This dimensionless 

I 
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ratio measures the amount of tissue per unit length independently of scale (or size). Changes in this 

ratio can be attributed to changes in shape of the tissue unit being considered. 

2. Relative length - This is calculated as muscle length/ bone length (for comparisons based on linear 

dimensions) or as (muscle length)3/ (bone length)3 (for comparisons based on cubic dimensions). If 

bone and muscle are assumed to be functionally related by their lengths, this is a measure of the size 

of muscle relative to bone ignoring changes in tissue shape or density. 

The importance of indices that are independent of scale is discussed in Appendix II. 

Gravimetric and volumetric ratios of variables are denoted by "(w/w)" and "(v/v)", respectively. 

3.2 ONTOGENETIC GROWTH - RESULTS AND DISCUSSION 

3.2.0 Introduction 

For the examination of ontogenetic growth, data were considered from the 10kg to 45kg target LW slaughter 

groups inclusive, of the CTRL treatment. Reasons for exclusion of the 5kg and final (c. 67kg) slaughter 

groups are detailed in Appendix III. Data are presented in Appendices IV (tables) and V (figures). 

It is not intended to consider in detail changes in the chemical composition of the empty body (BB), carcass 

(CS) or non-carcass (NC), since this thesis is primarily concerned with bone and muscle growth. However, 

these data have been included in Tables 4.3, 4.4 and 4.5 as a reference for the bone and muscle data reported. 

Growth rates were initially high, but subsequently declined (Table 4.3 and Figures 5.2 & 5.3). These were 

acceptable given that an experimental aim was for moderate to high rates of L W gain and that the trial was 

run with female animals, outdoors at pasture. While the Gompertz function was a good approximation for 

the data, it did not fit precisely at all times (Figure 5.3). This could be due to nutritional effects whereby 

variation in feed supply (quality and quantity) affected voluntary feed intake and hence growth rate. 

However, during the running of the field trial every endeavour was made to maximise feed intake of high 

quality feed at all times for CTRL animals. 

Data from the allometric analyses show that the CTRL sheep in this trial followed normal patterns of 

development for chemical components, organs and sub-sections of the EB (Tulloh, 1964; Berg & Butterfield, 

1976; Butler-Hogg, 1984; Butterfield, 1988). These data are presented in Tables 4.4/2 to -/4 & 4.5 and 

Figures 5,4.1 to 5,4.4. 

3.2.1 Chemical development of bone and muscle 

Both bone and muscle followed expected patterns of development in terms of chemical composition (bone, 

Table 4,4/5 and Figures 5.4.5 to '5.4.8; muscle, Table 4.4/7 and Figures 5.4.13 to 5,4.15). Overall, the FEM 

1'--
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exhibited exaggerated changes compared to those seen in other bones, perhaps reflecting development of 

highly mineralized compact bone in the cortex and of the fatty marrow in the medullary cavity. Only small 

changes occurred in muscle composition compared to those in bone. Fat proportions increased within each 

tissue and bone growth was marked by increases in protein and, to a slightly greater degree, ash (Table 

4.4/13). In contrast, muscle protein maintained near isometric growth with volume (Table 4.4/14) supporting 

the hypothesis that chemical development of muscle is largely the result of fat replacing water (Callow, 

1948; Goldspink, 1972). 

These changes led to an increase in bone density of 7% to 12%, despite the marked increase in bone fat, 

while muscle density showed negligible change (Table 4.4/11). 

From the preceding discussion it can be seen that weight as a measure of change in bone has several 

shortcomings. It fails to account for important changes in density ~ increases in fat concealed the degree to 

which "true" bone material (protein and ash) was lost relative to length as bone grew (Table 4.4/12). 

3.2.2 Geometric development of bone and muscle 

These data did not follow expected patterns due, in part, to the sparse literature on this subject. 

Bone volume generally exhibited relatively lower growth than linear dimensions when corrected for 

dimension-scale effects (Table 4.4/6 and Figures 5.4.9 to 5.4.l2). Consequently bone shape changed with 

bones becoming relatively "thinner" ie. less volume of material was used to span distances in space. This on 

its own appears contrary to the findings of Davies (1984). However data from this study support Davies' 

findings, since external diameter grew relatively more than length for the FEM ie. it appeared to "thicken". 

This apparent contradiction can be reconciled if it is assumed that the diaphysis increased in diameter relative 

to length but that the proportion of FEM length comprising the relatively more massive epiphyses decreased, 

the latter effect having a greater impact on bone volume. Data from Trial Two (Chapter 4) show that 

external diameter of the FEM and cortex width display isometric change during ontogenetic growth. This 

may indicate that the cross-section of the FEM relative to length is a critical dimension in terms of 

maintaining the functional integrity of bone as scale or loads increase. Indeed the allometric coefficients for 

change in diameter relative to length are close to the 1.25 necessary to maintain "elastic similarity" 

(McMahon, 1975). 

Associated with these decreases in relative volume of bone were increases in protein density and 

mineralization of the protein matrix (Table 4.4/13 & -/5, respectively) which both act to increase the strength 

of bone (Currey, 1977). Thus, while there was a reduction in relative volume for the spatial distances 

spanned, a relative strengthening of bone material occurred. To what extent these two effects offset each 

other is not known. However, these data support Davies & Tan (1984) hypothesis that bones of young 

animals must be relatively more massi ve in order to maintain relative strength, since osteoid is less 

mineralized and the actively growing epiphysis is relatively weak. 
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Overall, these data show that bone shape is a complex entity that demonstrates considerable change during 

ontogenetic growth. In combination with gravimetric data, this showed that reduction in weight due to 

change in bone shape was greater than the increase in weight due to change in bone density (Table 4.6). 

Thus there was a net decrease in weight of bone relative to length and if it is considered that fat has no 

structural role in bone, the decrease in fat-free weight relative to length is even greater (Table 4.4/12). 

However, data from Trial Two indicate that there is a relative increase in the amount of bone material at mid-

length of the FEM due to relatively greater growth of linear dimensions of the diaphyseal cross-section. 

Certainly, change in weight alone fails to demonstrate that bone weight decreased by up to 36% relative to 

length. It could be hypothesised that generally low growth of bone relative to other body tissues may simply 

be a result of such change!; in bone shape but no data exist to test this hypothesis. 

While the thigh muscles followed expected patterns for geometric development, the LD did not (Table 4.4/8 

and Figures 5.4.16 to 5.4.18). Changes in shape of the thigh muscles led to relative increases in volume of 

15% to 28% but change in shape for the LD led to relative decreases in volume of 9% to 24% (Table 4.6). 

Increasing muscularity of the thigh muscles with development fits the description of Pats son (1939) and 

McMeekan (1940a) and the theory of Davies (1984) concerning the need for muscle hypertrophy as scale 

increases with growth. That the LD did not fit the same pattern was initially perplexing. Depth (B) of the 

LD showed relatively greater growth than width (A) supporting the findings of pruss on (1939), but the high 

relative growth displayed by length in this muscle was unexpected. Two reasons could account for this 

apparent regional disparity in muscle shape effects; 1. growth of the LD may be controlled by different 

functional criteria, or 2. the dimension used as LD length for this study might not be the "functional" length. 

Little evidence exists to support the former reason. The second reason is more attractive since the linear 

dimension used as length for the LD muscle sections is not the "functional" length in terms of the origin and 

insertion of this muscle. Attachment of the LD to bone is extensive along its longest linear dimension 

(Getty, 1975) and fibres are oriented at an angle to this dimension (Swatland, 1984). Thus it is likely that the 

"functional" length, or dimension, of this muscle is oriented at an oblique angle to its maximum linear 

dimension. This view is supported by the functional role of this muscle which is to either bend, or resist 

bending of, the vertebral column (Loeffler, 1986). Certainly, spinous processes of the vertebrae grow at 

angles in response to the direction of the load they are resisting, so logically muscles of the vertebral column 

must also act at an angle to the long axis of the vertebral column. Such effects follow from the "cantilever 

bridge" design of the axial skeleton (Thompson, 1966). In contrast, "functional" length of muscles of the 

thigh can be simply defined as that linear dimension passing through the ends of the muscle associated with 

the origin from, and insertion onto, bone. 

Since changes in chemical composition had little effect on muscle density (Table 4.4/11), change in muscle 

weight relative to length (Table 4.4/12) was very similar to change in volume relative to length (Table 

4.4/8). 

Changes in shape exhibited by the thigh muscles would act to offset the reduction in strength per unit weight 

of these muscles as scale increased. Whether this occurred in the LD could not be readily assessed due to the 

considerations outlined in the previous paragraph. It may be concluded that tissue shapes require careful 

I •••••••••••• 



30 

definition if study is to be made of the relationship between bone and muscle since length, often taken as the 

maximum linear dimension, may not be the "functional" length of a muscle. 

Importantly, data in this trial demonstrated that change in muscle weight alone failed to show that changes in 

shape led to volumes deviating by -24% to +21 % from those expected for the given change in scale or length 

(Table 4.4/12). 

3.2.3 Bone-muscle relationships 

The data show that bone and muscle are not isometrically related in gravimetric terms since muscle grew 

more than bone for the four bone-muscle pairs studied (Table 4.4/9). An exception to this occurred for fat, 

which showed relatively greater development in bone (Table 4.4/5). Interestingly, protein, which is an 

important structural component of each tissue, showed the least degree of differential development of all the 

chemical components (Table 4.4/9). However, change in the ratio of tissue weights does not allow for 

changes in tissue shape or the spatial distribution of components which can affect the functional relationship 

between the two tissues. 

Muscle strength is simply related to muscle cross-section (Swatland, 1984) since muscle composition shows 

only small change compared to bone. This assumes that the orientation of fibres relative to muscle length 

does not change during growth. In contrast, bone strength is a more complex entity, related to the absolute 

and relative weights of chemical components (Currey, 1977), most importantly protein and ash, and the 

spatial distribution of this material relative to length (Thompson, 1966). This combination of variables 

results in the "functional" size of the tissue. 

It has been suggested that bone and muscle grow isometrically in terms of strength criteria (see Section 2.4). 

Relative growth of diameter for the FEM and the thigh muscles provided evidence to support this (Table 

4.4/10). Also, certain weight relationships support this hypothesis with bone ash and muscle weights 

showing similar relationships with fat-free bone weight for three of the four bone-muscle combinations 

studied ie. bone ash and muscle weights grew isometrically (Table 4.9). Similar relationships have been 

reported by Doyle et al (1970) and Davies (1984). This relationship did not hold for the fourth combination 

(TV6: LDt) since muscle grew more than bone overall. Implicit to these representations of bone-muscle 

relationships is the assumption that fat does not have a structural role in either bone or muscle. 

Examination of relative geometric development of the two tissues revealed pronounced development of 

muscle volume relative to bone volume (Table 4.4/10). Further detailed examination showed that in the 

thigh this was due to relative volume increasing for muscle and decreasing for bone (Table 4.6). Although 

relative volume decreased for the LDI, the decrease for the LV4 was greater, leading to an increase in 

volumetric muscle: bone ratio (M:B (v/v)). In contrast, greater development of LDt volume relative to TV6 

volume was entirely attributable to an increase in relative length (Table 4.4/10) since relative volume 

decreased more for the LDt than the TV6 (Table 4.6). Somewhat variable responses between bone and 

muscle linear dimensions for the LDt: TV6 and LDI: LV4 may be due to variable effects along the length of 

I. 
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the vertebral column. Measures of LD cross-section were made at a point midway between the TV6 and 

LV4 and the data show that changes in shape for the LDt and LDI varied in magnitude (Table 4.4/8). The 

impact of these effects on the relative development of bone and muscle is discussed in the following section. 

It is axiomatic that as the size of an objective increases, the surface area: volume ratio decreases. The 

changes in bone shape reported here may act to maintain, or lessen the reduction in, the surface area of bone 

relative to volume during development. Thus the area available for muscle attachment should not decrease 

relative to muscle cross-sectional area as much as it would if bone shape did not change. Certainly, bony 

prominences, which act to increase surface area, are known to develop as the result of muscle action 

(Murray, 1936). 

McMahon (1975) put forward a hypothesis that with increases in size, change in the relative dimensions of 

bone conforms to the structural principle of elastic similarity @., growth of diameter relative to length has an 

allometric coefficient, b, of 1.25). Like Davies (1984) studying bone during ontogenetic growth, the 

relationships between geometric dimensions within bone and muscle observed in this study do not 

consistently support McMahons' theory (Table 4.4/6 & -18). Rather they fall between that based on elastic 

similarity and that based on geometric similarity (b=1.0). It is likely that McMahons' theory fails in 

application to ontogenetic growth since it does not consider the complex shape of bones or differential 

growth of body dimensions and of tissue chemical components. All of these have a profound influence on 

the structure of an individual bone (Thompson, 1966; Davies, 1984). 

Overall growth was characterized by changes in chemical composition that will act to increase the strength of 

bone material, in association with a reduction in the volume of bone relative to length. The net effect on the 

"functional" size of bone is not known. While muscle showed only little change in composition, pronounced 

changes in shape occurred. These mayor may not act to increase volume relative to length. Such effects as 

these will affect the functional relationship between bone and muscle, but to an unknown degree. 

It is concluded that weight is a poor measure of change both within and between bone and muscle. In 

particular it fails to describe systematic changes in tissue shape and composition which are likely to greatly 

affect the functional relationship between bone and muscle. 

3.2.4 Partitioning of effects contributing to increases in M:B (w/w) ratio 

Several methods of analysis were used in attempts to address this issue. Algebraic analysis was used to 

determine the relationship of various bone and muscle dimensions to M:B (w/w) ratio based on a factorial 

combination of the allometric equations derived for this study of ontogenetic growth. Results derived by this 

theoretical method failed to match those obtained by directly assessing the allometric relationship between 

each dimension and the M:B (w/w) ratio. This is likely given the uncertainty that the relationship between 

three variables is simply the net effect of the relationships between pairs of variables (Seebeck, 1978). 

Principle components analysis was then used in an endeavour to explain relationships between variables. 

Results from these analyses were difficult to interpret and not conclusive. Finally it was decided that the 
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most simple representation of these effects could be made by comparison of mean data from the two groups 

of animals at the extremes of the range of BW growth covered by the ontogenetic growth analyses. Details 

of how this analysis was performed are given in Appendix VI and a summary of results is presented in Table 

4.8. 

For both bone and muscle, change in shape affected tissue weight to a greater degree than change in density 

(Table 4.8). This has not been shown previously. Changes in the shape of bone were contrary to those 

expected based on evidence from the literature (Davies, 1984) and consistently acted to increase M:B (w/w) 

ratio. Changes in shape of the thigh muscles were as expected (PaIsson, 1939), acting to increase M:B 

(w/w) ratio. Generally, change in shape of bone had a greater effect on M:B (w/w) ratio than change in 

shape of muscle. 

Clearly, changes in shape significantly affect volumes and hence weights for these tissues over the range of 

growth studied. Such changes played an important part in the increases observed for the individual M:B 

(w/w) ratios studied. 

3.2.5 Importance of change in tissue shape 

This is the first study to compare and contrast the effect of changes in shape with changes in composition for 

bone and muscle. The data indicate that changes in tissue shape, bone in particular, make a substantial 

contribution to increases in M:B (w/w) ratio at the level of individual bones and muscles. 

These effects need to be put into perspective by consideration of changes in whole body M:B (w/w) ratio. It 

can be predicted from the data of Fourie, Kirton & Jury (1970), that for a similar change in LWto that seen 

between the two groups of animals used in these analyses, whole body M:B (w/w) ratio would have 

increased by 60%-70%. Comparing this figure to the increases in M:B (w/w) ratio for the bone-muscle pairs 

shown in Table 4.8 (range +15% to +41%), suggests that tissue shape changes make a significant 

contribution to increases in whole body M:B (w/w) ratio during ontogenetic growth. Additionally, they will 

contribute to changes in body conformation. Previous research has concluded that only small changes occur 

in muscle distribution during growth ~ Kempster et aI, 1982; Kirton et aI, 1983; Butler-Hogg, 1987) 

despite perceived differences in body conformation. However, these studies have assessed growth of 

individual muscles solely in terms of weight. It is likely that body form will be influenced by change in the 

shape of individual tissue units, similar to those demonstrated in this study. 

3.3 UNDERNUTRITION AND RESTRICTED GROWTH - RESULTS AND DISCUSSION 

3.3.0 Introduction 

Analyses presented in this section are based on comparisons of the slaughter groups at the start (CTRL, 56d) 

and end (RECO, 113d) of the period of restricted growth. Data are presented in Appendices VII (tables) and 

-.. -.--;.-;-;-
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VIII (figures). An overview of changes occurring in the body will be given prior to consideration of effects 

observed in bone and muscle. 

The pattern of change for L W of experimental animals is illustrated in Figure 8.1.1. EB weight decreased to 

a considerable degree (change = .20%) due to an increase in the weight of gut contents during the period of 

restricted feeding (Table 7.1/2). The latter effect was considered to be due to a combination of the poor 

quality feed offered and rumen development during this period (Carnegie, Tulloh & Seebeck, 1969). The 

decrease in EB weight was a consequence of decreases in all body chemical components. With the exception 

of fat, no other body components examined showed greater losses in weight than the internal organs studied 

(Tables 7.1{2 & 7.2/2). This effect is a common occurrence during undernutrition (pomeroy, 1941; Seebeck, 

1967 & 1973a; Slezacek & Murray, 1978; Ferrell et aI, 1986; Aziz & Murray, 1987). 

CS components were depleted to a greater degree then NC components despite the relatively large loss in 

weight of some internal organs. In both body sub-sections the dominant change in composition was the large 

proportional decrease in fat (Table 7.1/3 & 7.2/2). Such an effect does not match the findings of many 

workers ~ Drew & Reid, 1975a; Graham & Searle, 1975; Murray & Slezacek, 1978; Butler-Hogg, 1984; 

Aziz & Murray, 1987). Relatively large losses of fat observed in this study may be the result of the sub-

maintenance level of intake (Black, 1983), a weaning effect (Bickerstaffe et aI, 1984) or prolonged 

undernutrition (Drew & Reid, 1975a). Certainly, body energy was depleted to a substantial degree in this 

study (estimated change = . 42%; Table 7.1/2). 

While composition of the fat-free body sections showed little change (Table 7.3), examination of the 

chemical composition of weight loss revealed further effects (Table 7.4). This highlighted the preferential 

depletion of protein from the CS (see also Table 7.2/2). Since the dominant effect in these data was the great 

depletion of fat, ratios of component weights were useful in describing other changes occurring and 

emphasized differences between the CS and NC in relative loss of protein and water (Table 7.4). 

Relative to the fat-free CS there were large increases in the proportion of all bones, while effects for muscle 

were more equivocal (Table 7.2/2). These results reinforce the visual impressions made for RECO animals, 

that they appeared thin to the point where skeletal prominences were easily seen underlying superficial soft 

tissues. 

In order to assess whether restricted growth largely resulted in reversal of "normal" growth, relative change 

in body components was assessed (Table 7.2/2). These data highlight the substantial change in the 

proportion of body fat and the greater depletion of CS components than their NC counter parts. They also 

provide support for the conclusion that bone is relatively resistant to undernutrition compared to muscle 

(Seebeck & Tulloh, 1968a; Drew, 1971; Seebeck, 1973b) and that undernutrition does not lead to a simple 

reversal of growth. 
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3.3.1 Effects on bone 

During the period of LW stasis (EB weight loss), bone variables displayed varying responses to nutritional 

restriction (Tables 7.1/4 to -/6 and 7.2/3). Basically, bone weight showed only small change but substantial 

increases in fat masked losses of protein and ash. While ash: protein ratio increased, both ash and protein 

. densities decreased. These effects could be explained on the basis of the findings of Pratt & McCance (1964) 

that bone of animals subject to chronic undernutrition of a moderately severe nature, became more porous 

but existing osteoid was highly mineralized. While this may reflect a preponderance of older more highly 

mineralized bone consequent upon a decrease in the rate of new bone formation (Young & Sykes, 1985), it is 

more likely to be due to increased mineralization of newly formed bone in these animals (Pratt & McCance, 

1964). 

Increases in bone fat are difficult to reconcile with the substantial depletion of fat from the other body depots. 

Similar responses in skeletal fat have been reported (Drew, 1971; Little & Sandland, 1975; Thornton et aI, 

1979) but why this should occur has not been considered. Associated changes in bone geometric dimensions 

may provide the answer. Such changes in the chemical composition of bone have been shown to be 

associated with a marked reduction in cortical thickness of the femur (Pratt & McCance, 1964; Chapter 4). 

Consequently volume of the medulla should increase as a proportion of total bone volume. It could be 

postulated that marrow fat is a "filler" tissue, responding to changes in the overall volume of the medulla or 

changes in the proportion of the medulla cavity occupied by haemopoietic tissue (Dr. R.S. Comline, 

Cambridge, pers. comm.). Thus when volume of the medullary cavity increases due either to an increase in 

bone size or an increase in porosity of bone, or if there is a reduction in the volume of haemopoietic tissue, 

marrow fat may be deposited in the "vacant" space. Similar effects could be seen in the cavities of 

cancellous bone. Fat cells in marrow may be sensitive to pressure and relatively insensitive to hormonal 

changes normally controlling fat catabolism. This raises the question of why fat, an energy dense 

component, is deposited in bone at a time when the body is subjected to a severe energy deficit. Water could 

fill the "space" at no energetic cost, but no tissues or cell types in the body specifically store water (Ham & 

Cormack, 1979). Thus fat may be stored in bone while protein is depleted simply by default. It should be 

emphasized that only a small proportion of body fat is located in the skeleton and that prolonged 

undernutrition has been shown to lead to depletion of bone fat (McCance, 1960). 

Virtually all external bone dimensions increased during undernutrition, albeit to a lesser degree than in 

CTRL animals over the same period (Table 7.1/6). This acted to exaggerate reductions in the density of bone 

chemical components resulting from loss in weight of these components. These effects are consistent with a 

relatively greater retardation of bone formation than of bone breakdown. In another study (reported in 

Chapter 4) it was shown that in animals undergoing a comparable pattern of BW loss, femur cortical 

thickness was reduced by 31 % while external diameter increased by 4% in the femur. There was virtually no 

evidence that external dimensions of bones were significantly reduced during BW loss. Whether this can 

occur to a significant extent in immature or mature animals during BW loss is not known. 
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Generally bones became more slender during undernutrition ie. relative volume was reduced (Table 7.1/6). 

The changes in shape of the FEM and RIB seen during undernutrition were greater than would be expected 

from ontogenetic growth (Table 7.2/3) and indicate that endochondral growth of bone was more resistant to 

undernutrition than other growth processes. Tulloh & Romberg (1963) have shown that slow body growth 

rates affect bone shape in a similar manner. However, data for the vertebrae show that length was the 

dimension most retarded by undernutrition (Table 7.2/3). This difference between bones may be attributable 

to the defmitions oflength used in this study (see Section 3.2.2). 

Clearly bone is a more dynamic tissue than is evident from simple changes in tissue weight. While bone 

weight increased by an average of 4.4%, fat-free bone weight decreased by 3.3% and while volume increased 

by 10%, there was 3.5% less volume than predicted for that length. Of importance to bone strength would be 

the decrease in protein and ash densities (19.6% and 12.2%, respectively). In this trial changes in chemical 

composition were primarily responsible for underestimation of the impact of undernutrition on bone due 

mainly to the increase in bone fat, while small changes in shape acted to exaggerate this. Additionally, data 

from Trial Two highlighted a pronounced effect of undernutrition on femur cortex width. 

3.3.2 Effects on muscle 

While muscle weight was considerably reduced by undernutrition (average change = -17%) relatively small 

changes occurred in muscle composition (Tables 7.1/7 and 7.2/4). Since fat comprises only a small 

proportion of muscle, relatively large losses of fat had little effect on muscle weight. Drew (1971) reported 

similar changes for muscle composition during undernutrition. 

Of interest in these data, was the small response of the QF to undernutrition, compared to that of the other 

two muscles. In terms of weight loss, the QF lost much less weight, and changes in chemical composition 

appeared to be different to the other two muscles (Table 7.1/7). This differential loss of muscle weight was 

also observed in Trial Two (Chapter 4) where changes in chemical composition of the QF matched that of 

other muscles. This differential response in terms of weight may be due to differences between the muscles 

in their functional roles. The QF has an important role in maintenance of posture, while the ST is primarily a 

propulsive muscle (Getty, 1975) and postural muscles may be more important than "speed" muscles in a 

survival sense. It was concluded that the different response in terms of chemical composition observed for 

the QF in this trial, was an artifact of the relatively small loss of weight occurring for this muscle in 

conjunction with measurement errors. 

Those muscle dimensions determined by bony attachments increased during undernutrition (Table 7.1/8). 

Since muscle weights and volumes decreased, muscle shape changed dramatically. Considering changes in 

volume induced by undernutrition with those expected during ontogenetic growth from similar increases in 

muscle length (Table 7.2/4) served to highlight how simple change in weight underestimated the impact of 

undernutrition on muscle. While muscle volume was reduced by 8% to 25%, predicted volume was reduced 

by 28% to 40%. These data suggest that while myofibrillar protein was lost, addition of sarcomeres occurred 

at the end of fibres. However, Hooper (1984) found that muscle fibre length was reduced during 

i< . 
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undernutrition in growing mice but to what degree the relationship between fibre length and muscle length 

had changed was not clear. Clearly, describing loss of muscle weight as a simple reversal of growth 

(Seebeck, 1973b) is a gross simplification. 

Previous studies of undernutrition and BW loss have not found large effects on muscle since muscle weight 

is a major component of BW and comparisons are often made at equal BW ~ Seebeck, 1973b}. Changes 

in muscle shape were not considered in these studies but a longer thinner muscle can weigh the same as a 

shorter thicker muscle. Animals subject to undernutrition frequently undergo pronounced changes in 

external body form but little attempt has been made to objectively describe this. These data show that 

changes in muscle shape are significant during undernutrition and loss of BW, and that change in tissue 

weight fails to describe visually perceived changes in appearance. 

Overall, the obvious change in muscle was the loss in overall size or weight. Chemical composition showed 

relatively small changes. Change in weight alone underestimated the impact of undernutrition on this tissue 

due to concurrent increases in length and decreases in cross-section dimensions. Hence, considerable 

changes in shape occurred. 

3.3.3 Effects on bone-muscle relationships 

As animals lose BW, frame dimensions do not decrease. When nutritional supply does not meet the 

demands for maintenance, let alone growth, growth processes slow and the metabolically active tissue mass 

reduces in size. Functional criteria should have less influence on tissue size since there are insufficient 

nutrients to facilitate the appropriate response. Organ or tissue size is reduced toward or even below its 

"basic" size (Goss, 1976). Additionally, low levels of nutrition can be debilitating, which reduces functional 

demands placed on the musculo-skeletal system and hence should lead to depletion of tissue structural 

components. However, functional criteria should still be important in determining the relative responses of 

bone and muscle despite nutrient supply having a relatively greater effect on the absolute response within 

each tissue. From this standpoint, relative changes within tissues were further examined. 

Gravimetric assessment of change in bone and muscle tissue fails to describe the change in the functional 

relationship between the two tissues because they respond to undernutrition in a different manner. Protein is 

an important structural component of each tissue and change in the ratio of muscle protein: bone protein is 

among the smallest for the gravimetric relationships examined (Tables 7.1/9 and 7.2/5). Although there was 

a differential loss of protein from bone and muscle it is possible that this causes similar changes in strength 

for each tissue. 

Associated changes within each tissue greatly affect the response in terms of the whole tissue gravimetric 

ratio. Bone, a rigid tissue, shows loss of weight for chemical components such as protein, by becoming more 

porous in terms of bone structure, but this material is replaced by fat or water. Consequently, bone weight 

changes but little. Additionally, the epiphyseal cartilage displays a remarkable drive for growth by 

continuing activity despite the reduction in nutrient supply associated with undernutrition. In contrast, when 
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protein is depleted from muscle, a soft tissue, there is a greater reduction in overall size due to associated loss 

of water. Thus change in M:B (w/w) ratio can be partly attributed to the characteristic structure of each 

tissue. 

While the weight of chemical components may be useful in studies of a metabolic nature, they may be too 

simplistic when examining relative changes between bone and muscle because structural integrity, 

particularly of bone, will be greatly influenced by the spatial distribution of material. Structure of bone and 

muscle, both geometric and chemical, shows strong responses to functional stimuli. Weight changes in_both 

tissues should be considered as the net effect of changes in geometric form and chemical composition. Data 

from Trial Two (Chapter 4; Table 9.ln) show that FEM cortex width was greatly reduced during a similar 

case of undernutrition (change = -31 %) while ST diameter was reduced to a lesser extent (change = -8%). 

These data indicate that changes within bone are substantial and that responses of bone and muscle to 

undernutrition may be less different than initial impressions would suggest. Funher analyses lend support to 

this hypothesis. Muscle strength is related to total fibre cross-sectional area and the reduction in muscle 

(diameter: length)3 was 43% (a term based on change in 3-dimensions) for the ST which was associated with 

reductions in various parameters affecting bone (FEM) strength such as protein density (23%), ash density 

(13%) and relative volume (10%, all from Table 7.5). Similarly, change in fat-free tissue weight per unit 

length was not dissimilar for muscles and associated bones (Table 7.6). Perhaps this indicates isometric 

changes in tissue strength. Unfortunately these data do not allow this hypothesis to be tested. 

Overall both tissues became relatively more slender but this effect was substantial for muscle and, relatively 

small for bone. While muscle composition showed little change, that of bone showed substantial, and 

remarkable changes. However, these changes in bone had a relatively small effect on M:B (w/w) ratio, 

compared to change in muscle shape (Table 7.1/9 to -/10). 

These data support the hypothesis that chemical components of muscle are preferentially depleted during 

undernutrition relative to bone components (Table 7.1/9). However, this is an empirical representation of 

change, and fails to illustrate the dynamic response shown by bone in such a situation. 

Changes in tissues were not a simple reversal of normal growth. Most obviously, bone grew in linear 

dimensions. Otherwise, changes occurring within tissues, in shape and in chemical composition, 

demonstrated a more complex pattern of changes occurring within and between tissues than simple changes 

in weight would indicate. By examining bone and muscle in terms of geometric form and chemical 

composition it is concluded that the functional relationship between bone and muscle may be little affected 

by undernutrition ie. the two tissues may be equally affected by undernutrition. However the subject of 

tissue strength would have to be addressed more directly in order to fully test such an hypothesis. 

Change in weight was inadequate for assessing the impact of undernutrition on bone and muscle and the 

relationship between these two tissues. Like the study of ontogenetic growth, change in tissue shape was an 

important part of overall changes in muscle during undernutrition, while changes in chemical composition 

were important for bone. 



38 

3.4 RECOVERY GROWTH - RESULTS AND DISCUSSION 

3.4.0 Introduction 

Difficulties were encountered in attempting to present meaningful comparisons of growth rates for C1'RL 

animals during "normal" growth with those observed for RECO animals during recovery growth. Since 

differential retardation of variables had occurred during nutritional restriction, many comparisons were 

rendered invalid due to confounding. For instance, if growth rates of tissues were compared at similar times 

(Table 7.8), absolute weights were different. In an attempt to overcome this, relative growth rates were 

calculated at the same absolute values of the Y variable for both treatments (Table 7.9) based on the the 

Gompertz functions detailed in Table 7.8. However, comparisons between treatments were difficult because 

when absolute values of a variable ~ fat weight) were similar for both treatment groups, absolute values 

for other variables were dissimilar ~ protein weight). 

As a consequence of such confounding and since allometry provides a simple method by which differences 

in relative growth can be compared, growth rate data are presented primarily to indicate rates of growth 

achieved by experimental animals (see Tables 7.8 & 7.9 and Figure 8.2). 

Some of the statistically significant treatment effects apparent in the allometric analyses presented were 

difficult to interpret unless care was taken to compare results from the three analytical methods presented; the 

overall and the early/late allometric analyses (Tables 7.10 & 7.11, respectively), the Gompertz growth rate 

data (Tables 7.8 & 7.9) and the plotted data themselves (Figure 8.3). It should be emphasized that for the 

comparisons of allometry, early and late phases occurred at different "real" times for the two treatment 

groups and were so designated on the basis of growth over similar ranges ofLW. 

3.4.1J'Classical" compensatory growth 

Classically, compensatory growth is described as growth after a period of restricted growth, at a greater rate 

than seen in comparable animals of a similar size or eating a similar amount of feed (Wilson & Osbourn, 

1960). Since the comparison is usually made at equal BW this implies a greater relative growth rate. 

Changes in L W with time are depicted for each treatment in Figure 8.1.2. RECO animals in this trial did not 

grow EB weight at a greater rate than comparable CTRL animals during early recovery (Table 7.8/2 and 

Figure 8.2.1). Consequently, lower growth rates were displayed by RECO animals for most variables during 

early recovery (Table 7.8 and Figure 8.2). Despite this, RECO animals did display greater absolute growth 

rates during early recovery for weights of the liver, kidney and GIT, and muscle cross-section dimensions 

(Table 7.8/2 & -/7 & -/8 and Figure 8.2.2). Rapid, early compensation of visceral organs indicated a great 

change in metabolic activity (Ferrell et aI, 1986) associated with nutritional rehabilitation and recovery 

growth. 
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The generally lower rates of growth exhibited by RECO animals during early recovery were associated with 

lower absolute values for many variables suggesting that if relative growth rates were considered, 

compensatory growth effects might have been found. However, examination of relative growth rates did not 

reveal any further cases of "classical" compensatory growth (Table 7.9). Only those variables with greater 

absolute growth rates in RECO animals had higher relative growth rates during early recovery. 

While RECO animals grew more slowly during early recovery than comparable CTRL animals, during late 

recovery they grew faster (Table 7.8). That RECO animals did not display "classical" compensatory growth 

during early recovery, when body gains were low in energy density (see section 3.4.3) requires further 

consideration. It is possible that while attempts were made to minimise differences in the nutritional 

environment for the two treatments, these were to a certain extent unsuccessful. Growth was confounded 

with time since the RECO treatment accomplished growth over a particular range of L W at a later date than 

the CTRL treatment. Pasture quality may have deteriorated by mid- to late summer when RECO animals 

underwent much of their early recovery growth but it is believed this effect would be small for the irrigated 

w~ite clover pastures used in this trial. It is more likely that feed quantity limited the expression of growth 

potential in RECO animals. Unfortunately no data were available concerning feed intake of experimental 

animals. Despite this confounded effect on treatments there is little evidence to suggest that the growth rates 

exhibited were sufficiently different to differentially limit expression of growth between or within tissues, to 

a greater degree in the RECO treatment (Table 7.7). 

3.4.2 "Relative" compensatory growth 

"Relative" compensatory growth was observed to occur between many variables despite a lack of classical 

compensatory growth. This largely occurred during early recovery. Compensatory growth of this type is 

manifested by a change in the allometric relationships between variables so that those variables most retarded 

during restricted growth display relatively greater growth during recovery. Obviously, recovery after a 

period of differential growth induced by undernutrition must be characterized by this form of compensatory 

growth if normal tissue relationships within the body are to be restored. Tables 7.10 and 7.11 present data to 

support this, contrasting the allometry for growth in CTRL and RECO treatments. Both tables share the 

same format so that pairs of variables can be compared for allometric growth over the full recovery period 

(20kg to 45kg target L W slaughter groups; Table 7.10) and in the early/late periods (20kg to 30kg and 35kg 

to 45kg target LW slaughter groups; Table 7.11). Figure 8.3 illustrates these relationships for selected pairs 

of variables. 

Generally, greatest compensatory responses were exhibited during early recovery by those variables most 

retarded by undernutrition ~ weights of CS protein (Tables 7.10 & 7.11, both -/2 & -/3; Figures 8.3.11 and 

8.3.19), NC water (same tables; Figure 8.3.18), internal organs (same tables; Figures 8.3.3 and 8.3.4) and 

cross-section dimensions of muscle (Tables 7.10 & 7.11, both -/7; Figures 8.3.36 and 8.3.38 to 8.3.40). In 

association with this, those variables least retarded by undernutrition displayed relatively lower growth 

i' ~; . 
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during early recovery ~ weights ofNC protein (Tables 7.10 & 7.11, both -/2 & -/3; Figures 8.3.15 and 

8.3.19) and CS ash (same tables; Figure 8.3.12) during early recovery. 

Butler-Hogg (1984) also considered allometric growth of variables during recovery and essentially reported 

similar findings. However the latter author observed preferential repletion of visceral protein during early 

recovery, which was not shown by the data of the present study or by Drew (1971). A possible reason for 

differences between these three experiments is presented in Section 3.4.7. 

A notable exception occurred to the trend for greater compensatory effects to be exhibited by those variables 

most affected by undernutrition. No other gravimetric variable displayed a proportionately greater loss of 

weight during undernutrition than non-skeletal fat (Table 7.1). Yet during eady recovery rates of growth for 

these fat weights were low (Table 7.8/3 to -/5 & -/7; Figure 8.2.3). However, relative growth rates for fat 

were only slightly lower in RECO animals than in CTRL animals (Table 7.9/3 to -/5 & -/7) so that relative 

growth of fat appeared to be high during recovery when assessed in allometric terms (Table 7.10 & 7.12, 

both -/2 to -/3). Relative growth of fat was high because fat weights were small due to marked depletion of 

fa~ during undernutrition. Thus one of the variables most affected by undernutrition did not display rapid, 

early compensation in absolute terms. Other workers have reported similar effects (Drew & Reid, 1975a; 

Searle et aI, 1979). This indicates that preferential repletion occurs during early recovery for non-fat body 

components and tissues which could reflect either a priority for growth of "non-fat" variables or a ceiling for 

relative growth rate of fat ie. absolute growth rate of fat was limited by total fat weight. 

That compensation is occurring implies some sort of metabolic cognizance of the need for recovery. It may 

be that bone length, one of the variables showing least retardation of growth during undernutrition, may be 

the yardstick by which recovery growth is assessed. The "feedback" mechanism by which bone and muscle 

normally adjust their relative size in functional terms is a means by which the need or potential for, and 

progress of, recovery could be monitored. However, as will be shown in the following section, it must be 

remembered that bone itself displays compensatory responses relative to length. 

3.4.3 Effects on bone 

Bone protein displayed compensatory growth during early recovery relative to other bone chemical 

constituents (Tables 7.10 & 7.11, both -/4; Figure 8.3.22). Ash grew relatively more slowly than protein 

during early recovery in the FEM and LV4 (Table 7.11/4), but the early and late data for bone ash in RECD 

animals did not follow a contiguous pattern, making interpretation difficult (Figures 8.3.24 to 8.3.27). Data 

in these figures suggest that ash overcompensated relative to protein near mid-recovery which may reflect 

mineralization of osteoid laid down during early recovery. Alternatively it could reflect persistence of the 

highly mineralized bone formed during undernutrition, an effect noted by Pratt & McCance (1964). 

Geometric dimensions retarded by restriction showed compensatory responses during recovery and in some 

cases these responses appeared to be delayed or prolonged. For example, FEM diameter and FEM volume 

appeared to display compensatory growth relative to length during late recovery (Table 7.11/5) but Figures 

','.- -»'.- . 
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8.3.28 and 8.3.29 show this occurred in mid-recovery. While the FEM and RIB displayed indications of 

compensatory growth of dimensions relative to length, the two vertebrae showed incomplete recovery of 

"normal" shape (relationships between linear dimensions; Figures 8.3.30 to 8.3.32). Tulloh et al (1986) have 

also shown persistent effects of undernutrition on the geometric form of bones in lambs recovering from a 

severe nutritional check near birth. 

Overall,compensatory responses in bone involved early repletion of protein but recovery of geometric form 

was delayed. 

3.4.4 Effects on muscle 

Muscle protein also demonstrated compensatory repletion during early recovery but the effect was prolonged 

compared to that seen in bone (Tables 7.10 & &.11, both -/6; Figure 8.3.35). Fat recovery in muscle was 

delayed in a similar fashion to that of the CS and NC body sub-sections (Figure 8.3.33). 

~ighly significant treatment effects for growth of muscle dimensions were apparent (Tables 7.10 & 7.11, 

both -n; Figures 8.3.36 to 8.3.40). Measures of muscle thickness had higher growth rates in RECO animals 

during early recovery than in equivalent CTRL animals, despite lower overall growth of muscle weight 

(Table 7.8n to -/8). Rapid, early recovery of "normal" dimensions occurred for the ST and RF while 

compensatory effects displayed by LD dimensions were relatively prolonged. These data are consistent with 

the early compensation of CS protein and the rapid increases in muscle fibre diameter noted in other studies 

of recovery growth (Yeates, 1964). 

Compensatory responses in muscle during early recovery involved preferential repletion of protein but by far 

the greatest effect was the mpid growth of dimensions for muscle cross-section. 

3.4.5 Effects on bone-muscle relationships 

Muscle protein showed evidence of compensatory growth relative to bone protein during recovery growth 

(Table 7.11/8; Figure 8.3.49 to 8.3.51). However, both muscle and bone protein were compensating relative 

to other chemical components within each tissue. In Section 3.3.3 it was postulated that preferential 

depletion of muscle protein during undernutrition may simply result from differences between the tissues in 

the contribution of protein to tissue strength and isometric changes in the latter entity. This argument also 

holds for the differences in repletion demonstrated here. 

Further evidence supports the hypothesis that changes in the two tissues may be isometric in terms of 

structural criteria. While data appeared to show an overcompensation of muscle relative to bone in terms of 

total weight, fat-free weight or protein weight, this was associated with a greater mineralization of bone 

(higher ash: protein ratio), a factor known to increase bone strength. 
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Muscle showed very obvious compensation effects relative to bone for most geometric variables (Table 7.10 

& 7.11, both -/8 & -/9). Very high growth of muscle cross-section dimensions relative to their associated 

dimensions in bone indicated that while both tissues displayed compensatory growth in these dimensions, 

effects were greater in muscle. This is to be expected since muscle dimensions were more severely affected 

by undernutrition (Section 3.3.3). However, data from Trial Two (Chapter 4) described further changes in 

bone and muscle for animals similar to those studied in this trial. These data demonstrated that there was no 

compensatory growth of muscle diameter relative to femur cortical width, providing further evidence that 

certain bone and muscle variables display isometric change during growth, be it positive or negative. 

Previous research has con~luded that bone is relatively resistant to undernutrition and consequently muscle 

displays compensatory growth relative to bone during recovery ~ Seebeck & Tulloh, 1968a). This would 

appear to be valid as an empirical description of change in tissue weight. However, more detailed data from 

the present study demonstrate more dynamic responses between and within tissues (see Section 3.3.3). 

Further consideration of changes in geometric form suggest that both tissues display similar responses during 

recovery growth in terms related to their "functional" size. The latter entity is defined as the net effect of the 

absolute and relative quantities of tissue chemical components and their spatial distribution relative to length. 

Changes in weight alone failed to show "parallel" changes in bone and muscle in terms related to tissue 

"functional" size. Thus the apparent resistance of bone to undernutrition may simply be the result of the 

characteristic structure of the tissue whereby losses of "bone material" (protein and ash) are countered by 

gains in fat and water. 

Overall, recovery growth was characterized by muscle showing compensation in quantitative terms while 

bone exhibited a more qualitative response. Such differences between the two tissues reflect changes 

induced by undernutrition and the characteristic structure of each tissue. 

3.4.6 Does "compensatory growth" simply reverse the effects ofrestricted growth? 

During recovery, compensatory growth must reverse the effects of restricted growth otherwise full recovery 

would not occur. However, the manner or pattern by which compensatory processes achieve the goal of 

recovery is more complex than is implied by a "simple reversal". During recovery those variables least 

retarded by restricted growth continue to grow so that the reference points to which retarded tissues are 

attempting to recover to, are constantly extended. This effect may act to prolong recovery growth. 

Some of the effects seen during the early stages of recovery are not matched by opposite effects in late stages 

of restricted growth ~ rapid change in weight of the internal organs largely occurs during the early stages of 

both restricted growth and recovery growth (Seebeck, 1973a; Ferrell et aI, 1986) while most of the changes 

in non-skeletal fat weight occur in the latter stages of both growth regimes (Drew & Reid, 1975a; Searle 

et al, 1979; Turgeon et aI, 1986). Thus early recovery would not appear to be a reversal of restricted growth. 
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Overall compensatory growth does reverse the effects of restricted growth but this generalization can be 

invalid due to the pattern of changes by which restricted growth and recovery growth are characterized. 

3.4.7 Overcompensation 

There was evidence that overcompensation occurred for some variables in the short- and/or longer-term. NC 

water displayed very high growth during early recovery but this was not associated with high growth of NC 

protein. Why this should occur is not clear. It could result from compensatory gains for certain organs such 

as the liver in which water and protein are closely related, but that the associated response in visceral protein 

(Butler-Hogg, 1984) was masked by negligible response in NC tissues where protein and water gains are not 

closely associated ~ bone). 

Two other examples of apparent overcompensation could share a common explanation. Both bone ash and 

muscle protein appeared to overcompensate relative to bone protein (Figures 8.3.24 to 8.3.27 and 8.3.49 to 

8.3.51) yet within each tissue protein compensated relative to other chemical components. Early recovery 

w8;" characterized by rapid deposition of protein in bone and the apparent overcompensation by ash could be 

due to the timing of the mineralization phase for osteoid or "new" cartilage at the epiphysis. This effect 

occurred near the transition between the early and late phases of recovery. Such a change should lead to a 

relative strengthening of bone which may in tum induce muscle hypertrophy (manifested by increases in 

volume and protein) in order to maintain the functional relationship between bone and muscle. Doyle et al 

(1970), Davies (1984) and the data from Section 3.2.3 indicate that changes in muscle mass and in bone ash 

are closely related. 

3.4.8 Permanent effects of restricted growth 

While there appeared to be a long-term effect of undernutrition on the relationship between CS ash and NC 

ash (Figure 8.3.20). It is suggested that this arises from the greater developmental age of bone in RECO 

animals (which is generally associated with a higher ash: protein ratio) and a greater proportion of early 

developing bones in the NC section. 

The apparent overcompensation of muscle relative to protein discussed in the preceding section, was 

matched by greater development of muscle protein relative to bone protein in RECO animals at 860d but this 

effect was small, non-significant and not associated with higher ash: protein ratios in associated bones (Table 

7.12/4 & -/8). Similarly, those bone dimensions for which recovery was clearly delayed (see Section 3.4.3), 

were smaller in RECO animals at 860d (Table 7.12/5) but again these differences were not significant. Due 

to the small size and non-significant nature of treatment differences at 860d, little emphasis can be put on 

indications that muscle was more developed relative to bone in the smaller RECO animals (Table 7.12/8 to 

-/9). 

While other workers have failed to show permanent effects of undernutrition during growth on ultimate 

achievement of mature body size and mature body composition (see Allden, 1970), there is evidence that 

, 
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permanent effects can occur, particularly when levels of nutrition mean the potential for recovery growth is 

limited (Gunn, 1977; Allden 1979). When effects on skeletal size do occur they are small and difficult to 

demonstrate experimentally. Gravimetric data in such situations must be viewed with caution since tissue 

weights can change in response to nutritional or functional factors without change in skeletal, or frame, 

dimensions. However, Gunn (1977) elegantly demonstrated permanent reductions in frame size through 

comparison of animals at equal LW or body condition. On this basis he was able to show that animals reared 

on a low plane of nutrition were correspondingly lighter in condition or LW. 

In the present study, failure to significantly affect long-term body growth may be due to only a small number 

of animals being available for assessment of long-term effects which would limit the ability to detect true 

differences between treatments (n=4, ClRL and n=6, RECO). Alternatively, nutritional rehabilitation with 

generous feed allowances could have resulted in complete recovery. The latter case appears most likely. 

It was concluded that these data support the hypothesis that nutritional insults of a severe nature in post-natal 

life do not affect the potential for growth of a sheep provided recovery growth is not compromised by sub-

optimal nutrition, and that compensatory responses during recovery growth lead to restoration of normal 

relationships between and within tissues. 



CHAPTER 4 

THE EFFECTS OF INTESTINAL PARASITISM IN SHEEP 

ON GROWTH OF BONE AND MUSCLE 

TRIAL TWO 

4'.0 INTRODUCTION 
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In the previous trial animals exhibited full recovery from the effects of undernutrition. It may be postulated 

that the nutritional insult was not severe enough to cause long-term or permanent retardation of growth in 

tissues. Allden (1979) only found permanent effects of undernutrition when nutritional restriction was both 

moderately severe and extremely prolonged. Consequently, the trial reported in this chapter was designed to 

perturb the growth of bone and muscle to a greater extent than the simple undernutrition of the previous trial. 

Basically this trial again examined changes in the body and tissues during restricted growth followed by 

recovery growth. However, it differed from the previous trial in that undernutrition was induced through 

infection with an intestinal parasite, Trichostrongylus colubriformis, which should exacerbate the condition 

du~ to the specific effects this parasite has on the metabolism of protein and mineral, and hence, bone tissue 

(see Section 2.9). 

The major aims of the study were to determine to what degree parasitism specifically affected growth of 

bone and muscle, and, if they developed, to what extent these effects would persist after infection was 

controlled and nutritional rehabilitation occurred. 

Since this trial has a very similar design to that of the previous study only a summarized account of 

experimental design and findings will be reported here highlighting the specific effects of intestinal 

parasitism in such growth regimes. 

As in the previous trial, a large set of data are presented in the appendices, not all of which are directly 

referred to within the text. Again this is justified on the basis of providing a comprehensive description of 

changes occurring within the body and tissues during the restricted growth associated with intestinal 
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parasitism and subsequent recovery growth. Additionally, differences between the data of both trials could 

be closely compared. 

4.1 MATERIALS AND METHODS 

Forty-eight female sheep (Coopworth X South Suffolk; mean liveweight 26.7kg ± 0.7kg (sem» were 

selected four weeks after weaning at approximately 84 days of age. At selection (ld) they were randomly 

allocated to three treatment groups in a stratified manner based on liveweight. 

A control (CTRL) group (n= 18) was offered high feed allowances at pasture in order to maintain 

uninterrupted growth. Animals in this treatment were slaughtered in groups (n=6) at liveweights close to 

25kg (ld), 35kg (83d) and 45kg (134d). 

Remaining animals were penned individually indoors and fed meadow hay that had been hammer-milled 

(SOmm plate aperture). Eighteen animals were dosed with Trichostrongylus colubriformis larvae (4000 

l~ae/animal/day) from ld to 68d (INF group). Dosing ceased at 68d since it was considered that larvae 

administered after this date would not develop to the adult worm stage before the end of the proposed 

infection period (83d). Animals in this group were offered feed ad libitum. At 83d anthelmintic was 

administered to INF animals and the period of infection was deemed to have ended. Groups (n=6) from the 

INF treatment were slaughtered at 83d (c. 24kg liveweight) and at liveweights close to 3Skg (176d) and 45kg 

(260d). Animals in a third group (n=12) were each paired with an INF animal of similar liveweight and fed 

the same feed but at a level such that pair-mates underwent similar changes in liveweight (group = PW). 

Groups (n=6) ofPW animals were slaughtered at 83d (c. 24kg liveweight) and 260d (c. 45kg liveweight). 

Limitations to animals numbers and feed resources precluded having a third slaughter point in this treatment 

group (c. 3Skg LW). Subsequent to 83d, all animals were run in one mob outdoors at pasture. 

This trial design is illustrated in Figure 10.1. 

Throughout the trial, CTRL and PW animals were administered anthelmintic at fortnightly intervals with one 

of two compounds (fenbendazole; Panacur, Coopers Animal Health NZ Ltd.; ivermectin; IVOMEC, 

MSDAgvet NZ Ltd.). Subsequent to and including 83d, INF animals followed the same regime. All animals 

had access to water and mineral salt block throughout the trial. 

During indoor feeding the weights of feed dry matter offered and refused were measured for each animal at 

weekly intervals. Liveweight was also measured weekly and appropriate adjustments made to the quantity of 

feed offered to PW animals. 

Animals within each slaughter group were slaughtered on the same day. Prior to slaughter animals were 

shorn. Slaughter procedures and subsequent carcass dissections and chemical analyses followed the same 

regime as detailed for the previous trial with the following exceptions. 

1. Kidney weights were not obtained. 

i .-
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2. M. quadriceps femoris was dissected out in one piece rather than in its four separate component 

muscles. 

3. Width (or thickness) of the femur cortex at mid-length was measured (see Appendix I). 

The statistical techniques developed for and used in the previous study were also used in analysis of data 

from this study. Additionally, the paired t-test was used to compare data from the INF and PW groups 

slaughtered at 83d. 

4.2 RESULTS AND DISCUSSION 

4.2.1 Allometry of femur geometric dimensions during ontogenetic growth 

Data from the CTRL treatment were used to examine the relative growth of geometric dimensions for the 

femur. Basically, these analyses revealed similar effects to those reported in Section 3.3.2 with the 

additional finding that external diameter and cortex width display isometric change during ontogenetic 

gr~wth (Figure 10.2). Davies (1984) reported a similar effect. It is concluded that external diameter is 

representative of the amount of bone material per unit length during "normal" or ontogenetic growth. 

4.2.2 Change in liveweight and feed intake 

Both INF and PW groups displayed similar changes in liveweight during the infection period (Figure 10.3.1). 

However, INF animals consumed more feed than PW animals indicating a reduction in the gross efficiency 

with which feed was used (Figure 10.3.3). This reduction was progressive, amounting to an increase in feed 

requirement of approximately 30% by the end of infection. This effect has been described previously (Sykes, 

1983) and is likely to be due to increased requirements for protein and energy for protein synthesis in 

infected animals (Bown et aI, 1984; Poppi et al, 1986). 

Restricted growth in INF and PW groups was due, in part, to the diet since these animals were fed meadow 

hay during the infection period. However, intestinal parasitism is known to induce inappetance to varying 

degrees and during the course of this trial at no time did PW animals refuse significant amounts of the feed 

offered. Generally animals in this treatment consumed all feed offered to them while INF animals displayed 

cyclic patterns of intake involving periodic reductions in appetite, or even inappetance, during the course of 

infection. Thus it was concluded that while the restricted growth exhibited was, in part, due to the effects of 

parasitism on voluntary feed intake and on the efficiency with which feed nutrients were used, the quality of 

the diet also contributed to an unknown degree. 

4.2.3 Effects of restricted growth 

Generally changes occurring within the bodies of INF and PW animals during restricted growth were similar 

(Table 9.1/2 to -/4). Weights of the internal organs decreased as did those of body chemical components. 
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Fat showed the greatest proportional change, followed by protein and water with ash showing the least 

change. As in the previous trial, this was indicative of severe undernutrition (Black, 1983). 

While bone weight showed negligible change, substantial changes occurred in the proportion of, and 

distribution of bone chemical components (Table 9.1/5 to -/6). A remarkable increase in fat was associated 

with decreases in protein and ash. Bone grew in all linear dimensions with the notable exception of femur 

cortical width which decreased markedly (-33%; Table 9.1/7). Pratt & McCance (1964) have reported a 

similar change in geometric form of bone during undernutrition. The impact of this effect on bone 

"functional" size is considered in Sections 3.3.1 and 3.3.3. Consideration of bone external form showed only 

small effects with relative volume of the FEM decreasing by only -2%. Changes in the weight of bone 

components and the external form of bone failed to indicate this marked change in the spatial distribution of 

bone chemical constituents. 

Muscle weight was reduced due to considerable losses of all chemical components (Table 9.1/8). All 

geometric dimensions of muscle decreased, although to varying degrees, leading to change in shape of 

mu~cle (Table 9.1/9). 

Relatively, muscle was more affected by restricted growth than bone for most bone-muscle relationships 

examined (Table 9.1/10 to -/11). However, consideration of some data suggest that bone exhibited a similar 

response in some terms ~ bone cortical width and muscle diameter were both reduced to a great extent. 

Such changes in bone should have a profound effect on bone strength but to what degree muscle strength 

showed a similar degree of change cannot be assessed. This subject is considered in more detail in Section 

3.3.3. 

Overall, these results correspond very closely to those of the previous trial, supporting the conclusion that 

weight alone does not adequately describe the functional relationship between bone and muscle. While 

muscle makes a largely quantitative response during restricted growth, bone largely responds through 

qualitative changes. Responses of the two tissues may be equal in functional or strength terms (see Section 

3.3.3). However, the means by which bone and muscle are related is likely to be difficult to objectively 

describe in simple terms. Certainly, this study highlights the dynamic response exhibited by bone to 

nutritional or metabolic disturbances and showed that only a detailed description of tissue composition and 

geometric form reveals the impact of such treatments on both tissues. 

4.2.4 Specific effects of parasitism 

Specific effects of parasitism were examined through comparison of INF and PW data at 83d (Table 9.1). 

INF animals had heavier internal organs and protein appeared to be preferentially depleted from the carcass 

of parasitized animals although loss ofNC protein was similar for both treatments (Table 9.1/2 to -/4). 

These specific effects of parasitism are consistent with an increased metabolic load as a result of infection, in 

particular the increased requirement for protein at the site of infection. Symons & Jones (1981) have shown 
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that protein is preferentially incOIporated into liver and GIT tissue, rather than into carcass tissue, during 

infection. Relative hypertrophy of the liver in infected animals is probably related to the additional protein 

synthesis associated with the increase in endogenous loss of protein into the GIT (Bown et aI, 1984). 

Additionally, INF animals had higher intakes relative to LW than PW animals and this may partly account 

for the greater weight of GIT in these animals while inflammation at the site of infection could also be 

involved. 

The data confIrm the conclusion of Symons & Jones (1981) that muscle is the source of the "extra" protein 

lost from the carcass in infected animals. While muscle variables were consistently retarded to a greater 

degree in INF animals (Table 9.118 to -19) there was no evidence supporting the suggestion of Coop et al 

(1976) that bone was specifIcally affected by infection (Table 9.1/5 to -/7). Clearly, muscle protein is more 

labile tJ:!an bone protein although the changes reported again emphasize that the response of bone to 

undernutrition is far greater than is indicated by change in bone weight. 

While research has shown that gastro-intestinal parasitism causes significant changes in protein and mineral 

Il)etabolism (Sykes, 1983; Bown et aI, 1984; Poppi et al, 1986), this study provided little evidence that these 

lead to substantial effects on carcass tissue growth other than those induced by simple restriction of growth. 

Most of the changes in the carcass associated with parasitic infection in this trial could be attributed to the 

general restriction of growth. It is more likely that signifIcant changes in body protein pools are manifested 

by changes occurring in the liver, an important organ in protein metabolism, and the GIT, at the site of 

infection. Certainly, these organs were larger in infected animals. Reductions in muscle protein may simply 

be a consequence of diversion of protein to other sites or activities in the body such as increased protein 

turnover in the liver and GIT (Symons & Jones, 1981; Bown et al, 1984). 

4.2.5 Recovery growth 

After infection ended, compensatory growth occurred in both absolute and relative terms. Classically, 

compensatory growth has been defIned as higher than normal growth rates in absolute terms ~ Wilson & 

Osbourn, 1960). Only a few variables displayed such an effect, notably bone cortical width and muscle 

diameter (growth rates over the full range of L W studied for CTRL, INF and PW animals respectively, were 

2.7, 7.7 and 8.7 J.Lm/d for bone cortical width and 41.4,80.0 and 63 J.Lm/d for muscle diameter). Both 

variables were among those most retarded during restricted growth. There was no evidence of "classical" 

compensatory growth for LW (Figure 10.3.2). Many more variables displayed compensatory growth in 

relative terms, whereby variables more retarded by restricted growth showed greater than normal growth 

relative to variables less retarded (Tables 9.2 & 9.3). Thus during early recovery, compensatory growth, in 

relative terms, was displayed by the carcass, liver, body fat, body protein and tissue (bone and muscle) 

protein. There was preferential repletion of carcass protein relative to non-carcass protein and of muscle 

protein relative to bone protein. Overall, greater compensatory effects were displayed by those variables 

most retarded by restricted growth (compare Tables 9.1 with 9.2 & 9.3) and this largely occurred during early 

recovery. 
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These results follow closely those reported for the previous study (Chapter 3) and so will not be considered 

in detail. This close match is expected given that similar changes were induced in the body and tissues by 

the period of restricted growth in each trial. 

4.2.6 Long-term effects of parasitism 

In the long-term recovery was largely complete (Table 9.4) although there were some small differences 

between treatments for the final slaughter groups (45kg LW). Higher body fat weights in PW animals were 

attributed to the overall greater liveweight of this group (Table 9,4/2). Lower liver weights of INF and PW 

animals may indicate a slower rate of growth immediately prior to the time of slaughter for the final group in 

these treatments. Data for change in liveweight with time support this conclusion (Figure 10.3.2). 

Overall there was little direct evidence to support the suggestion of Coop et al (1976) that parasitism 

specifically affected bone through reductions in growth in length ie. full recovery occurred (Table 9,4/7). 

However, while muscle appeared to show full recovery (Table 9,4/8 to -/9), there was evidence of incomplete 

co~pensation for muscle relative to bone in INF animals (Table 9.5). Greater development of bone in INF 

and PW animals compared to CTRL animals could be due to the greater chronological age of the former 

treatments. However, while the M:B (v/v) ratio was greater for the PW group than the C1RL group, it was 

less for the INF group compared to the CTRL group. These differences between INF and PW treatments in 

the volumetric development of muscle relative to bone were statistically significant (Table 9.4/11). 

Associated with this was a significantly thinner cortex in the FEM of INF animals but little other evidence to 

indicate persistent effects of infection on bone (Table 9,4/5 to -/7). While gravimetric data (Table 9,4/10) 

also indicated this effect had occurred, they did not provide a description of how this was manifested. 

It is concluded from these data that permanent reductions in body size had not occurred, since bone did not 

show persistent reductions in growth, but that recovery was incomplete, since muscle development was 

relatively less in animals recovering from the parasitic infection. Whether this effect on muscle was 

permanent could not be assessed. Nevertheless, these data demonstrate that the effects of intestinal 

parasitism persist despite the opportunity for recovery. Animals recovering from simple undernutrition (PW) 

appeared to demonstrate full recovery after restricted growth given the same opportunity for nutritional 

rehabilitation. 

Other workers have also failed to show direct and persistent effects of undernutrition on skeletal growth 

(Gunn, 1977; Allden, 1979). However, from indirect evidence it was concluded that skeletal growth had 

been permanently retarded since undernutrition in early life led to lower liveweights at the same body 

condition, or higher condition scores at the same liveweight (Gunn, 1977). Data from the trial reported here 

suggest that reduced development of muscle relative to bone could also be involved (Tables 9,4/11 & 9.5). 

Where studies of undernutrition have reported permanent reductions in body size they were characterized by 

recovery in less than ideal nutritional conditions ~ Gunn, 1977; Allden, 1979). Animals in the trial 

reported here were offered high quality feed in generous quantities during recovery, to facilitate high rates of 
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gain in LW. During recovery, animals in this trial grew at 155 and 172 g EB/d, for INF and PW treatments 

respectively. This slightly lower rate of growth for INF animals may have been due to residual effects of 

infection on nutrient intake and absorption and could possibly account for the lack of full recovery of muscle 

relative to bone in this treatment group. 

These data suggest that specific effects of parasitism on growth of muscle, and possibly growth of bone, do 

persist. However, this conclusion must be tentative given the small number of animals used for this 

comparison (n=6 per treatment). Overall, results from this trial suggest that further study into the persistent 

effects of parasitism on muscle growth may be warranted. 
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CHAPTER 5 

SUMMARY 

5.0 INTRODUCTION 

Previously, few studies have considered growth of bone and muscle together in detail. Some reviews have 

considered bone in detail (Murray, 1936; Stewart, 1975) and others muscle in detail (Goldspink, 1972). The 

trials reported here provide an objective link between studies of bone and of muscle, allowing assessment of 

the relative importance of changes in each tissue at the macroscopic level during ontogenetic growth, 

reStricted growth and recovery growth. A mechanistic approach has been used in interpretation of 

experimental findings, based on consideration of the functional relationships within and between tissues and 

a knowledge of the processes by which they grow. 

5.1 ADEQUACY OF WEIGHT AS A MEASURE OF CHANGE IN BONE AND MUSCLE 

A major aim of this study was to assess the degree which weight was an inadequate measure of change 

during growth. Weight is a composite variable, change in which results from changes in relative size, shape 

and composition (Young & Sykes, 1985). Hence it was considered that changes in the latter two entities 

could compromise the accuracy with which the impact of treatments on tissues could be assessed. An 

important and unexpected finding to come from this study was the degree to which weight failed to describe 

change during "normal" or ontogenetic growth. Compositional changes in bone led to increases in density, 

while bone and muscle both displayed significant changes in shape. Over the range of growth examined, 

shape changes led to change in volume relative to length for the FEM (change -21 %) and the ST (change = 

15%) while FEM density increased (change = 7%). Obviously, change in weight alone failed to describe 

these effects. 

Study of geometric form and chemical composition of each tissue facilitated consideration of functional 

isometry from a knowledge of factors affecting each tissue singly, and it was concluded that different 

changes within each tissue should elicit similar changes in tissue strength or "functional" size. These 

differences between change in gravimetric relationships and change in "functional" relationships could be 

explained on the basis of the characteristic structure of bone, a rigid tissue, and muscle, a soft tissue. 

Change in tissue weight during undernutrition demonstrated the impact nutritional restriction had on growth 

of muscle. However, when it was considered that bone had displayed growth in length during this period, it 

~ -',. ~: '-
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was shown that muscle was affected to a substantially greater degree than change in weight would indicate. 

This finding reinforces visual impressions of animals under such nutritional regimes, whereby they appeared 

thin to the point where skeletal prominences were easily visible underlying the superficial soft tissues. 

Change in weight was even less adequate as a measure of the impact of undernutrition on bone. Growth in 

length was associated with a change in shape and, more importantly, loss in weight of protein and ash was 

masked by gains in water and fat. Bone displayed a far more substantial response to undernutrition than 

change in weight would suggest. 

When the relationship between bone and muscle was examined solely in terms of tissue weight, bone 

appeared to be relatively resistant to undernutrition. However, on the basis of change in chemical 

components it was shown that the difference between tissues was not so great for important components such 

as protein. For one geometric relationship (muscle diameter: bone cortex width) it was shown that bone was 

retarded to a greater degree than muscle. 

Clearly, change in weight only crudely describes change in tissues during ontogenetic growth and their 

r~sponses to undernutrition and intestinal parasitism. 

Despite the criticism of the use of weight as a measure of change or as a basis of comparison, it is still an 

important variable, determining financial returns for commercial animal producers. However it must always 

be considered that weight is a composite variable, with changes in weight being the net effect of changes in 

overall size, chemical composition and geometric form. The importance of the latter two effects has 

frequently been overlooked. 

McMeekan (1940a) concluded that liveweight was an inadequate measure of growth since it is the result of 

differential growth of the component parts of the body. The time has come to extend McMeekans conclusion 

to the study of change in dissectable tissue units. Weight is adequate only for describing crude change, since 

it overlooks the fundamental phenomenon of differential growth within tissues. 

5.2 IMPORTANCE OF CHANGE IN TISSUE SHAPE 

Previously no attempts have been made to objectively describe why whole body M:B (w/w) ratio increases 

during ontogenetic growth. In this study, relationships between bone and muscle were examined in terms of 

geometric form and chemical composition, as well as tissue weight. It was concluded that changes in tissue 

shape are likely to make a substantial contribution to increases in whole body M:B (w/w) ratio. This has 

important implications to various fields of animal science and animal production some of which are 

described in Section 5.4. 

Change in shape of bone and muscle during undernutrition was shown to be related to the characteristic 

structure of each tissue and the un i-directional and progressive increase in length of bone, albeit at a reduced 

rate. Thus the degree to which the tissues changed during undernutrition was greater than weight change 

alone would indicate. Shape changes were considerable for each tissue but were manifested in different 
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ways. Muscle generally lost volume relative to length, while bone would have become more porous as a 

result of loss in weight of protein and ash, and, in the case of the femur, through reduction in the width of 

cortical bone. Additionally, since the permanent effects of undernutrition or disease are most likely to be 

mediated through effects on the skeleton, the geometric form of bone must be an important object of study in 

experiments examining these conditions. 

Change in shape can be a visually striking phenomena. However, too often growth characterized by such 

changes has been studied in gravimetric terms. The data presented show that it is possible to objectively 

describe the effects of change in shape. Hopefully this approach will be adopted in future studies of growth. 

5.3 RELATIVE CHANGE IN BONE AND MUSCLE DURING, AND SUBSEQUENT TO, RESTRICTED 

GROWTH 

This study showed that while muscle appeared to be more affected by undernutrition than bone on the basis 

of change in weight, in terms of change in tissue composition and geometric form the differential response 

exhibited by the two tissues was considerably smaller. Certainly, the data show that bone is a more dynamic 

tissue than changes in weight would indicate and that certain changes in bone and muscle are more closely 

related than was previously believed. During restricted growth both tissues displayed similar responses in 

variables that influence tissue "functional" size. 

Intestinal parasitism did not lead to specific effects on bone tissue, but muscle was affected to a greater 

degree than could be accounted for by the induced state of undernutrition. However, by far the greatest 

effect of intestinal parasitism was to simply restrict growth. The latter effect was attributed to a combination 

of restriction of voluntary feed intake and a reduction in the efficiency with which feed was used. 

Recovery growth after restricted growth was characterized by compensatory growth within and between 

tissues in both classical ~ absolute) terms and in relative terms. A greater proportion of the differences 

between ontogenetic growth and recovery growth observed in this study fell into the latter category, a natural 

consequence of the compensatory response. 

5.4 APPLICATIONS FOR THE FINDINGS OF THIS STUDY 

Basically the study highlighted the inadequacy of weight as a measure of change in bone and muscle. The 

novel method devised in this study and used to describe the impact of changes in shape on weight of bone 

and muscle could be usefully applied to the following areas of research in the fields of animal science and 

animal production. 

5.4.1 Body conformation 

Confusion abounds in the meat industry with regard to the value of conformation to meat production 

(Kempster et aI, 1982; Butterfield, 1988). Muscularity affects visually assessed form of animals, but superior 
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"muscled" animals have consistently failed to show greater yields of muscle from the carcass ~ Kirton 

et ai, 1983). However, such studies have neglected to examine geometric form of tissue units ~ individual 

bones and muscles), which influences visual perception of body form to an unknown degree. Data presented 

in this thesis showed that these tissue units show significant changes in shape during ontogenetic growth. 

Therefore, future study of body conformation must be undertaken in a more rigorous manner through 

examination of change in geometric form as well as in gravimetric form. 

5.4.2 Manipulation of growth - physiological control of growth 

Physiologically active compounds are used to alter the growth of animals, normally to reduce carcass fat 

proportions (Galbraith & Topps, 1981; Williams, 1987). To direct more accurately the search toward an 

understanding of the mechanisms by which these compounds act on tissue growth, a more mechanistic 

description of changes occurring in tissues is needed. Description of gravimetric change in tissues is 

inadequate for these purposes. It should be determined whether manipulation of growth has led to general 

growth of the lean body mass in association with reduced fat gains, or has altered the degree of muscle 

d~velopment for given skeletal dimensions ie. do treatments directly stimulate muscle to hypertrophy? Such 

programmes must consider the fundamental importance of bone to muscle growth and the implications of 

manipulation of muscle growth to the functional relationship between the two tissues. Problems with 

anatomical soundness have been reported in the very lean, double-muscled genotypes (Bergstrom & 

Oostendorp, 1982). 

5.4.3 Manipulation of growth - genetic selection 

Many genetic differences in body tissue proportions of growing animals can be attributed to mature body 

size and the degree to which achievement of this has progressed (Taylor, 1985). Consequently, reduction in 

carcass fat weight at constant carcass weight may simply lead to increases in mature size and slaughter at an 

earlier stage of mature development for the body. It is well established that M:B (w/w) ratio and fat: muscle 

(w/w) ratio both increase as animals develop (Butterfield, 1988). Reduction in body maturity also affects 

muscle distribution (Butterfield, 1988) and muscularity (palsson, 1939; data of this study). Thus relative 

development of fat is to a large degree dependent on that of lean tissue. 

In order to produce leaner animals a new approach may need to be considered so that changes in fat 

development are made independently of changes in growth of muscle and bone. Selection programmes may 

need to simultaneously select for muscularity and against fat thickness in order to reduce fat development 

independently of the development of the lean body mass. The challenge exists to produce animals with low 

fat development relative to M:B (w/w) ratio. Such may come about through a reduction in the potential for 

growth of fat relative to that of bone and muscle, or to a change in the maturity of fat relative to that of bone 

and muscle at a given body size. A knowledge of changes in geometric form of tissues associated with 

ontogenetic growth would be useful in development of programmes to achieve this goal. 

I 
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5.4.4 Effects of nutrition on growth 

Future studies of growth and nutrition should consider bone as a dynamic tissue that responds to variation in 

the nutritional environment in a not dissimilar manner to muscle. Consideration of changes in tissue shape 

will help to more accurately assess the impact of nutrition on tissues. The work of Palsson (1939) and 

Tulloh & Romberg (1963) as well as that reported here indicate that these geometric responses do occur and 

are not restricted to severe undernutrition. However, it is not known whether rate of growth affects muscle 

shape (muscularity) or body conformation. 

The capacity for recovery growth may be related to the degree to which body or tissue external form has 

changed. Additionally, long-term or even permanent effects of low nutrition are most likely to be mediated 

through changes in geometric form and size of bone. An awareness of the relationship between bone and 

muscle in terms other than weight can help to determine when such effects occur. 

5.4.5 Intestinal parasitism 

An important finding from Trial Two was that intestinal parasitism restricted growth by inducing 

undernutrition through effects on appetite and the efficiency with which metabolic processes operated. As a 

consequence programmes designed to minimise the effects of infection must consider the need for increased 

nutrient supply to animals challenged by gastro-intestinal parasites. 

While changes induced by infection largely conformed to those expected from undernutrition, consideration 

of the geometric development of tissues suggested that the effects of restricted growth persisted longer in 

infected animals after infection had been controlled. Further work is warranted to determine whether growth 

of these animals was permenetly affected. 

5.5 "FUNCTIONAL" SIZE OF BONE AND MUSCLE 

It can be argued that consideration of tissue strength and functional relationships between bone and muscle 

lies outside the scope of the data in the present study. However, major aims of this study were to explain 

why observed effects occurred and to provide a more mechanistic description of change in bone and muscle 

under the different growth regimes studied. Speculation concerning the effect of changes in chemical 

composition and geometric form on tissue strength and "functional" size was necessary to achieve these 

aims. Consideration of bone and muscle in these terms provided a more dynamic picture of the relationship 

between bone and muscle than a precise but empirical description would allow. 
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5.6 FINAL CONCLUSIONS 

Examination of tissue changes in tenns other than fresh weight has provided a greater insight into the effects 

of ontogenetic growth, nutrition and intestinal parasitism on growth of bone and muscle. This study 

highlighted the important contribution changes in geometric form and chemical composition make to change 

in tissue weight and the relationship between bone and muscle. 

After examination of the literature, and in conjunction with the findings of this study, it is concluded that a 

more comprehensive qescription of change in tissues must be made in future studies of growth. 

Consideration should be given to how change in tissues is to be measured if treatments may differentially 

affect tissue growth processes or tissue components. A more accurate description of responses between and 

within tissues is needed in order to extend our knowledge of growth. Certainly, data need to be collected that 

relate more closely to the processes by which tissues grow. This would provide a stronger link between data 

collected at the microscopic and macroscopic levels. Assessment of changes in tissue shape at the 

macroscopic level has been neglected in previous studies of growth, yet with the use of simple indices of 

change the study of tissue geometric form can contribute greatly to our understanding of growth for both 

bone and muscle. 

i 
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APPENDIX I: Measurements of geometric dimensions made on dissected bones and muscles 

The following diagrams detail the geometric measurements made on bones and muscles that were dissected 

from the carcasses of the two studies reported here. Some of the measurements were not made in both trials, 

and this is noted on the appropriate diagrams. 

Linear dimensions are denoted by a letter which corresponds to a shaded line on the figure. 

Page 
72 Figure 1.1 Linear dimensions measured on the femur. 

73 Figure 1.2 Linear dimensions measured on the 6th rib. 

74 Figure 1.3 Linear dimensions measured on the 6th thoracic vertebra. 

75 Figure 1.4 Linear dimensions measured on the 4th lumbar vertebra. 

76 Figure 1.5 Linear dimensions measured on the M. semitendinosus and M. rectus femoris. 

77 Figure 1.6 Linear dimensions measured on the M. longissimus dorsi. 



Figure 1.1.1 Anterior view of the 

left femur. 

Measurements made on the femur (FEM): 

Figure 1.1.2 

a 

R s 

T 

cranial 

medinl Interal 

caudal 

Cross-section of the femur 

diaphysis at mid-length. 
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1. Length from the groove between the two distal condyles to the top of the groove between the head 

and the trochanter major at the proximal end (W). 

2. Diameter of the diaphysis (external) at mid-length (X). 

3. Volume. 

and ONLY in Trial Two. 

4. Thickness of the cortex at mid-length (X); an average of measurements made at Q. R. S & T. 
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w 

Figure 1.2 Lateral view of 6th rib. 

Measurements made on the 6th rib (RIB): 

1. Length along the lateral edge of the blade from the costo-chondral junction to the tubercle (JII). 

2. Width of blade at mid-length (X). 

3. Thickness of blade at mid-length (X). 

4. Volume. 



Figure 1.3.1 Lateral view of the 6th 

thoracic vertebra. 

Figure l.3.2 

Measurements made on the 6th thoracic vertebra (TV6): 

1. Length of the body along the crano-caudal axis (W). 

2. Width of the body at the anterior articular processes (X). 

x 

Anterior view of the 6th 

thoracic vertebra. 

74 

3. Height of the spinous process from the edge of the vertebral foramen to the dorsal tip of the spinous 

process (Y). 

4. Volume. 



Figure 1.4.1 

w 

Lateral view of the 4th 

lumbar vertebra. 

Figure 1.4.2 

Measurements made on the 4th lumbar vertebra (LV 4): 

1. Length of the body along the crano-caudal axis (W) 

2. Width of the body at the anterior articular processes (X). 

3. Height of the vertebral body plus the spinous process (Y). 

4. Span of the transverse processes (Z). 

5. Volume. 

Anterior view of the 4th 

lumbar vertebra. 

75 



Figure 1.5.1 Anterior view of 

M. semitendinosus. 

Anterior view of 

M. rectus femoris. 

Measurements made on the M. semitendinosus (ST) and M. rectus femoris (RF) muscles: 

1. Length of the muscle between the origin and insertion of the muscle (W). 

2. Diameter at mid-length (X). 

3. Volume. 

76 

x 

NB: In both trials, volume of M. quadriceps femoris (QF) was also measured. No measurements were made 

on the RF in Trial Two. 



Figure 1.6.1 Cut surface of the carcass sectioned 

transversely at the junction of the 11 th and 12th 

thoracic vertebrae. Measurements were taken 

from the cut surface of M. longissimus dorsi 

(LD). 

Figure 1.6.2 

12th thoracic 
vertebra 

thoracic cavity 

Figure 1.6.3 

77 

12th rib 

Figures 1.6.2 & 1.6.3 Lateral views of the two LO sections dissected from the carcass; the thoracic section 

(LDt, Figure 1.6.2) and the lumbar section (L01, Figure 1.6.3). 

Measurements made on M. longissimus dorsi (LO): 

1. Length of the thoracic section along the crano-caudal axis (W). 

2. Length of the lumbar section along the crano-caudal axis (W'). 

3. Width (medio-lateral) of the cross-section at the 12th vertebra (X). 

4. Depth (dorso-ventral) of the cross-section at the 12th vertebra (Y). 

5. Cross-sectional area of the surface of the LO at the 12th vertebra. 

6. Volume of the thoracic section. 

7. Volume of the lumbar section. 

[,. 
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APPENDIX II: Scale, dimensions and indices of change 

It is axiomatic that for a given increase in size, cubic dimensions ~ volume) increase proportionately more 

than square dimensions ~ areas), which in turn increase proportionately more than linear dimensions ~ 

length, diameter). This must be considered in the study of relative growth. 

In this thesis, allometry was assessed with both variables having the same number of dimensions so that 

allometric growth was shown by the coefficient, b, deviating from unity in all tables of data presented. 

Differences in relative growth were therefore assessed between linear dimensions, the square root of areas 

and the cube root of volumes. Similarly, indices were derived to describe the effects of change in shape or 

density that were indepe~dent of change in scale ~ volume1/3: length). 

Many authors appear to be unaware of the consequences if such transformations are not made (~ 

McMeekan, 1940a; Hopkins & Tulloh, 1985; Butterfield, 1988). Butterfield (1988) cites the work of 

Thompson (unpublished) to demonstrate that the bones of rams are more dense than those of ewes. An 

example of these data is presented below in Table 2.1 (real data), showing that the index used by Butterfield, 
1 

weight: length, yields an exaggerated difference in apparent density since the overall size (length or weight) 

of the bones of rams is greater than that of the ewes ie. the index is not independent of increases in scale or 

size. In fact, if density did not change (hypothetical data) the larger bones of the ram would appear more 

dense using this index. 

Thus, studies of such phenomena must use indices that are either dimensionless ~ mm:mm) or balanced 

for geometric dimensions ~ g/cm3). 

Table 2.1 Sex differences in the femur of mature Merino sheep. An example of erroneous 

construction of indices for assessing differences in tissue density. Real data obtained from 

Butterfield (1988); hypothetical data were derived from the same data but tissue density and 

shaQe were constrained to be constant. 

variable/index ewes x 100 
units rams ewes rams 

(%) 

Real data: 
length mm 194 178 92 
weight g 172 122 71 
weight: length g/mm 0.89 0.68 76 
weight: length3 g/cm3 0.00236 0.00216 92 
weight1/3: length mgl/3/mm 0.287 0.279 97 

HYQothetical data 
length mm 194 178 92 
weight g 172 133 77 
weight: length g/mm 0.89 0.75 84 
weight: length3 g/cm3 0.00236 0.00236 100 
weight1/3: length mgl/3/mm 0.287 0.287 100 

I _ ~ - .-. -.- -
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APPENDIX III: The allometry of ontogenetic growth data 

Allometric relationships are sometimes best represented by a curvilinear relationship for the logarithm-

transformed variables (Jury, Fourie & Kirton, 1977; Butler-Hogg, 1987). For allometric relationships 

derived from the data used to study ontogenetic growth (CTRL treatment group) two procedures were used 

for statistical analysis. 

Initially analyses were performed using regression methods. In these analyses, tests were made for deviation 

from linearity of the logarithmic form of the allometric equation. Such analyses revealed curvilinearity in 

approximately 20% of the relationships examined. However, examination of residual plots showed that in 

each case where significant curvilinear deviation occurred, the effect was almost solely due to data for the 

initial and/or the final slaughter groups. When these two groups were removed from the analysis, only one 

of the one hundred and fifty plus relationships examined still showed significant curvilinearity in the 

logarithmic form of the allometric relationship (FEM water with FEM fat-free weight). After considering the 

results of this exploratory data analysis it was decided to exclude both groups for the purpose of describing 

ontogenetic growth. This was justified on the following basis. 

1. All analyses were to be made on the same group of animals so that valid comparisons could be made 

of results obtained from different combinations of variables. 

2. Animals of the initial slaughter group were less than 24 hours old (post-parturition) and therefore 

their locomotory tissues had not been subjected to gravitational and functional forces for very long 

(Butterfield, 1988). Consequently, a lack of load induced changes in bone and muscle could have led 

to these animals deviating from the simple allometric relationships exhibited by other CTRL animals. 

This argument is supported by data in this study ~ muscle diameter and volume1l3 of animals in the 

initial slaughter group had negative deviations from the fitted relationship with muscle length. 

3. The final slaughter group had not undergone continuous, positive growth between 270d and 860d. 

Thus relationships between variables could deviate from the allometry exhibited by other CTRL 

animals as a consequence of nutritional effects~. relative to the EB, CS components of the mature 

slaughter group showed negative deviations from the relationship exhibited by other CTRL animals. 

4. Fitting of a quadratic term to the log-transformed data, whilst statistically and empirically more 

accurate, destroys the simplicity of interpretation (Seebeck, 1978), which is of particular importance 

when a large number of comparisons are to be made between derived allometric relationships. 

Subsequently, the Reduced Major Axis method of Kermack & Haldane (1950) was used to fit the allometric 

relationships reported in the tables. Reasons for the use of this method rather than regression are given in 

Section 3.1.3. 

~ .. 



80 

APPENDIX IV: Tables of data derived from the study of ontogenetic growth in Trial One. 

Including tables relevant to the design and analytical procedures of Trial One. 

For the study of ontogenetic growth, data used were from the lOkg through 45kg target L W slaughter groups, 

inclusive, of the CTRL treatment (n=48). Reasons for exclusion of the birth (5kg) and 860d (67kg) slaughter 

groups are given in Appendix III. 

Page 

81 Table 4.1 Mean slaughter dates for target LW slaughter groups of Trial One. 

82 Table 4.2 Chemical analyses performed and geometric dimensions measured on body sections 

and dissected bones and muscles. 

83 Table 4.3 Rates of growth for selected variables during ontogenetic growth. 

84 Table 4.4 Allometry of body and tissue variables during ontogenetic growth. 

98 Table 4.5 Allometry of carcass and non-carcass variables during ontogenetic growth. 

99 Table 4.6 Mean data for the 10kg and 45kg target LW slaughter groups, used to study the effects 

of changes in shape and density on change in tissue weight during ontogenetic growth. 

100 Table 4.7 Effects of changes in tissue shape, tissue density and size of muscle relative to bone, 

on gravimetric muscle: bone ratio. 

101 Table 4.8 Predicted effects of changes in shape and density on tissue weight during ontogenetic 

growth. 

102 Table 4.9 Allometry of gravimetric variables supporting the hypothesis that isometric growth 

occurs between muscle and bone in terms related to their functional relationship. 
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Table 4.1 Mean slaughter dates (±sem) for target LW slaughter groups of the 

two experimental treatments, CfRL and RECO, in Trial One. 

Assumed birth date was Id for all animals. Weaning occurred at 56d. 

Nutritional restriction of the RECO group commenced on 56d and finished on 

113d. 

targetLW treatment 

(kg) CTRL RECO 

5 1 (0.0) 

10 29 (0.0) 

15 42 (0.0) 

20 56 (0.0) 113 (0.0) 

25 71 (0.0) 145 (6.7) 

30 87 (0.0) 164 (0.0) 

35 99 (1.2) 204 (10.3) 

40 125 (6.9) 241 (8.1) 

45 181 (7.2) 258 (4.2) 

long-term 860 (0.0) 860 (0.0) 

81 
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Table 4.2 Chemical analyses performed and geometric dimensions measured made on body sub-sections 

(CS & NC) and dissected bones and muscles. 

Where crude protein was not directly measured (bones and LD), it was assumed that dry weight minus (fat + 

ash) represented protein. For the other muscles (ST and QF), protein was assumed to be represented by the 

fat-free dry matter @:. no correction for ash) since muscle contains a relatively small proportion of ash in the 

dry matter. Only chemical composition and volume were determined for the QF while only geometric 

dimensions and weight were measured for the RF. Cross-sectional area of the LD was assessed from 

photographs of the cut surface of the carcass cross-section. 

Details of the actual geometric dimensions measured on each tissue unit are given in Appendix I. 

Y or a number indicates that 1 or more such measurements were obtained. 

N indicates that the analysis or measurement was not made. 

analysis CS NC bones 

water, % of fresh weight Y Y Y 

fat, % of dry weight Y Y Y 

crude protein, % of dry wt. Y Y N 

ash, % of dry weight Y Y Y 

volwne Y 

linear dimensions 2t04 

cross-sectional area N 

muscles 

ST QFIRF 

Y Y 

Y Y 

N N 

N N 

Y Y 

2 2 

N N 

LD 

Y 

Y 

N 

Y 

2 

4 

Y 



Table 4.3 Rates of growth for selected variables during ontogenetic growth. 

Coefficients A, band k (and their standard errors) from Gompertz functions fitted to data of the C1RL (ontogenetic growth) treatment. Data were used from the 10 to 45 kg target 

L W slaughter groups, inclusive (n=48). Time was measured as day of trial and fitted to variables selected as being representative of the wider body of data. The logarithmic form of 

the Gompertz function was fitted using optimization procedures of the GENST AT computer package. The residual standard deviation (rsd) of the function is shown. Growth rates 

were derived by differentiation of these functions. Differentiation was performed for each function at days 20, 70 and 140. These times were chosen to represent early-, mid- and 

late-growth periods for animals undergoing continuous growth. Some of these data are illustrated in Figure 5.3. 

variable units of A (sa) b (sb) k (sk) rsd growth rate - unitsld units in 
variable 20d 70d 140d growth rate 

EB kg 42.7 0.0295 2.42 0.039 0.0178 0.00067 0.077 236 263 125 g 
EB fat-free kg 31.14 0.0305 2.15 0.036 0.0183 0.00072 0.068 191 187 80 g 

EB fat kg 10.25 0.0769 4.14 0.105 0.0218 0.00131 0.215 41.0 81.7 36.0 g 
EB water kg 23.51 0.0305 2.129 0.0364 0.0187 0.00074 0.070 149 142 58 g 
EBprotein kg 6.11 0.0353 2.208 0.0402 0.0171 0.00073 0.074 34.1 35.7 17.3 g 
EBash kg 1.52 0.0430 2.233 0.0497 0.0175 0.00090 0.093 8.7 9.0 4.2 g 

CS kg 26.22 0.0440 2.663 0.0515 0.0184 0.00083 0.099 141 170 80 g 
NC kg 16.36 0.0305 2.115 0.0339 0.0171 0.00065 0.062 93.2 94.2 44.6 g 

GIT kg 4.90 0.0421 2.887 0.0524 0.0203 0.00088 0.103 28.0 34.5 14.1 g 
liver kg 0.955 0.0639 2.204 0.0686 0.0153 0.00109 0.014 4.7 5.2 2.9 g 

FEMweight g 145.2 0.0392 2.020 0.0493 0.0196 0.00108 0.096 994 874 324 mg 
FEMlength mm 167.1 0.0178 0.708 0.0190 0.0162 0.00104 0.034 832 492 184 J.Ull 
FEM diameter mm 21.3 0.0324 0.780 0.0346 0.0151 0.00152 0.060 104 66 28 J.Ull 

STweight g 111.8 0.0401 2.640 0.0504 0.0206 0.00092 0.101 701 770 293 mg 
STlength mm 181.5 0.0237 0.710 0.0256 0.0164 0.00138 0.046 912 536 199 J.Ull 
ST diameter mm 31.7 0.0218 1.020 0.0311 0.0244 0.00173 0.064 258 119 25 J.Ull 00 w 
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Table 4.4 Allometry of body and tissue variables during ontogenetic growth. 

Data used are those of the CTRL treatment for the target LW slaughter groups 10 to 45 kg, inclusive. Birth (5kg) and mature (67kg; 860d) slaughter groups were excluded for reasons detailed in 

Appendix ill. Allometry was assessed by the Reduced Major Axis method of Kermack & Haldane (1950). The correlation coefficient, r, is presented as a measure of "relative fit". In all relationships 

examined, both variables had the same number of dimensions. Thus growth ofvolumel/3 was considered relative to length. As a consequence, throughout this table the t-test was used to assess 

whether the allometric coefficients (b) deviated from unity. Some of these relationships are presented graphically in Figure 5.4. 

Predictions were made for Y at the minimum and maximum values of X ~min and ~max). In the table these are expressed as percentages of the X values from which they were derived. Change in Y 

relative to X ~ independent of scale) is the percentage change in these proportions. 

This table comprises 14 pages. 
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· .. Table4A/2 ... 

XIY variate name a b b=I.0 sb r 

Slaughter component weights - kg 

X Empty body (EB) 
Y Carcass (CS) 00485 1.066 *** 0.0123 99.7 

Y Non-carcass (NC) 0.527 0.914 *** 0.0190 99.0 
Y Gastro-intestinal tract 0.0828 1.103 ** 0.0319 98.0 
Y Liver 0.0210 1.006 NS 0.0275 98.2 
Y Kidney (2) 0.00831 0.782 *** 0.0345 95.2 

Y EB energy (units = MJ) 4.765 1.274 *** 0.0328 9804 

Body chemical component weights - kg 

X Fat-free EB 
Y Fat-free CS 0.494 1.042 ** 0.0130 99.6 
Y Fat-free NC 0.498 0.958 * 0.0167 99.3 

Y GIT 0.0745 1.227 *** 0.0363 97.9 
Y liver 0.0190 1.119 *** 0.0297 . 98.3 
Y kidney (2) 0.0077 0.870 ** 0.0374 95.5 

Y EB fat 0.0470 1.581 *** 0.0783 93.9 
Y EB water 0.802 0.986 ** 0.0043 >99.9 
Y EB protein 0.160 1.050 ** 0.0186 99.2 
Y EB ash 0.0397 1.054 * 0.0220 99.0 

., . ... 
;:' 

real data ~min 
min. max. xnUn 

(%) 

8.15 39.16 
4043 24.80 55.7 

3.72 15.51 44.0 
0.72 5.09 10.3 
0.184 0.862 2.1 
0.045 0.151 0.5 

66.7 579.3 8047 

7.21 29.24 
3.72 16.82 53.7 
3.36 13.02 45.8 

0.72 5.09 11.7 
0.184 0.862 204 
0.045 0.151 0.6 

0.94 11.79 14.8 
5.62 22.66 78.0 
1.30 5.55 17.7 
0.32 lAO 4.4 

~max 
xmax 
(%) 

61.8 

3804 
12.1 
2.1 
0.4 

13.02 

56.9 
43.2 

16.0 
2.8 
0.5 

3304 
76.5 
19.0 
4.8 

change 
% 

10.9 

-12.6 
17.5 
0.9 

-29.0 

53.7 

6.1 
-5.7 

37.4 
18.1 

-16.6 

125.6 
-1.9 
704 
7.9 

DO 
V\ 



.,. Table 4.4/3 ... 

XJY variate name a b b=1.0 sb r 

Carcass chemical component weights - kg 

X Fat-free CS 
Y CS fat 0.0930 1.558 *** 0.0719 94.7 
Y CS water 0.767 0.987 ** 0.0040 >99.9 
Y CS protein 0.181 1.041 *** 0.0117 99.7 
Y CS ash 0.0472 1.080 *** 0.0229 98.9 

Non-carcass chemical component weights - kg 

X Fat-free NC 
Y NC fat 0.0462 1.551 *** 0.0879 92.0 
Y NCwater 0.821 0.989 NS 0.0069 99.9 
Y NCprotein 0.141 1.081 * 0.0403 96.6 
Y NC ash 0.0350 0.974 NS 0.0421 95.4 

Body section chemical component weights relative to body section protein - kg 

X EB protein 
Y EB fat 0.743 1.505 *** 0.0693 94.8 
Y EB water 4.484 0.938 ** 0.0201 98.9 
Y EB ash 0.2503 1.003 NS 0.0243 98.6 

X CS protein 
Y CS fat 1.199 1.496 *** 0.0655 95.3 
Y CS water 3.875 0.948 *** 0.0128 99.6 
Y CS ash 0.2781 1.037 NS 0.0242 98.7 

X NC protein 
Y NCfat 0.769 1.434 *** 0.0863 90.9 
Y NC water 4.936 0.914 * 0.0391 95.5 
Y NC ash 0.2051 0.901 * 0.0394 95.3 

real data ~ 
min. max. xmin 

(%) 

3.72 16.82 
0.52 8.88 19.4 
2.78 12.45 75.4 
0.73 3.40 19.1 
0.194 1.046 5.2 

3.36 13.02 
0.36 3.05 9.0 
2.71 10.45 81.0 
0.57 2.65 15.6 
0.111 0.433 3.4 

1.30 5.55 
0.94 11.79 84.8 
5.62 22.66 441 
0.32 1.40 25.0 

0.73 3.40 
0.52 8.88 103 
2.78 12.45 394 
0.194 1.046 27.5 

0.57 2.65 
0.36 3.05 60.3 
2.71 10.45 518 
0.111 0.433 21.7 

~max 

xmax 
(%) 

44.9 
73.9 
20.3 
5.9 

19.0 
79.8 
17.4 
3.3 

176.5 
403 

25.2 

220 
364 

29.1 

117.4 
454 

18.6 

change 
% 

132.1 
-1.9 
6.4 

12.8 

110.9 
-1.5 
11.6 
-3.5 

108.0 
-8.6 

+0.4 

115 
-7.7 

+5.9 

94.8 
-12.4 
-14.1 

~::: :-: 
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... Table 4.4/4 ... 

XJY variate name a b b=1.0 sb r 

Carcass bone and muscle weights - g, (fat-free carcass, kg) 

X Fat-free CS 
Y Femur (FEM) 11.20 0.902 *** 0.0241 98.6 
Y 6th rib (RIB) 0.886 1.106 ** 0.0330 98.0 
Y 6th thoracic vertebra (fV6) 0.996 0.937 * 0.0306 97.8 
Y 4th lumbar vertebra (LV4) 2.085 0.939 * 0.0277 98.0 

Y M. semitendinosus (ST) 4.93 1.100 ** 0.0335 98.1 
Y M. rectus femoris (RF) 5.66 1.095 *** 0.0261 98.0 
Y M. quadriceps femoris (QF) 17.96 1.104 ** 0.0320 98.7 
Y M. longissimus dorsi (LD) 27.8 1.084 ** 0.0246 98.8 

real data ~min 
min. max. xnrin 

(%) 

3.72 16.82 
35.3 140.0 0.986 

3.57 19.55 0.101 
3.40 14.12 0.0918 
6.67 28.86 0.192 

22.3 114.3 0.564 
24.5 131.8 0.649 
79.3 430.2 2.05 

122 567 3.10 

~max 
xmax 
(%) 

0.852 
0.117 
0.0836 
0.176 

0.658 
0.759 
2.38 
3.52 

change 
% 

-13.6 
15.8 
-8.9 
-8.8 

16.6 
17.0 
16.3 
13.5 

>" 

00 
-....I 



... Table4.4/5 ... 

real data ~ 9'max 
XJY variate name a b b=I.0 sb r min. max. xmin xmax change 

(%) (%) % 

Bone chemical component weights - g 

X FEM fat-free weight 35.0 110.4 
Y FEM fat 0.00006 2.733 *** 0.2372 81.1 0.21 35.99 3.0 22.8 648.3 
Y FEMwater 1.694 0.664 *** 0.0804 57.3 19.1 41.7 51.1 34.7 -32.1 
Y FEM protein 0.0633 1.285 *** 0.0350 98.3 6.0 26.3 17.1 23.5 37.8 
Y FEMash 0.0461 1.497 *** 0.0590 96.5 9.9 54.1 25.9 45.4 74.8 

X RIB fat-free weight 3.52 18.70 
Y RIB fat 0.00182 2.267 *** 0.2305 72.4 0.03 2.10 0.9 7.4 729.8 
Y RIB water 0.642 0.787 *** 0.0402 93.8 1.75 6.26 49.1 34.4 -29.9 
Y RIB protein 0.158 1.138 *** 0.0234 99.0 0.67 4.68 18.8 23.7 25.9 
Y RIB ash 0.248 1.189 *** 0.0299 98.5 1.10 9.31 31.5 43.1 37.1 

X TV6 fat-free weight 3.38 13.45 
Y TV6 fat 0.00138 2.589 *** 0.2345 77.7 0.02 1.79 0.9 7.9 756.4 
Y TV6 water 0.735 0.771 *** 0.0347 95.0 1.67 5.24 55.5 40.4 -27.2 
Y TV6 protein 0.139 1.189 *** 0.0229 99.1 0.58 3.06 17.5 22.7 29.8 
Y TV6 ash 0.198 1.250 *** 0.0345 98.2 0.90 5.25 26.9 38.0 41.4 

X LV4 fat-free weight 6.66 26.36 
Y LV4fat 0.00041 2.594 *** 0.2258 80.2 0.01 4.07 0.8 7.5 796.1 
Y LV4water 0.925 0.732 *** 0.0371 93.7 3.36 10.23 55.6 38.5 -30.8 
Y LV 4 protein 0.1143 1.220 *** 0.0317 98.4 1.26 7.62 17.3 23.5 35.3 
Y LV4 ash 0.170 1.253 *** 0.0280 98.8 1.95 10.80 27.5 38.9 41.6 

X FEM protein 6.0 26.3 
Y FEMash 1.128 1.165 *** 0.0396 97.3 9.9 54.1 152 194 27.6 
X RIB protein 0.67 4.68 
Y RIB ash 1.711 1.045 NS 0.0295 98.1 1.10 9.31 168 183 9.1 
X TV6 protein 0.58 3.06 
Y TV6 ash 1.578 1.051 ~ 0.0285 98.3 0.90 5.25 153 167 9.0 
XLV 4 protein 1.26 7.62 
Y LV4 ash 1.579 L027 NS 0.0272 98.3 1.95 10.80 159 167 5.0 

00 
00 



... Table4.4/6 ... 

XJY variate name a b b=1.0 sb r 

Bone dimensions - mm 

X FEMlength 
Y FEM diameter 0.0456 1.205 *** 0.0519 95.2 
Y FEM volume1/3 0.601 0.860 *** 0.0286 97.4 

X RIB length 
Y RIB width 0.0140 1.297 *** 0.0727 92.1 
Y RIB thickness 0.00320 1.439 *** 0.1168 83.1 
Y RIB volume1/3 0.142 0.955 NS 0.0379 96.1 

X TV6 body length 
Y TV6 height 1.606 1.174 ** 0.0647 92.4 
Y TV6 width 2.200 0.964 NS 0.0510 93.1 
Y TV6 volumel /3 1.33 0.920 * 0.0353 96.4 

XLV 4 body length 
Y LV4height 2.214 0.906 ** 0.0303 97.3 
Y LV4width 3.563 0.634 *** 0.0447 87.2 
Y LV4span 1.619 1.203 *** 0.0404 97.2 
Y LV4 vOlume1/3 2.14 0.732 *** 0.0174 98.6 

X TV6 body length 
Y LV 4 body length 0.727 1.255 *** 0.0480 96.4 

real data S-nrin 
nrin. max. xmin 

(%) 

96.0 164.0 
11.0 20.5 11.4 
30.0 46.7 31.3 

122 218 
7.0 14.0 5.8 
3.0 7.0 2.6 

13.9 23.4 11.4 

13.0 20.0 
31.0 56.0 250.9 
25.0 41.0 200.6 
13.6 21.5 108.3 

17.0 32.0 
29.0 53.0 169.6 
22.0 33.0 126.3 
47.0 108.0 287.8 
17.1 26.9 100.2 

13.0 20.0 
17.0 32.0 139.8 

~ 
xmax 
(%) 

12.7 
29.0 

6.9 
3.4 

11.1 

270.5 
197.5 
104.7 

159.8 
100.2 
327.2 

84.5 

156.1 

change 
% 

11.4 
-7.4 

18.7 
29.0 
-2.6 

7.8 
-1.5 
-3.4 

-5.8 
-20.7 
13.7 

-15.6 

11.6 

00 
\0 



... Table 4.4/7 ... 

X!Y variate name a b b=1.0 sb r 

Muscle chemical component weights - g 

X ST fat-free weight 
Y STfat 0.00331 1.567 **. 0.0827 93.1 
Y STwater 0.785 0.997 NS 0.0040 >99.9 
Y STprotein 0.210 1.016 NS 0.0138 99.6 

X QF fat-free weight 
Y QFfat 0.00303 1.453 ••• 0.0625 95.5 
Y QFwater 0.827 0.989 ~ 0.0058 99.9 
Y QFprotein 0.168 1.051 • 0.0202 99.1 

X LD fat-free weight 
Y LD fat 0.00119 1.574 ••• 0.0498 92.8 
Y LD water 0.797 0.993 . •• 0.0027 >99.9 
Y LDprotein 0.189 1.029 •• 0.0094 99.8 
Y LD ash 0.0145 0.948 •• 0.0169 99.3 

X STprotein 
Y STwater 3.623 0.981 NS 0.0172 99.3 

X QFprotein 
Y QFwater 4.436 0.940 • 0.0235 98.5 

X LD protein 
Y LDwater 3.997 0.965 •• 0.0115 99.7 

real data 
min. max. 

21.9 108.5 
0.40 6.02 

17.3 84.4 
4.7 25.5 

77.8 412.8 
1.31 20.83 

61.6 317.9 
16.2 94.9 

120.5 545.2 
1.67 36.2 

93.4 422.6 
25.7 120.7 

1.38 5.76 

4.7 25.5 
17.3 84.4 

16.2 94.9 
61.6 317.9 

25.7 120.7 
93.4 422.6 

:~ ~ 

:;::',. 

~ S'max 
xnUn xmax 
(%) (%) 

1.9 4.7 
77.8 77.4 
22.1 22.6 

2.2 4.6 
78.8 77.4 
21.1 23.0 

2.0 4.2 
77.1 76.3 
21.6 22.5 

1.1 1.1 

352 341 

375 338 

357 338 

change 
% 

147.8 
-0.5 
2.6 

113.0 
-1.8 
9.1 

108.3 
-1.1 
4.3 

-7.4 

-3.2 

-10.1 

-5.3 

\0 o 



... Table 404 / 8 ... 

real data ~min ~max 

X/Y variate name a b b=I.0 sb r min. max. xmin xmax change 
(%) (%) % 

Muscle dimensions - mm 

X STlength 103 177 
Y ST diameter 0.0728 1.179 * 0.0843 86.5 17.5 34.5 16.8 18.5 10.2 
Y ST volumel/3 0.171 1.086 ~ 0.0483 94.7 27.5 47.5 2504 26.7 4.8 

X RF length 88 155 
Y RF diameter 0.0807 1.252 ** 0.0910 86.4 24.0 44.5 24.9 28.8 15.3 
Y RF volumel/3 0.158 1.144 * 0.0658 91.7 28.4 49.8 30.1 32.7 8.5 

X LDlength 312 579 
Y LDwidth, A 0.648 0.712 *** 0.0439 91.3 36.7 5904 1204 lOA -16.3 
Y LDdepth,B 0.0294 1.105 NS 0.0992 80.3 1604 34.0 SA 5.7 6.7 
Y LD cross-sectional area1/2 0.147 0.872 * 0.0595 89.2 22.3 38.5 7.0 6.5 -7.6 
Y LD volume1/3 0.228 0.929 ~ 0.0396 96.0 48.6 81.1 15.1 14.6 -3.2 

X LD width, A 36.7 5904 
Y LD depth,B 0.0576 1.551 *** 0.1266 84.1 16.4 34.0 41.9 54.7 30.4 

X LD cross-sectional area1/2 22.3 38.5 
Y LD volume1/3 1.63 1.087 ~ 0.0463 95.9 48.6 81.1 213.5 223.9 4.9 

X LDt length (thoracic) 168 310 
Y LDt volume1/3 (thoracic) 00480 0.849, ** 0.0517 91.3 37.72 61.18 2.2 2.0 -8.8 

X LDllength (lumbar) 144 288 
Y LDl volume1/3 Oumbar) 0.385 0.927 ~ 0.0390 95.9' 38.9 68.6 2.7 2.5 4.9 

X LDtlength 168 310 
Y LDllength 0.510 1.101 NS 0.0836 8504 144 288 85.6 91.0 604 
X LDtvolume 53.7 229.0 
Y LDlvolume 0.589 1.167 ** 0.0551 94.8 58.9 322.8 114.6 146.0 2704 
X LDtweight 57.1 24304 
Y LDlweight 0.583 1.167 ** 0.0584 93.8 62.9 344.5 114.6 145.9 2704 

\C ..-



... Table 4.4/9 ... 

real data ~min ~max 
X/Y variate name a b b=I.0 sb r min. max. xmin xmax change 

(%) (%) % 

Bone-muscle relationships - chemical, g 

X FEMweight 35.3 140.0 
Y STweight 0.257 1.221 ......... 0.0453 96.7 22.3 114.3 56.5 76.6 35.6 
Y QFweight 0.960 1.215 *** 0.0471 95.8 79.3 430.2 206.6 277.8 34.5 
Y RFweight 0.290 1.225 *** 0.0492 96.1 24.5 131.8 64.7 88.2 36.3 

X FEM fat-free weight 35.1 110.4 
Y ST fat-free weight 0.114 1.433 ......... 0.0723 93.8 21.9 108.5 53.2 87.4 64.2 
Y QF fat-free weight 0.420 1.430 *** 0.0810 91.0 77.8 412.8 194.0 317.5 63.7 

X FEMfat 0.21 35.99 
Y ST fat 0.326 0.813 *** 0.0532 89.6 0.40 6.02 43.6 16.7 -61.8 
Y QFfat 1.384 0.755 *** 0.0523 88.3 1.31 20.83 202.9 57.5 -71.6 

X FEM water 19.1 41.7 
Y STwater 0.0291 2.153 ...... * 0.3015 27.9 17.3 84.4 87.3 214.7 146.0 
Y QFwater 0.115 2.130 ......... 0.3028 22.4 61.6 317.9 322.3 778.8 141.6 

X FEM protein 5.98 26.25 
Y STprotein 0.539 1.139 * 0.0517 95.1 4.67 25.49 69.1 84.9 22.8 
Y QFprotein 1.728 1.178 ** 0.0620 93.4 16.2 94.9 237.6 309.1 30.1 

X TV6 weight 3.40 14.12 
Y LDtweight 14.31 1.070 NS 0.0473 95.2 57.1 243.3 1559 1722 10.5 
X LV4weight 6.67 28.86 
Y LDlweight 5.223 1.246 ......... 0.0505 96.0 62.9 344.5 833.0 1194.4 43.4 

X TV6+LV4fat 0.029 5.86 
Y LD fat 10.92 0.728 ...... * 0.0657 78.5 1.67 36.20 2861 675 -76.4 
X TV6+LV4 water 5.03 15.17 
Y LD water 5.04 1.615 ......... 0.1174 86.7 93.4 422.6 1361 2684 97.2 
X TV6+LV4protein 1.88 10.57 
Y LDprotein 12.76 1.027 NS 0.0372 97.0 25.7 120.7 1298 1360 4.8 
X TV6+LV4 ash 2.88 15.89 
Y LD ash 0.478 0.917 ... 0.0358 96.5 1.38 5.76 43.8 38.0 -13.2 \0 
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... Table 4.4/10 ... 

real data ~min ~ 
XJY variate name a b b=1.0 sb r min. max. xmln xmax change 

(%) (%) % 

Bone-muscle relationships - dimensions, rom & cm3 

X FEMlength 96 164 
Y ST length 0.946 1.028 NS 0.0377 97.3 103 177 107.4 108.7 1.2 
Y RFlength 1.065 0.975 NS 0.0545 92.2 88 155 95.3 93.9 -1.5 

X FEM diameter 11.0 20.5 
Y ST diameter 1.564 1.006 NS 0.0674 88.6 17.5 34.5 158.7 159.3 0.4 
Y RF diameter 2.040 1.013 NS 0.0577 91.9 24.0 44.5 210.5 212.2 0.8 

X FEMvolume 26.9 101.6 
Y STvolume 0.270 1.284 *** 0.0552 95.5 20.9 107.2 68.8 100.3 45.9 
Y QFvolume 1.019 1.276 *** 0.0548 95.5 74.8 404.2 255.3 364.8 42.9 
Y RFvolume 0.307 1.288 *** 0.0554 95.5 22.9 123.5 79.2 116.2 46.6 

X TV6 body length 13.0 20.0 
Y LDtlength 7.15 1.235 ** 0.0736 91.1 168 310 1306 1446 10.7 
X LV 4 body length 17.0 32.0 
Y LDllength 6.31 1.081 NS 0.0493 95.0 144 288 793.8 835.5 5.3 

X RIB length 122 218 
Y LDwidth, A 1.033 0.755 *** 0.0448 91.9 36.7 59.4 31.8 27.6 -13.3 
XLV 4 process span 47.0 108.0 
Y LDwidth, A 4.077 0.572 *** 0.0312 93.2 36.7 59.4 78.8 55.2 -29.9 

X TV6 height 31.0 56.0 
Y LD depth, B 0.308 1.155 NS 0.1108 77.1 16.4 34.0 52.4 57.5 9.6 
X LV4height 29.0 53.0 
Y LDdepth,B 0.292 1.192 * 0.0872 87.4 16.4 34.0 55.7 62.6 12.4 

X TV6volume 2.54 9.91 
Y LDtvolume 17.15 1.118 * 0.0524 94.9 54 229 1914.4 2248.0 17.4 
X LV4volume 5.01 19.56 
Y LDlvolume 6.02 1.326 *** 0.0619 95.0 59 323 1018.0 1587.0 55.9 

\0 w 



... Table 4.4/11 ... 

real data ~ ~ 
XJY variate name a b b=I.0 sb r mln. max. xmin XlIlax change 

(%) (%) % 

Tissue density effects - cm3 & g 

X FEMvolume 26.9 101.6 
Y FEMweight 1.095 1.053 ••• 0.0120 99.7 35.3 140.0 130.4 139.9 7.3 

X RIB volume 2.66 12.74 
Y RIB weight 1.253 1.072 ••• 0.0132 99.6 3.57 19.55 134.4 150.5 11.9 

X TV6 volume 2.54 9.91 
Y TV6 weight 1.235 1.051 •• 0.0161 99.4 3.40 14.12 129.5 138.8 7.2 

X LV4volume 5.01 19.56 
Y LV4weight 1.169 1.067 ••• 0.0141 99.6 6.67 28.86 130.2 142.7 9.6 

X STvolume 20.9 107.2 
Y STweight 1.069 0.999 NS 0.0011 >99.9 22.3 114.3 106.6 106.4 -0.2 

X RFvolume 22.9 123.5 
Y RFweight 1.064 1.001 NS 0.0009 >99.9 24.5 131.8 106.7 106.9 0.2 

X QFvolume 74.8 404.2 
Y QFweight 1.058 1.001 NS 0.0007 >99.9 79.3 430.2 106.3 106.4 0.2 

X LDvolume 115 533 
Y LDweight 1.077 0.998 ~ 0.0008 >99.9 122 567 106.7 106.4 -0.3 

X LDtvolume 53.7 229.0 
Y LDtweight 1.074 0.999 NS 0.0012 >99.9 57.1 243.3 107.0 106.8 -0.1 

X LDZvolume 58.9 323.0 
Y LDlweight 1.078 0.998 ~ 0.0009 >99.9 62.9 345.0 106.9 106.6 -0.3 

'f 



... Table 4.4 / 12 ... 

real data ~min 9max 
X/Y variate name a b b=1.0 sb r min. max. xmln xmax change 

(%) (%) % 

Tissue weight relative to length3 - mm3 & g 

X FEM length3 885 4411 
Y FEM weight 0.0852 0.890 ** 0.0331 96.7 35.3 140.0 4.04 3.38 -16.2 
Y FEM fat-free weight 0.2336 0.745 *** 0.0459 90.7 35.1 110.4 4.14 2.75 -33.6 

X RIB length3 1443 7881 
Y RIB weight 0.00313 0.979 NS 0.0416 95.6 3.57 19.55 0.27 0.26 -3.5 
Y RIB fat-free weight 0.00394 0.946 NS 0.0483 93.8 3.52 18.70 0.27 0.24 -8.8 

X TV6length3 2.20 8.00 
Y TV6 weight 1.644 0.990 NS 0.0384 96.3 3.40 14.12 163.1 161.0 -1.3 
Y TV6 fat-free weight 1.710 0.942 NS 0.0397 95.6 3.38 13.45 163.4 151.6 -7.2 

X LV 4length3 4.91 32.77 
Y LV4weight 1.689 0.813 *** 0.0214 98.3 6.67 28.86 125.4 87.9 -29.9 
Y LV 4 fat-free weight 1.845 0.768 *** 0.0263 97.2 6.66 26.36 127.5 82.1 -35.6 

X STIength3 1093 5545 
Y STweight 0.01083 1.072 NS 0.0516 94.3 22.3 114.3 1.8 2.0 12.4 
Y ST fat-free weight 0.01211 1.054 NS 0.0516 94.1 21.9 108.5 1.8 1.9 9.2 

X RF length3 682 3724 
Y RFweight 0.0144 1.11.3 ~ 0.0648 91.5 24.47 131.8 3.0 3.6 21.1 

X LD length3 30370 208500 
Y LD weight 0.00954 0.911 ~ 0.0455 94.0 122.3 566.6 0.381 0.321 -15.8 
Y LD fat-free weight 0.01097 0.895 * 0.0446 94.0 120.5 545.2 0.371 0.303 -18.3 

X LDt length3 4742 29790 
Y LDt weight 0.0412 0.850 ** 0.043 89.7 57.1 243.3 1.16 0.88 -24.1 

X LDIlength3 2986 23890 
Y LDlweight 0.0491 0.896 * 0.0431 94.4 62.9 344.5 2.14 1.72 -19.4 

\0 
VI 



... Table 4.4/13 ... 

X/Y variate name a b b=1.0 sb r 

Bone chemical comEonent densities - cm3 & g 

X FEMvolume 
Y FEMfat 0.00038 2.421 *** 0.1213 94.1 
Y FEMwater 2.662 0.585 *** 0.0782 39.9 
Y FEM protein 0.1508 1.128 ** 0.0441 96.4 
Y FEM ash 0.1245 1.314 *** 0.0393 97.9 

X RIB volume 
Y RIB fat 0.00319 2.357 *** 0.2103 79.6 
Y RIB water 0.7791 0.821 *** 0.0406 93.9 
Y RIB protein 0.2092 1.183 *** 0.0358 97.9 
Y RIB ash 0.3420 1.225 *** 0.0386 97.6 

X TV6 volume 
Y TV6 fat 0.00251 2.587 *** 0.2094 82.8 
Y TV6 water 0.9002 0.767 *** 0.0359 94.6 
Y TV 6 protein 0.1897 1.190 *** 0.0341 98.1 
Y TV6 ash 0.275 1.251 *** 0.0433 97.2 

X LV4volume 
Y LV4fat 0.00082 2.615 *** 0.1895 86.8 
Y LV4water 1.122 0.738 *** 0.0410 925 
Y LV 4 protein 0.1577 1.230 *** 0.0390 97.6 
Y LV4 ash 0.237 1.263 *** 0.0365 98.0 

real data ~ 
nUn. max. xmin 

(%) 

26.9 101.6 
0.21 35.99 4.1 

19.1 41.7 67.9 
6.0 26.3 23.0 
9.9 54.1 35.0 

2.67 12.74 
0.03 2.10 1.2 
1.75 6.26 65.4 
0.67 4.68 25.0 
1.10 9.31 42.7 

2.54 9.91 
0.02 1.79 1.1 
1.67 5.24 72.6 
0.58 3.06 22.6 
0.90 5.25 34.7 

5.01 19.56 
om 4.07 1.1 
3.36 10.23 73.5 
1.26 7.62 22.8 
0.90 5.25 36.2 

~ 
xmax 
(%) 

26.8 
39.1 
27.2 
53.1 

10.1 
49.3 
33.3 
60.6 

9.6 
53.1 
29.3 
48.9 

10.0 
51.4 
31.2 
51.8 

';: 

change 
% 

560.9 
-42.4 
18.5 
51.8 

733.6 
-24.5 
33.1 
42.1 

767.6 
-26.9 
29.5 
40.7 

802.2 
-30.1 
36.8 
43.1 

\0 
0\ 



... Table 4.4/14 ... 

X/Y variate name a b b=I.0 sb r 

Muscle chemical com~nent densities - cm3 & g 

X STvolume 
Y ST fat 0.00388 1.539 *** 0.0761 94.0 
Y STwater 0.868 0.979 *** 0.0049 99.9 
Y STprotein 0.233 0.998 NS 0.0145 99.5 

X QFvolume 
Y QFfat 0.00349 1.434 *** 0.0579 96.0 
Y QFwater 0.911 0.976 *** 0.0056 99.9 
Y QFprotein 0.1858 1.038 ~ 0.0209 99.0 

X LDvolume 
Y LDfat 0.00147 1.546 *** 0.0778 93.7 
Y LD water 0.914 0.975 *** 0.0044 >99.9 
Y LDprotein 0.213 1.013 NS 0.0103 99.8 
Y LD ash 0.0165 0.933 *** 0.Q174 99.2 

real data 
min. max. 

20.9 107.2 
0.40 6.02 

17.3 84.4 
4.7 25.5 

74.8 404.2 
1.31 20.83 

61.6 317.9 
16.2 94.9 

114.5 532.9 
1.67 36.2 

93.4 422.6 
25.7 120.7 

1.38 5.76 

" 

S-min ~ 
xnUn Xlllax 
(%) (%) 

2.0 4.8 
81.5 78.8 
23.2 23.1 

23 4.7 
82.0 78.7 
21.9 23.3 

2.0 4.5 
81.1 78.1 
22.7 23.2 

1.2 1.1 

change 
% 

141.5 
-33 
-03 

107.9 
-4.0 
6.6 

131.5 
-3.8 
2.0 

-9.8 

\0 
-...J 
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Table 4.5 Allometry of carcass (CS) and non-carcass (NC) variables during ontogenetic growth. ::-.' 

Data used are those of the CTRL treatment for the target LW slaughter groups 10 to 45 kg, inclusive. Birth 

(5kg) and mature (67kg; 860d) slaughter groups were excluded for reasons detailed in Appendix m. 
Allometry was assessed by the Reduced Major Axis method of Kermack & Haldane (1950). The correlation 

coefficient, r, is presented as a measure of "relative fit". Deviation of the allometric coefficient from unity 

was assessed by t-test. .. - ... 

This table is similar to Table 4.4 except that ~ has been expressed as a proportion of the total of X + ~. 

Predictions were made for Y at the minimum and maximum values of X (9min and 9max). Relative change 

in this proportion was then calculated between xmin and xmax. Thus -13.4% represents the proportional 

decrease in the percentage of bodyweight comprising the NC section. 

~.. -

i i 
X/Y variate a b b=I.0 sb r real data x+9 x+9 change 

min max min max (%) 
(%) (%) 

X CS weight 4.43 24.8 
Y NC weight 0.980 0.858 *** 0.0276 97.5 3.72 15.5 44.2 38.3 -13.4 

X CS fat-free wt 3.72 16.8 
Y NC fat-free wt 0.952 0.920 ** 0.0273 97.9 3.35 13.0 46.2 43.2 -6.5 

X CS fat 0.52 8.88 
Y NCfat 0.377 0.916 ** 0.0314 97.1 0.36 3.05 28.5 23.9 -16.1 

X CS water 2.78 12.45 
Y NCwater 0.998 0.922 ** 0.0280 97.8 2.71 10.45 48.0 45.0 -6.1 

X CS protein 0.73 3.40 
Y NC protein 0.682 0.955 NS 0.0470 94.0 0.57 2.65 40.9 39.3 -4.1 

X CS ash 0.194 1.046 
Y NCash 0.421 0.830 *** 0.0400 94.3 0.111 0.433 35.7 29.5 17.6 



Table 4.6 Predicted effects of changes in shape and density on changes in tissue weight 

during ontogenetic growth. 

These are predicted changes derived from the relationships detailed in Table 4.4 using the 

minimum and maximum values for the X variable. Change in shape is expressed as the 

proportional (xl00 = percent) change in relative volume. The latter term is represented in 

two forms; namely that based on change in linear dimensions (relative vOlume1/3) and 

that for change in cubic dimensions (relative volume). Effects are presented as the 

percentage change in weight that they induce independent of changes in scale ie. they 

describe development rather than growth. 

tissue unit change in net 
relative relative density change in 

volumel/3 volume weight 

Bone: 

FEM -7.4 -20.6 +7.3 -14.8 
RIB -2.6 -7.6 +11.9 +3.4 
TV6 -3.4 -9.9 +7.2 -3.4 
LV4 -15.6 -39.9 +9.6 -34.1 

Muscle: 

ST +4.8 +15.1 -0.2 +14.9 
RF +8.5 +27.7 +0.2 +28.0 

LD -3.2 -9.3 -0.3 -9.6 
LDt -8.8 -24.1 -0.1 -24.2 
LDI -4.9 -14.0 -0.3 -14.3 
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Table 4.7 Mean data for the lOkg (initial) and the 45kg (final) target LW slaughter groups of the CTRL 

treatment, used to examine the effect of changes in shape and density on change in tissue weight during 

ontogenetic growth. 

These data comprise the length3, volume and weight of individual tissue units from four bone-muscle 

pairs; ST:FEM, RF:FEM, LDtTV6 and LD1: LV4. The results of these analyses are presented in Table 

4.7. All units are cm3 or g. 

pair/ bone muscle 
time length3 volume weight length3 volume weight 

ST:FEM 
initial 1119 31.56 40.53 1443 23.23 24.80 
final 4083 92.42 129.07 5148 98.72 105.00 

RF:FEM 
initial 1119 31.56 40.53 1061 26.24 27.91 
final 4083 92.42 129.07 3220 117.78 125.49 

LDt: TV6 
initial 2.283 3.025 3.855 5592 55.77 59.45 
final 8.000 8.893 12.637 24095 210.64 224.13 

LDl: LV4 
initial 6.162 5.988 7.687 3640 64.62 69.05 
final 30.761 18.365 26.528 17780 299.47 319.19 
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Table 4.8 Effects of changes in tissue shape, tissue density and size of muscle relative to bone on the 

gravimetric muscle: bone (M:B (w/w» ratio for individual muscle-bone pairs during ontogenetic growth. 

Raw data used were those of the lOkg (initial) and the 45kg (final) target LW slaughter groJ.lps of the CTRL 

treatment (ontogenetic growth) and are presented in Table 4.6. Explanation of how data in this table were 

derived is given in Appendix VI. 

For each tissue change in relative volume (volume: length3) and density are expressed as proportions. The 

change in relative length (of muscle to bone) is also expressed in this way. However, since bone is the 

denominator in the gravimetric muscle: bone ratio, the reciprocal of effects in this tissue describe changes on 

the M:B (w/w) ratio. Thus two effects are presented for bone. 

For each muscle: bone pair, the first line of data shows the proportional changes in variables as they affect 

the M:B (w/w) ratio. For bone, "true" changes in proportion for relative volume and density are presented in 

the second line. These figures can be compared with equivalent muscle figures in the preceding line to 

assess relative change in variables for bone and muscle. A third line shows the proportional change in M:B 

(w/w) ratio induced by bone and muscle, singly and together. For each tissue this effect is the combined 

effect of changes in relative volume and density from the first line. Bone and muscle effects were then 

combined to derive the net effect on M:B (w/w) ratio ignoring changes in relative length. 

relative muscle weight bone weight 
length relative density relative density M:B ratio§ 

volume volume (w/w) 

ST:FEM 
change 0.978 1.191 0.996 1.246 0.920 = 1.330 
(changer 1 0.803 1.088 
change in weight 1.187 1.145 = 1.359 

RF:FEM 
change 0.832 1.479 1.002 1.246 0.920 = 1.412 
(changer 1 0.803 1.088 
change in weight 1.482 1.145 = 1.697 

LDt: TV6 
change 1.229 0.877 0.998 1.192 0.897 = 1.150 
(changer 1 0.839 1.115 
change in weight 0.875 1.069 = 0.936 

LDl: LV4 
change 0.978 0.949 0.998 1.628 0.889 = 1.340 
(changer 1 0.614 1.125 
change in weight 0.946 1.447 = 1.369 

§ This is also the product of other effects on the same line of the table. 

i·" 
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Table 4.9 Allometry of gravimetric variables supporting the 

hypothesis that isometric growth occurs between muscle and bone 

in terms related to their functional relationship. Both muscle 

weight and bone ash show similar growth relative to fat-free bone. 

Data are summarized from Table 4.4. 

X Y b 

FEM fat-free FEMash 1.50 

TV6 fat-free TV6ash 1.25 

LV4 fat-free LV4ash 1.25 

FEM fat-free STfat-free 1.43 

FEM fat-free QF fat-free 1.43 

TV6 fat-free LDt 1.07 

LV4 fat-free LDI 1.25 

102 
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APPENDIX V: Figures derived from the study of ontogenetic growth in Trial One. 

For the study of ontogenetic growth data used were from the lOkg through 45kg target LW slaughter groups 

inclusive, of the CTRL treatment (n=48). Reasons for exclusion of the birth (5kg) and 860d (67kg) slaughter 

groups are given in Appendix III. 

Page 

104 Figure 5.1 Experimental design for Trial One. 

106 Figure 5.2 Change in liveweight with time during Trial One; CTRL treatment only. 

108 Figure 5.3 Growth of variables relative to time. Fitted Gompertz functions are depicted with the 

raw data for selected variables. 

113 Figure 5.4 Allometry of variables during ontogenetic growth. 
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Figure 5.1 Experimental design for Trial One. the study of ontogenetic growth (CTRL). restricted growth 

and subsequent recovery growth (RECO). Groups of six animals were allocated to each target liveweight 

(L W) slaughter group. The aim of restricted growth was to achieve L W stasis while the C1RL group gained 

15kgLW. 
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Figure 5.2.1 Change in liveweight with time during ontogenetic growth (CTRL treatment group) 

highlighting changes occurring between birth (ld) and 260d. 

Figure 5.2.2 Change in liveweight with time during ontogenetic growth (CTRL treatment group) over the 

full trial period (ld to 86Od). 

For both graphs; 

1. Between birth and 56d, means (± sem) for CTRL slaughter groups are presented. 

2. Subsequently, treatment means (± sem) are presented for surviving animals. 

3. Curves were not fitted but points were joined. 

1
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Figure 5.3 Growth of variables with time during ontogenetic growth. Data are from those animals in the 

target LW slaughter groups 10 to 45 kg inclusive, of the CTRL treatment (n=48). The logarithmic form of 

the Gompertz function was fitted to these data using the optimization procedure of GENST AT. Details of 

the fitted Gompertz functions are given in Table 4.3. Time is measured as day of trial. Both the fitted 

Gompertz function and the raw data are plotted. 

This Figure comprises 7 graphs. Variables depicted in each graph associated with this title are listed below. 

Page Graph Y variables 

109 1 Weights of empty body and fat-free empty body 

109 2 Weights of carcass and non-carcass body sub-sections 

110 3 Weights of fat, water, protein and ash in the body 

110 4 Weights of the gastro-intestinal tract and liver 

III 5 Weights of the femur and M. semitendinosus 

112 6 Lengths of the femur and M. semitendinosus 

112 7 Mid-length diameters of the femur and M. semitendinosus 

... ' ... _ ..... . 
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Figure 5.3.1 Ontogenetic growth of the body 
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Figure 5.3.3 Ontogenetic growth of b10dy chemical components 

22 
If fat 

20 
" water 

11 
.. protein 

11 
If ash 

~14 

I 12 ..... .. If 

..c 

.2l 10 If 
If 

CI) 
:t e If 

8 

" 4 

2 

0 

0 20 40 80 110 100 120 140 180 110 200 

time - d 

Figure 5.3.4 Ontogenetic growth of internal organs 

5.0 
If 

4.1S " Empty gastro-intestinol tract 

4.0 " Liver 

3JS If 
If 

0\ If 

.::t. 3.0 " I ..... 
2JS ..c 

0\ " 'Q) 
:t 2.0 = I 

If 

1.5 
If 

" " 
1.0 If 

• If " " OJS " 

0 

0 20 80 eo 100 120 200 

t ime - d 



111 

Figure 5.3.5 Ontogenetic growth of bone & muscle - weight 
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Figure 5.3.6 Ontogenetic growth of bone & muscle - length 
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Figure 5.4 Allometry of variables during ontogenetic growth. Data are from those animals in the target L W 

slaughter groups 10 to 45 kg inclusive, of the CTRL treatment (n=48). Allometric coefficients are detailed in 

Table 4.4. 

This Figure comprises 18 graphs. Listed below are the X variables and a generalized description of the Y 

variables for each graph. 

NB: Axes follow a logarithmic scale. 

Page Graph X variable Yvariables 

114 1 empty bodyweight carcass and non-carcass weights 

114 2 fat-free empty bodyweight body chemical component weights 

115 3 fat-free carcass weight carcass chemical component weights 

115 4 fat-free non-carcass weight non-carcass chemical component weights 

116 5 fat-free FEM weight FEM chemical components weights 

116 6 fat-free RIB weight RIB chemical components weights 

117 7 fat-free TV6 weight TV6 chemical components weights 

117 8 fat-free LV4 weight LV4 chemical components weights 

118 9 FEMlength FEM geometric dimensions 

118 10 RIB length RIB geometric dimensions 

119 11 TV6 body length TV6 geometric dimensions 

119 12 LV4 body length LV4 geometric dimensions 

120 13 fat-free ST weight ST chemical components weights 

120 14 fat-free QF weight QF chemical components weights 

121 15 fat-free LD weight LD chemical components weights 

122 16 STlength ST geometric dimensions 

122 17 RF length RF geometric dimensions 

123 18 LD length LD geometric dimensions 

I , 



+" .r; 

24 

e 

20 

.~ 2 
Q) 
~ 

114 

Figure 5.4.1 Relative growth 0 f body sub-sections 
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Figure 5.4.3 Relative growth of carcass chemical components 
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Figure 5.4.5 Relative growth of bone (FEM) chemical components 
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Figure 5.4.6 Relative growth of bone (RIB) chemical components 
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Figure 5.4.7 Relative growth of bone (TV6) chemical components 
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Figure 5.4.8 Relative growth of bone (LV 4) chemical component s 
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Figure 5.4.9 Relative growth of bone (FEM) dimensions 
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Figure 5.4.11 Relative growth of bone (TV6) dimensions 
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Figure 5.4.12 Relative growth of bone (LV4) dimensions 
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Figure 5.4.13 Relative growth of muscle (ST) chemical components 
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Figure 5.4.15 Relative growth of muscle (LD) chemical components 
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Figure 5.4.16 Relative growth of muscle (ST) dimensions 
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Figure 5.4.17 Relative growth of muscle (RF) dimensions 
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Figure 5.4.18 Relative growth of muscle (LD) dimensions 
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APPENDIX VI: Partitioning of increases in gravimetric muscle: bone ratio 

For this analysis, data means were obtained from the two extreme CTRL target BW slaughter groups used in 

the analysis of ontogenetic growth, those at 10kg (initial) and 4Skg (final). For each group means of weight, 

length3 and volume for both tissues were obtained from four bone-muscle pairs; namely, ST: FEM, 

RF: FEM, LDt: TV6 and LDl: LV 4. These data are shown in Table 4.6. For each bone-muscle pair the 

following six terms were derived; 

1. Relative length, (muscle length)3/ (bone length)3 between bone and muscle. 

2. Relative volume, (vQlume)/ (Iength)3. For bone. 

3. Relative volume, (volume)/ (Iength)3. For muscle. 

4. Density, (weight)/ (volume). For bone. 

5. Density, (weight)/ (volume). For muscle. 

6. Relative weight, (muscle weight)/ (bone weight) between bone and muscle. This is the gravimetric 

M:B (w/w) ratio. In the following discussion, M:B (w/w) ratio refers to this ratio for an individual 

muscle-bone pair. 

[NB: The 3rd power transformation is necessary for all linear terms so that changes are assessed relative to 

change in volume or weight]. 

These terms are all independent of scale. Monitoring change in these terms enables an objective estimate to 

be made of the effect of changes in shape and density on change in volume and weight. A ratio of final and 

initial values yields an index of change for each term. 

These analyses provide no indication of the pattern of change for each of the relationships considered ~ 

bone weight: volume, muscle volume: length3). However, the allometric relationships reported in Table 4.4 

and Figures 5.4 suggest that there were no major deviations from simple allometric relationships. Thus 

proportional changes between the two groups chosen should reflect relatively constant differences in relative 

growth of variables over the range of growth studied. 

Table 4.6 presents the results of this analysis. In order to interpret these results, detailed consideration will 

be given to data derived from the first bone-muscle pair (FEM and ST). A more summarized account of this 

table is given in Section 3.2.5. 

Change in relative length is expressed as the proportion 0.978 (line I, Table 4.7). This is the result of ST 

length3 increasing by 97.8% of the proportional increase in FEM length3 ie. FEM length3 increased 

relatively more (2.2%) than ST length3. This is equivalent to 0.7% in terms oflength with one dimension 

since 0.9781/3 = 0.993. This change in relative length acts to decrease M:B (w/w) ratio by 2.2%. 

Muscle weight change comprised three components; overall increase in size, change in shape and change in 

density. Relative volume, increased by a proportion of 1.191 between the initial and final groups. This 

~ ~ --- - '.' - .' 
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means that there was a 19.1 % increase in volume due to the change of shape in muscle. In contrast density 

decreased very slightly. The product of these effects was the weight effect, given in the third data line of 

Table 4.7. These data show that muscle shape change acted to increase M:B (w/w) ratio while muscle 

density change had negligible effect. 

Bone effects were expressed as the reciprocals of the calculated terms since they act on the denominator of 

the M:B (w/w) ratio, whereas muscle terms act on the numerator. Thus while increases in muscle density 

would act to increase M:B (w/w) ratio, increases in bone density have the opposite effect. Calculated bone 

terms (reciprocals of the "effects" on the M:B (w/w) ratio) are given in the second data line of Table 4.7. For 

these bone data (FEM), t~ere was a 20% reduction in relative volume of bone over the BW range studied, 

acting to increase M:B (w/w) ratio by 25% (1.246 = 0.803-1). Offsetting this, bone density increased (9%), 

acting to reduce M:B (w/w) ratio by 8%. The net effect was for bone weight to be reduced by 13% relative 

to length, which acted to increase in M:B (w/w) ratio of 15%. 

For this bone-muscle pair, the net effect of the above changes was a 33% increase in M:B (w/w) ratio. This 

figure could be derived directly by calculating the proportional change in relative weight, or by obtaining the 

product of the five terms preceding it on the same line of Table 4.7. Shape changes in both tissues acted to 

increase M:B (w/w) ratio, but this increase was somewhat reduced by an increase in bone density. The third 

line of Table 4.7 gives the weight effects for each tissue (= shape effect * density effect) and the product of 

these two weight effects ie. an estimate of change in M:B (w/w) ratio without the relative length effect. This 

can be useful in interpretation of data where the change in relative length is substantial. 
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APPENDIX VII: Tables of data derived from the study of restricted growth and subsequent recovery growth 

in Trial One. 

Data used in analyses are described separately for each table. 

Page 

127 Table 7.1 Changes occurring in the body and tissues during undernutrition. 

137 Table 7.2 Rela,tive change inlhe body and tissues during undernutrition. 

142 Table 7.3 Change in chemical composition of body sections during undernutrition. 

143 Table 7.4 Comparison of initial body composition with the composition of bodyweight loss 

occurring during undernutrition. 

144 Table 7.5 Changes induced by undernutrition in variables that affect strength of bone and 

muscle. 

145 Table 7.6 Proportional change in weight of tissue per unit length during undernutrition. 

146 Table 7.7 Comparison of crude growth rates for CTRL and RECO treatments. 

147 Table 7.8 Comparison of growth rates derived from Gompertz functions fitted to data of the 

CTRL and RECO treatments. 

155 Table 7.9 Comparison of relative growth rates for CTRL and RECO treatments. 

163 Table 7.10 Comparison of allometric growth displayed by CTRL and RECO treatment groups 

for growth to 45kg L W. 

172 Table 7.11 Comparison of allometric growth displayed by CTRL and RECO treatment groups 

during two stages of growth, equivalent to early and late recovery. 

181 Table 7.12 Comparison of the fmal slaughter groups (860d) from CTRL and RECO treatments. 
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Table 7.1 Changes occurring in the body and tissues during undernutrition. 

Comparison of CTRL animals slaughtered at 56d with RECO animals slaughtered at l13d, after the latter 

group had undergone a period of restricted feeding from 56d to 113d. Statistical significance of the 

difference between means for these two groups was assessed by a t-test with non-pooled variances. An 

estimate of CTRL animals at 112d is also given based on the mean of two CTRL groups slaughtered at 99 

(±2.9) and 125 (±l7.0) days. The final column is the change from the CTRL mean (56d) to the RECO mean 

(113d) expressed as a percentage. 

This table comprises 10 pages. 
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... Table 7.1 /2 cont'd ... 
~:::;:;:;:-:.:.: . .: 

means ClRL 
variable units CTRL RECO sed t-test 112d change 

56d 113d (not tested) (%) 

Slaughter data 
pre-slaughter BW kg 19.8 19.1 0.52 NS 35.1 -3.5 

GlT weight, full kg 3.50 6.61 0.398 *** 8.27 88.9 
GlT weight, empty kg 2.14 1.65 0.091 ** 3.58 -22.9 -.-. '.- ~ :.". 

liver weight g 400 280 18.7 ** 654 -30.0 
kidney (2) weight g 86.2 62.8 4.09 ** 118.4 -27.1 

Empty body chemical components 

empty body (EB) kg 18.3 14.6 0.51 *** 30.4 -20.2 
fat-free EB 15.0 13.1 0.34 ** 23.7 -12.7 

EB fat " 3.30 1.42 0.349 ** 6.68 -57.0 
EB water " 11.61 10.14 0.256 ** 18.16 -12.7 
EB protein " 2.71 2.36 0.087 ** 4.47 -12.9 
EBash " 0.705 0.660 0.0280 NS 1.123 -6.4 
EB energy MJ 191 110 14.1 ** 362 -42.4 I 

I· 
I 

EB water:protein ratio 4.28 4.30 0.097 NS 4.06 0.5 ! 

EB ash:protein ratio 0.260 0.280 0.0124 NS 0.251 7.7 

Bone and muscle weights 
FEM g 77.0 84.3 2.95 ~ 118.9 9.5 
RIB g 8.81 8.45 0.497 NS 15.68 -4.1 
TV6 g 7.33 7.89 0.323 NS 11.40 7.6 
LV4 g 15.4 16.1 0.70 NS 23.8 4.5 

ST g 46.6 39.6 2.37 * 84.6 -15.0 
QF g 181.0 166.5 7.00 ~ 309.4 -8.0 
RF g 57.5 50.2 2.63 * 96.2 -12.7 
LD g 269 209 13.7 ** 471 -22.3 
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... Table 7.1 /3 cont'd ... 

means CTRL 
variable units CTRL RECO sed t-test 112d change 

56d 113d (not tested) (%) 

Carcass (CS) chemical components 

CS kg 10.73 8.08 0.447 ** 18.38 -24.7 
fat-free CS II 8.26 7.16 0.226 ** 13.33 -13.3 i-.-

CS fat II 2.47 0.92 0.311 ** 5.04 -62.8 
CS water 6.20 5.35 0.164 ** 9.83 -13.7 
CS protein II 1.63 1.35 0.058 ** 2.69 -17.2 
CS ash II 0.466 0.432 0.0182 NS 0.780 -7.3 
CS energy MJ 133.0 67.2 12.39 ** 257.0 -49.5 

CS water:protein ratio 3.82 3.96 0.078 NS 3.65 3.7 
CS ash:protein ratio 0.287 0.321 0.017 NS 0.290 11.8 

Non-carcass (NC) chemical components 

NC kg 7.56 6.48 0.219 ** 12.05 -14.3 
fat-freeNC II 6.73 5~98 0.205 * 10.41 -11.1 

NCfat II 0.830 0.499 0.0547 ** l.638 -39.9 
NC water II 5.41 4.79 0.173 * 8.33 -11.5 
NC protein 1.092 1.011 0.0520 NS l.780 -7.4 
NCash II 0.239 0.228 0.0113 NS 0.342 -4.6 
NCenergy MJ 57.5 42.9 2.84 ** 104.7 -25.4 

NC water:protein ratio 4.98 4.75 0.177 NS 4.70 -4.6 
NC ash:protein ratio 0.221 0.226 0.0137 NS 0.193 2.3 



130 

... Table 7.1 /4 cont'd ... 
l~':;':::;;:::~:;;:-:-:: 

means CTRL 
variable units CTRL RECO sed t-test 112d change 

56d 113d (not tested) (%) 

Bone chemical components 

FEM g 77.0 84.3 2.95 ~ 118.9 9.5 
FEM fat-free g 73.6 70.3 2.28 NS 99.8 -4.5 

FEMfat g 3.96 13.95 1.442 *** 19.14 252.3 
FEMwater g 33.4 31.7 1.71 NS 33.1 -5.1 
FEMprotein g 15.0 13.4 0.80 NS 23.3 -10.7 
FEMash g 25.1 25.2 1.20 NS 43.0 0.4 

FEM ash:protein (A:R) 1.67 1.89 0.077 * 1.86 13.2 
FEM protein density g/cm3 0.267 0.206 0.0090 ** 0.273 -22.8 
FEM ash density g/cm3 0.447 0.388 0.0160 * 0.503 -13.2 
FEM fat density g/cm3 0.070 0.212 0.0167 *** 0.222 202.9 

I'~ " 

FEM water density g/cm3 0.593 0.489 0.0288 * 0.388 -17.4 

RIB 8.81 8.45 0.497 NS 15.68 -4.1 
, 

g I 

RIB fat-free 8.62 8.01 0.475 NS 14.87 -7.1 I· g I 
I 

RIB fat g 0.195 0.436 0.1408 NS 0.807 123.6 
RIB water g 3.60 3.47 0.191 NS 5.42 -3.6 
RIB protein g 1.84 1.61 0.137 NS 3.39 -12.5 
RIB ash g 3.18 2.94 0.240 NS 6.06 -7.5 

RIB ash:protein (A:R) 1.73 1.83 0.031 * 1.80 5.8 
RIB protein density g/cm3 0.295 0.260 0.0152 ~ 0.322 -11.9 
RIB ash density g/cm3 0.511 0.477 0.0300 NS 0.576 -6.7 
RIB fat density g/cm3 0.0320 0.0688 0.02143 NS 0.0765 115.0 
RIB water density g/cm3 0.579 0.563 0.0192 NS 0.516 -2.9 
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... Table 7.1/5 cont'd ... 1-'---.-'-'.-.< 

means CTRL 
variable units CTRL RECO sed t-test 112d change 

56d 113d (not tested) (%) 

Bone chemical components, cont'd 

TV6 g 7.33 7.89 0.323 NS 11.40 7.6 
TV6 fat-free g 7.22 7.30 0.290 NS 10.75 1.1 

TV6fat g 0.107 0.594 0.0781 ** 0.648 455.1 
TV6 water g 3.40 3.71 0.212 NS 4.54 9.1 
TV6protein g 1.47 1.31 0.066 ~ 2.37 -10.9 
TV6ash g 2.36 2.28 0.152 NS 3.83 -3.4 

TV6 ash:protein (A:R) 1.60 1.73 0.054 ~ 1.62 8.1 
TV6 protein density g/cm3 0.275 0.214 0.0117 ** 0.286 -22.2 
TV6 ash density g/cm3 0.440 0.371 0.0260 * 0.461 -15.7 
TV 6 fat density g/cm3 0.0197 0.0963 0.01094 *** 0.0765 388.8 
TV6 water density g/cm3 0.633 0.605 0.0236 NS 0.547 -4.4 

LV4 g 15.4 16;1 0.70 NS 23.8 4.5 
LV4 fat-free g 15.2 14.8 0.60 NS 22.4 -2.6 

LV4 fat g 0.253 1.317 0.1879 ** 1.443 420.6 
LV4water g 7.11 7.34 0.408 NS 8.89 3.2 
LV4protein g 3.14 2.72 0.131 * 5.03 -13.4 
LV4ash g 4.97 4.76 0.224 NS 8.43 -4.2 

LV4 ash:protein (A:R) 1.60 1.75 0.046 * 1.68 9.4 
LV4 protein density g/cm3 0.282 0.222 0.0093 ** 0.299 -21.3 
LV 4 ash density g/cm3 0.447 0.389 0.0197 * 0.502 -13.0 
LV 4 fat density g/cm3 0.0229 0.1057 0.01128 *** 0.0845 361.6 
LV 4 water density g/cm3 0.637 0.599 0.0168 ~ 0.528 -5.9 

.- .... -
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... Table 7.1/6 cont'd ... 
~ :<'~':T~~':'.':.~"::;' 

means CTRL 
variable units CTRL RECO sed t-test 112d change 

56d 113d (not tested) (%) 

Bone - geometric dimensions 

FEMlength mm 125.3 136.3 2.20 ** 149.3 8.8 
FEM diameter mm 15.4 16.2 0.37 ~ 18.9 5.2 
FEMvolume cm3 56.3 65.1 2.52 * 85.0 15.6 

r -_: :~;:: ~ T ___ 

FEM diameter: length 0.123 0.118 0.0032 NS 0.127 -4.1 
FEM volumel/3:length 0.0306 0.0295 0.00039 * 0.0295 -3.6 

RIB length mm 160.7 175.5 2.82 ** 194.8 9.2 
RIB width mm 10.3 10.5 0048 NS 12.8 1.9 
RIB thickness mm 5.3 4.8 0040 NS 6.3 -904 
RIB volwne cm3 6.22 6.18 0.376 NS 10.52 -0.6 

- -

RIB diameter:length 0.0488 0.0429 0.00188 * 0.0491 -12.1 
RIB volwnel/3:length 0.0114 0.0105 0.00031 * 0.0112 -8.8 

TV6 body length mm 16.5 17.0 0.50 NS 19.1 3.0 
TV6height mm 43.0 44.6 1.37 NS 50.8 3.7 
TV6 width mm 33.0 34.7 0.61 * 38.1 5.2 
TV6volume cm3 5.37 6.13 0.265 * 8.34 14.2 

TV6 volumel/3:length 0.1061 0.1077 0.00456 NS 0.1062 104 

LV4 body length mm 24.3 25.5 0.31 * 29.8 4.9 
LV4height mm 39.8 41.8 0.99 NS 47.7 5.0 
LV4 width mm 26.8 28.5 0.90 NS 29.9 6.3 
LV4span mm 76.3 81.3 1.11 ** 95.6 6.6 
LV4 volume cm3 11.1 12.3 0.59 NS 16.9 10.8 

i.;.-.. ___ 

LV 4 volume l/3:length 0.0918 0.0905 0.00297 NS 0.0861 -104 
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... Table 7.1 /7 cont'd ... 

means CTRL 
variable units CTRL RECO sed t-test 112d change 

56d 113d (not tested) (%) 

Muscle chemical components 

ST g 46.6 39.6 2.37 * 84.6 -15.0 
STfat-free g 45.5 38.8 2.30 * 81.2 -14.7 f·· 

STfat g 1.12 0.73 0.122 * 3.43 -34.8 
i····c···:·· 

STwater g 35.4 30.8 1.79 * 62.6 -13.0 
ST protein g 10.11 8.06 0.542 * 18.62 -20.3 

ST water:protein ratio 3.50 3.83 0.080 ** 3.36 9.4 

QF g 181.0 166.5 7.00 ~ 309.4 -8.0 , .. 

QF fat-free g 176.1 162.0 6.59 ~ 296.7 -8.0 

QFfat g 4.98 4.51 0.829 NS 12.67 -9.4 
QF water g 138.1 125.7 4.41 * 229.7 -9.0 
QFprotein g 38.0 36.3 2.54 NS 67.0 -4.5 

QF water:protein ratio 3.65 3.50 0.157 NS 3.45 -4.1 

RF g 57.5 50.2 2.63 * 96.2 -12.7 

LD (total) g 269 209 13.7 ** 471 -22.3 
LD fat-free g 263 205 13.3 ** 453 -22.1 
LDt g 119.2 96.5 5.55 ** 191.2 -19.1 
LDI g 150.0 112.0 10.44 * 279.7 -25.3 

LDfat g 6.70 3.48 0.706 * 17.78 -48.1 
LD water g 202 163 9.8 * 346 -19.3 
LD protein g 56.8 40.8 3.79 * 102.6 -28.2 
LDash g 2.87 1.97 0.183 * 4.79 -31.4 

LD water:protein ratio 3.55 4.02 0.081 ** 3.37 13.2 
LD ash:protein ratio 0.0505 0.0485 0.00147 NS 0.0468 -4.0 
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... Table 7.1 /8 cont'd ... 
--.:::;:.;:;~::;:::-::~;: 

means CTRL 
variable units CTRL RECO sed t-test 112d change 

56d 113d (not tested) (%) 

Muscle - geometric dimensions 

STlength mm 138.5 145.0 2.40 * 162.8 4.7 
,. 
i " ~ ~: --

STdiameter mm 23.4 20.3 0.766 ** 29.0 -13.2 
STvolume cm3 43.8 37.2 2.20 * 79.4 -15.1 ,--

ST diameter: length 0.169 0.140 0.0065 ** 0.178 -17.2 
ST volumel/3:length 0.0255 0.0230 0.00053 ** 0.0264 -9.8 

QFvolume cm3 170.3 157.2 6.52 NS 290.7 -7.7 

RFlength mm 118.0 126.8 2.77 * 139.9 7.5 
RFdiameter mm 32.8 30.2 0.89 * 38.8 -7.9 
RFvolume cm3 54.0 47.2 2.47 * 90.1 -12.6 

RF diameter:length 0.279 0.238 0.0112 * 0.278 -14.7 
RF volume 1/3: length 0.0321 0.0285 0.00089 ** 0.0321 -11.2 

LD length (total) mm 437 468 7.8 * 518 7.1 
LDwidth, A mm 47.9 49.7 1.68 NS 55.2 3.8 
LDdepth, B mm 25.2 20.4 1.79 * 28.2 -19.0 
LD cross-sectional area mm2 879 678 58.1 * 1117 -22.9 
LD volume (total) cm3 252 196 12.6 ** 441 -22.2 

LDt volume cm3 111.9 90.9 5.22 * 179.4 -18.7 
LDI volume cm3 140.4 105.3 9.65 * 261.9 -25.0 

LDB/A 0.528 0.412 0.0386 * 0.512 -22.0 

LD diameter§:length 0.0803 0.0682 0.00206 ** 0.0810 -15.1 
LD volumel/3:length 0.0145 0.0124 0.00036 ** 0.0147 -14.5 
§ average of depth and width 
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... Table 7.1/10 cont'd ... 
r:·:·,:·:-::-:,-,::-:~~, 

means C1RL 
variable units CTRL RECO sed t-test 112d change 

56d 113d (not tested) (%) 

Bone-muscle relationships - geometric 

ST:FEM 
length : length 1.105 1.064 0.0219 NS 1.091 -3.7 
diameter : diameter 1.521 1.253 0.0534 ** 1.537 -17.6 
volume : volume 0.780 0.574 0.0407 ** 0.937 -26.4 

QF:FEM 
volume : volume 3.03 2.43 0.142 ** 3.43 -19.8 

RF:FEM 
length : length 0.942 0.931 0.0201 NS 0.938 -1.2 
diameter : diameter 2.13 1.87 0.071 ** 2.06 -12.2 
volume : volume 0.961 0.728 0.0472 ** 1.062 -24.2 

LO: TV6 &/orLV4 
length : length (TV6+LV4) 9.55 9.48 0.133 NS 9.35 -0.7 
LOA :LV4span 0.627 0~610 0.0144 NS 0.577 -2.7 I LOB : LV4 height 0.634 0.489 0.0455 * 0.593 -22.9 i 
LOB : TV6height 0.587 0.465 0.0488 ~ 0.557 -20.8 
volume : volume 15.32 10.71 0.789 ** 17.60 -30.1 

LOt: TV6 
length : length 14.40 14.88 0.441 NS 14.09 3.3 
volume : volume 20.91 14.91 1.163 ** 21.64 -28.7 

L01:LV4 
length : length 8.18 8.42 0.169 NS 8.35 2.9 
volume : volume 12.63 8.62 0.817 *** 15.60 -31.7 
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Table 7.2 Relative change in the body and tissues during undernutrition. 

A comparison of observed mean measurements with predicted values. Observed (obs) data are means from 

RECO animals slaughtered at 113d. Predicted (pred) data were derived from the allometric relationships for 

ontogenetic growth (Table 4.4) at the same mean value of the base variable as that observed in RECO 

animals. Change was calculated as the percentage difference between observed and predicted data. 

This table comprises 5 pages. 
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... Table 7.2/2 cont'd ... 
:-:;::::-:;::.;::~=;:~ 

variable base variable difference 
unit CTRL RECO (obs-2red} 

name value (pred) (obs) pred 
(%) 

Body com2onents 

carcass (CS) kg fat-freeEB 13.1 8.45 8.08 
I'" " 

-4.4 I"' 

non-carcass (NC) kg fat-freeEB 13.1 6.11 6.48 6.1 1 - : ~-~ 

NCfat kg CS fat 0.92 0.349 0.499 42.9 
NC water kg CS water 5.35 4.69 4.79 2.3 
NC protein kg CS protein 1.35 0.91 1.011 11.1 
NCash kg CS ash 0.432 0.210 0.228 8.7 

empty body (EB) fat kg fat-freeEB 13.1 2.74 1.42 -48.2 
EB water kg fat-freeEB 13.1 10.13 10.14 0.1 
EB protein kg fat-freeEB 13.1 2.39 2.36 -1.3 
EB ash kg fat-freeEB 13.1 0.598 0.660 10.4 

CS fat kg fat-freeCS 7.16 2.00 0.92 -54.0 
CS water kg fat-freeCS 7.16 5.35 5.35 0.0 
CS protein kg fat-freeCS 7.16 1.40 1.35 -3.6 
CS ash kg fat-freeCS 7.16 0.396 0.432 9.1 

NCfat kg fat-freeNC 5.98 0.740 0.499 -32.6 
NCwater kg fat-freeNC 5.98 4.81 4.79 -0.4 
NCprotein kg fat-freeNC 5.98 0.975 1.011 3.7 
NCash kg fat-freeNC 5.98 0.200 0.228 14.0 

emptyGIT kg fat-freeEB 13.1 1.75 1.65 -5.7 
liver g fat-freeEB 13.1 338 280 -17.2 
kidney (2) g fat-freeEB 13.1 72.3 62.8 -13.1 

Femur(FEM) g fat-freeCS 7.16 66.3 84.3 27.1 
6th rib (RIB) g fat-freeCS 7.16 7.51 8.45 12.5 
6th thoracic vert. (TV6) g fat-freeCS 7.16 6.31 7.89 25.0 
4th lumbar vert. (LV4) g fat-free CS 7.16 13.2 16.1 22.0 

M. semitendinosus (ST) g fat-free CS 7.16 43.2 39.6 -8.3 
M. guadrice2s femoris (QF) g fat-free CS 7.16 156.6 166.5 6.3 
M. rectus femoris (RF) g fat-free CS 7.16 49.7 50.2 0.9 
M. longissimus dorsi (LD) g fat-free CS 7.16 236 209 -11.4 
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... Table 7.2/3 cont'd ... 
~;::.;::<::.:::::. 

variable base variable difference 
unit CTRL RECO (obs-pred) 

name value (pred) (obs) pred 
(%) 

Bone 

FEMfat g fat-free FEM 70.3 7.3 14.0 91.8 
FEMwater g fat-free FEM 70.3 28.4 31.7 11.6 
FEMprotein g fat-free FEM 70.3 14.6 13.4 -8.2 
FEMash g fat-free FEM 70.3 25.6 25.2 -1.6 

RIB fat g fat-free RIB 8.01 0.204 0.436 113.7 
RIB water g fat-free RIB 8.01 3.30 3.47 5.2 
RIB protein g fat-free RIB 8.01 1.69 1.61 -4.7 
RIB ash g fat-free RIB 8.01 2.94 2.94 0.0 

TV6fat g fat-free TV6 7.30 0.222 0.594 167.6 
TV6 water g fat-free TV6 7.30 3.40 3.71 9.1 
TV6 protein g fat-free TV6 7.30 1.48 1.31 -11.5 
TV6ash g fat-free TV6 7.30 2.38 2.28 -4.2 

LV4 fat g fat-free LV 4 14.8 0.445 1.317 196.0 
LV4 water g fat-free LV 4 14.8 6.65 7.34 10.4 
LV4 protein g fat-free LV4 14.8 3.06 2.72 -11.1 
LV4 ash g fat-free LV 4 14.8 4.98 4.76 -4.4 

FEM diameter mm FEMlength 136.3 16.7 16.2 -3.0 
FEMvolume em3 FEMlength 136.3 66.7 65.1 -2.4 

RIB width mm RIB length 175.5 11.3 10.5 -7.1 
RIB thickness mm RIB length 175.5 5.4 4.8 -11.1 
RIB volume em3 RIB length 175.5 7.59 6.18 -18.6 

TV6 height mm TV6length 17.0 44.7 44.6 -0.2 
TV6 width mm TV6length 17.0 33.8 34.7 2.7 
TV6 volume em3 TV6length 17.0 5.86 6.13 4.6 

LV4 height mm LV4length 25.5 41.8 41.8 0.0 
LV4 width mm LV4length 25.5 27.8 28.5 2.5 
LV4 span mm LV4length 25.5 79.7 81.3 2.0 
LV4 volume em3 LV4length 25.5 12.0 12.3 2.5 
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... Table 7.2/5 cont'd ... 
:.:.~ 

variable base variable difference 
unit CTRL RECO {obs-2red} 

name value (pred) (obs) pred 
(%) 

M:B ratios 
i. 

Gravimetric develo2ment (weight weight) I" - ~ -

ST :FEM FEMweight 84.3 0.685 0.471 -31.4 
QF :FEM FEMweight 84.3 2.49 1.98 -20.7 
RF :FEM FEMweight 84.3 0.787 0.598 -24.3 
LDt :TV6 TV6weight 7.89 16.54 12.23 -26.0 
LDI :LV4 LV4 weight 16.1 10.35 6.96 -32.8 

Protein develo2ment {weight weight} 
!:'. 

ST :FEM g FEMprotein 13.4 0.773 0.607 -21.5 
QF :FEM g FEMprotein 13.4 2.74 2.74 0.0 
LD : TV6+LV4 g TV6+LV4 protein 4.03 13.25 9.88 -25.4 

Volumetric development (volume:volume} 

ST :FEM FEMvolume 65.1 0.884 0.574 -35.4 
QF :FEM FEMvolume 65.1 3.23 2.43 -25.2 
RF :FEM FEMvolume 65.1 1.022 0.728 -29.1 
LDt :TV6 TV6volume 6.13 21.24 14.83 -30.2 
LDI :LV4 LV4volume 12.3 13.64 8.56 -37.3 



Table 7.3 Changes in chemical composition of body sections during undernutrition. 

A comparison of CTRL means at 56d with RECO means at 113d. Body components are 

expressed as percentages of fat-free section weight Change in composition is calculated 

as the proportional change in these percentages between 56d and 113d. 

proportional 
body section component CTRL RECO change 

(%, w/w) day 56 day 113 xlOO (%) 

empty body water 77.3 77.1 -0.3 
fat-free weight protein 18.0 17.9 -0.6 

ash 4.69 5.02 6.9 

carcass water 74.7 75.0 0.4 
fat-free weight protein 19.6 18.9 -3.7 

ash 5.62 6.06 7.8 

non-carcass water 80.3 79.4 -1.0 
fat-free weight protein 16.2 . 16.8 3.5 

ash 3.55 3.78 6.7 
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Table 7.4 Comparison of initial body composition with the composition of body weight loss occurring 

during undernutrition. 

Data for initial composition are means of the 20 kg target LW slaughter group (56d) from the CTRL 

treatment. Composition of weight loss was derived from these data for this group and means of the RECO 

group slaughtered at 113d. Data are expressed as percentages of total section weight and as ratios of 

component weights. 

em~ty body carcass non-carcass 
initial loss initial loss initial loss 

total section weight 
fat % 18.0 50.8 22.8 58.5 11.0 30.7 
water % 63.6 39.7 57.9 32.1 71.6 57.4 
protein % 14.9 9.5 15.2 10.6 14.4 7.5 
ash % 3.86 1.22 4.36 1.28 3.17 1.02 

fat-free section weight 
water % 77.2 78.7 74.8 73.0 80.3 87.1 
protein % 18.1 18.8 19.6 24.1 16.2 11.4 
ash % 4.69 2.42 . 5.63 2.91 3.56 1.55 

ratios 
fat : protein 1.21 5.35 1.50 5.52 0.76 4.09 
water : protein 4.28 4.18 3.82 3.03 4.98 7.65 
ash : protein 0.260 0.128 0.287 0.121 0.221 0.136 

::--., ... 
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Table 7.5 Changes induced by undernutrition in variables that affect strength of bone and muscle. 

All changes are expressed as percentages of the starting value. The cubed index (diameter: length) 

allows direct comparison of the effects of change in diameter with change in volume, each relative to 

length. Since muscle strength is related to cross-sectional area, the squared index (diameter: length)2 

indicates the probable reduction in muscle strength, relative to length, associated with undernutrition. 

Data are derived from Table 7.1. 

variable units percentage change 

Bone: FEM RIB TV6 LV4 

protein density g/mi -23 -12 -22 -21 
ash density g/ml -13 -7 -16 -13 
diameter: length -4 -12 
(diameter: length)3 -12 -32 
volume: length3 -10 -24 +4- -4 

Muscle: ST RF LD 

diameter: length -17 -15 -15 
(diameter: length)3 -43 -39 -39 
volume: length3 -27 -30 -37 

,-- -" 



Table 7.6 Proportional change in weight of tissue per unit length during 

undernutrition. 

A comparison of mean values for animals slaughtered at 56d (CTRL) with those 

of animals slaughtered at 113d (RECO). Cubed length is used so that the indices 

are independent of scale (see Appendix II). All changes expressed as percentages. 

Data derived from Table 7.1. 

variable percentage change 

Bone: FEM RIB TV6 LV4 

weight: length3 -15 -26 -2 -10 
fat-free weight: length3 -26 -29 -8 -16 

Muscle: ST RF LO LOt LOt 

weight: length3 -26 -30 -37 -33 -41 
fat-free weight: length3 -26 -37 
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Table 7.7 Comparison of crude growth rates for CTRL 

(ontogenetic growth) and RECO (recovery growth after restricted 

growth) treatments. 

Calculated from mean weights and slaughter dates for the extreme 

target L W slaughter groups in each range of growth examined. 

Data are presented for pre-slaughter liveweight (LW) and empty 

bodyweight (EBW) and expressed as gld. 

LW range-kg 20-45 20-30 35-45 

CTRL 182 328 107 
LW 

RECO 173 251 186 

CTRL 156 246 ·102 
EBW 

RECO 169 217 176 
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Table 7.8 Comparison of growth rates derived from Gompertz functions fitted to data of the CTRL (ontogenetic growth) and RECO (recovery growth after restricted growth) 

treatments. 

Data from the same target LW slaughter groups were used for each treatment (20 to 45 kg LW, inclusive; n=36 per treatment). Time was adjusted so that for both treatments 

animals of the 20 kg target LW group were slaughtered on Od "corrected time". The logarithmic form of the Gompertz function was fitted to the data of each treatment separately. 

Growth rates were derived by differentiation of the function at four times, cho~en to represent initial, early, mid and late recovery for the RECO slaughter group. These times 

were Id, 37d, 75d and 112d. At these same times, absolute values ofY were calculated, ~. Treatment differences between coefficients were tested by t-test and are detailed below 

corresponding coefficients. 

Some of these relationships are illustrated in Figure 8.2. 

This table comprises 8 pages. 
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... Table 7.8 / 2 cont'd ... 

variable coefficients 
y A (Sa) b (sb) k (sk) rsd 

empty bodyweight - kg 
CTRL 39.3 0.0308 0.763 0.0306 0.0206 0.00199 0.0452 
RECO 42.1 0.0672 1.053 0.0638 0.0136 0.00204 0.0748 

NS *** * 

carcass weight - kg 
CTRL 23.93 0.0471 0.789 0.0471 0.0213 0.00311 0.0710 
RECO 28.53 0.1181 1.262 0.1098 0.0109 0.00211 0.0912 

NS *** ** 
non-carcass weight - kg 
CTRL 15.29 0.0353 0.722 0.0351 0.0199 0.00229 0.0508 
RECO 15.06 0.0374 0.830 0.0403 0.0191 0.00253 0.0686 

NS ~ NS 

GIT weight - kg 
CTRL 5.19 0.0841 0.920 0.0791 0.0160 0.00314 0.0897 
RECO 4.79 0.0495 1.042 0.0562 0.0217 0.00335 0.1032 

NS NS NS 
liver weight - kg 
CTRL 0.804 0.0518 0.724 0.0558 0.0233 0.00416 0.0919 
RECO 0.751 0.0339 0.994 0.0609 0.0483 0.00989 0.1328 

NS ** * 
kidney (2) weight - kg 
CTRL 0.134 0.0570 0.472 0.0640 0.0254 0.00790 0.1106 
RECO 0.120 0.0214 0.658 0.0442 0.0649 0.01472 0.0977 

~ * * 

growth rates - unitid 

Id 37d 75d 112d Id 

0.287 0.202 0.112 0.057 18.6 
0.210 0.193 0.149 0.104 14.9 

0.182 0.128 0.069 0.034 11.05 
0.111 0.113 0.099 0.080 8.19 

0.1061 0.0744 0.0420 0.0219 7.53 
0.1038 0.0782 0.0468 0.0255 6.67 

0.0304 0.0254 0.0175 0.0109 2.099 
0.0382 0.0304 0.0173 0.0087 1.727 

0.00653 0.00422 0.00208 0.00095 0.396 
0.01333 0.00511 0.00094 0.00016 0.291 

0.00099 0.00052 0.00022 0.00009 0.084 
0.00260 0.00044 0.00004 0.00000 0.065 

t 
37d 75d 

27.5 33.4 
22.3 28.8 

16.71 20.40 
12.28 16.34 

10.82 13.00 
10.00 12.35 

3.121 3.935 
3.002 3.901 

0.592 0.709 
0.636 0.732 

0.111 0.125 
0.113 0.120 

112d 

36.5 
33.4 

22.25 
19.66 

14.14 
13.66 

4.454 
4.368 

0.762 
0.748 

0.130 
0.120 

..... 
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... Table 7.8 / 3 cont'd ... 

variable coefficients 
y A (sa) b (sb) k (sk) rsd 

empty body fat - kg 
CTRL 11.29 0.1728 1.191 0.1597 0.0158 0.00493 0.1724 
RECO 27.19 0.5625 2.983 0.5314 0.0075 0.00240 0.2200 

NS ** NS 
empty body water - kg 
CTRL 21.63 0.0262 0.637 0.0282 0.0239 0.00250 0.0470 
RECO 20.84 0.0272 0.717 0.0330 0.0225 0.00279 0.0626 

NS ~ NS 
empty body protein - kg 
CTRL 5.54 0.0319 0.716 0.0323 0.0214 0.00233 0.0493 
RECO 5.26 0.0571 0.793 0.0574 0.0161 0.00305 0.0846 

NS NS NS 
empty body ash - kg 
CTRL 1.355 0.0340 0.659 0.0353 0.0223 0.00286 0.0560 
RECO 1.451 0.1032 0.800 0.0967 0.0119 0.00332 0.0936 

NS NS * 

growth rates - unitld 

Id 37d 75d 112d Id 

0.0648 0.0610 0.0451 0.0296 3.50 
0.0313 0.0481 0.0634 0.0725 1.41 

0.1726 0.1045 0.0493 0.0217 11.61 
0.1631 0.1071 0.0545 0.0255 10.34 

0.0412 0.0278 0.0148 0.0072 2.749 
0.0303 0.0239 0.0158 0.0097 2.410 

0.0102 0.0065 0.0033 0.0016 0.711 
0.0062 0.0053 0.0041 0.0030 0.658 

t 
37d 75d 

5.81 7.85 
2.84 4.97 

16.63 19.45 
15.26 18.25 

4.005 4.798 
3.397 4.149 

1.015 1.198 
0.867 1.045 

112d 

9.22 
7.50 

20.70 
19.67 

5.191 
4.615 

1.284 
1.175 

...... 
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... Table 7.8/4 cont'd ... 

variable coefficients 
y A (sa) b (s~ k (sk) rsd 

carcass fat - kg 
CTRL 8.24 0.1865 1.176 0.1732 0.0169 0.00598 0.2032 
RECO 17.80 0.5180 3.023 0.4857 0.0085 0.00259 0.2520 

NS ** NS 
carcass water - kg 
CTRL 11.76 0.0270 0.644 0.0291 0.0246 0.00266 0.0490 
RECO 11.54 0.0424 0.772 0.0454 0.0181 0.00280 0.0752 

NS * NS 
carcass protein - kg 
CTRL 3.297 0.0304 0.705 0.0320 0.0233 0.00254 0.0521 
RECO 3.184 0.0583 0.864 0.0602 0.0168 0.00305 0.0935 

NS * NS 
carcass ash - kg 
CTRL 0.914 0.0330 0.670 0.0374 0.0275 0.00368 0.0664 
RECO 1.033 0.1295 0.886 0.1205 0.0105 0.00307 0.0933 

NS ~ ** 

growth rates - unitld 

1d 37d 75d 112d 1d 

0.0507 0.0467 0.0331 0.0207 2.593 
0.0226 0.0367 0.0489 0.0550 0.888 

0.0970 0.0579 0.0266 0.0114 6.28 
0.0742 0.0556 0.0340 0.0192 5.41 

0.0266 0.0170 0.0083 0.0038 1.656 
0.0194 0.0156 0.0103 0.0062 1.361 

0.00854 0.00478 0.00197 0.00075 0.476 
0.00396 0.00357 0.00292 0.00225 0.430 

t 
37d 75d 

4.392 5.918 
1.958 3.600 

9.08 10.63 
7.77 9.46 

2.448 2.916 
2.002 2.492 

0.717 0.839 
0.566 0.690 

112d 

6.902 
5.541 

11.29 
10.43 

3.130 
2.791 

0.886 
0.786 
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... Table 7.8/5 cont'd ... 

variable coefficients 
y A (sa) b (sb) k (sk) 

non-carcass fat - kg 
CTRL 3.07 0.1502 1.261 0.1383 0.0131 0.00306 
RECO 10.35 0.8009 3.015 0.7731 0.0055 0.00216 

NS * ~ 
non-carcass water - kg 
CTRL 9.83 0.0389 0.627 0.0421 0.0234 0.00362 
RECO 9.45 0.0222 0.672 0.0312 0.0291 0.00378 

NS NS NS 
non-carcass protein - kg 
CTRL 2.228 0.0776 0.728 0.0752 0.0192 0.00478 
RECO 2.090 0.0979 0.699 0.0937 0.0144 0.00497 

NS NS NS 
non-carcass ash - kg 
CTRL 0.472 0.1308 0.714 0.1213 0.0122 0.00422 
RECO 0.436 0.0816 0.660 0.0808 0.0154 0.00487 

NS NS NS 

l!I"owth rates - unitld 

rsd 1d 37d 75d 112d 

0.1150 0.01441 0.01436 0.01183 0.00874 
0.1789 0.00851 0.01197 0.01544 0.01819 

0.0694 0.0763 0.0466 0.0224 0.0100 
0.0641 0.0935 0.0501 0.0193 0.0069 

0.1036 0.0150 0.0107 0.0062 0.0033 
0.1188 0.0104 0.0082 0.0056 0.0037 

0.0926 0.00201 0.00166 0.00124 0.00087 
0.1137 0.00228 0.00172 0.00113 0.00070 

t 
1d 37d 

0.884 1.411 
0.516 0.884 

5.33 7.55 
4.92 7.52 

1.091 1.558 
1.049 1.386 

0.233 0.300 
0.227 0.300 

\ 
:::: 
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75d 

1.913 
1.406 

8.82 
8.76 

1.875 
1.648 

0.355 
0.354 

112d 

2.294 
2.031 

9.39 
9.21 

2.047 
1.818 

0.394 
0.387 

1 ,', 
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... Table 7.8/6 cont'd ... 

variable 
y A (sa> 

Femur weight - g 
CTRL 129.5 0.0285 
RECO 121.5 0.0693 

NS 

Femur fat - g 
CTRL 32.3 0.1533 
RECO 80.1 0.7347 

NS 
Femur protein - g 
CTRL 24.12 0.0310 
RECO 20.70 0.0489 

* 
Femur ash - g 
CTRL 51.32 0.0397 
RECO 48.38 0.1074 

NS 

Femur length - mm 
CTRL 163.0 0.0213 
RECO 153.7 0.0263 

~ 
Femur diameter - mm 
CTRL 19.6 0.0212 
RECO 20.9 0.1329 

NS 
Femur volume - cm3 
CTRL 92.5 0.0318 
RECO 90.3 0.0892 

NS 

coefficients 

b (sb) 

0.526 0.0345 
0.377 0.0680 

~ 

2.085 0.1597 
1.767 0.7336 

NS 

0.493 0.0433 
0.461 0.0606 

NS 

0.713 0.0432 
0.679 0.1021 

NS 

0.259 0.0206 
0.123 0.0261 

*** 
0.240 0.0250 
0.265 0.1293 

NS 

0.500 0.0387 
0.334 0.0847 

~ 

k 

0.0311 
0.0136 

0.0234 
0.0036 

0.0372 
0.0211 

0.0254 
0.0119 

0.0196 
0.0138 

0.0298 
0.0061 

0.0321 
0.0116 

(sk) 

0.00487 
0.00581 
* 

0.00452 
0.00192 

*** 

0.00687 
0.00678 

NS 

0.00379 
0.00404 
* 

0.00382 
0.00688 

NS 

0.00740 
0.00473 
* 
0.00595 
0.00656 
* 

,,-.-
,,' 

growth rates· unitld t 
rsd 1d 37d 75d 112d 1d 37d 75d 112d 

0.0643 1.234 0.568 0.195 0.064 77.8 109.7 123.1 127.5 
0.0853 0.424 0.300 0.196 0.125 83.8 96.7 106.1 111.9 

0.2554 0.201 0.275 0.190 0.098 4.21 13.42 22.50 27.73 
0.2380 0.087 0.095 0.101 0.105 13.77 17.05 20.78 24.59 

0.0843 0.265 0.099 0.026 0.007 15.0 21.3 23.4 23.9 
0.1134 0.126 0.075 0.038 0.018 13.2 16.8 18.8 19.8 

0.0735 0.452 0.275 0.124 0.052 25.6 38.8 46.2 49.2 
0.1037 0.197 0.163 0.121 0.086 24.7 31.2 36.6 40.4 

0.0289 0.630 0.354 0.179 0.090 126.5 143.8 153.6 158.4 
0.0337 0.228 0.145 0.089 0.054 136.1 142.8 147.1 149.7 

0.0458 0.1076 0.0429 0.0146 0.0049 15.5 18.1 19.0 19.4 
0.0544 0.0258 0.0218 0.0181 0.0149 16.0 16.9 17.6 18.3 

0.0726 0.886 0.389 0.128 0.040 57.0 79.4 88.4 91.2 
0.0835 0.249 0.183 0.127 0.087 64.9 72.6 78.5 82.4 

.... 
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· .. Table 7.8/7 cont'd ... 

variable coefficients growth rates - unitJd t 
y A (Sa) b (Sb) k (Sk) rsd Id 37d 75d 112d Id 37d 75d 112d 

STweight- g 
CTRL 103.0 0.0448 0.790 0.0512 0.0285 0.00449 0.0921 1.046 0.614 0.249 0.092 47.8 78.2 93.9 99.7 
RECO 103.3 0.0662 0.983 0.0717 0.0180 0.03390 0.1194 0.684 0.567 0.367 0.214 39.4 62.4 80.1 90.7 

NS * NS 
STfat- g 
CTRL 5.08 0.1138 1.489 0.1208 0.0238 0.00465 0.1993 0.0411 0.0402 0.0235 0.0113 1.187 2.739 3.956 4.579 
RECO 10.37 0.6056 2.717 0.5709 0.0080 0.00308 0.2704 0.0151 0.0222 0.0279 0.0304 0.700 1.375 2.335 3.421 

NS * ** 
STwater - g 
CTRL 75.9 0.0472 0.759 0.0538 0.0286 0.00495 0.0968 0.765 0.439 0.176 0.065 36.29 58.30 69.42 73.56 
RECO 74.8 0.0606 0.911 0.0686 0.0193 0.00375 0.1205 0.528 0.412 0.250 0.136 30.61 47.89 60.39 67.36 

NS ~ NS 
ST protein - g 
CTRL 22.04 0.0399 0.781 0.0475 0.0306 0.00445 0.0879 0.240 0.132 0.049 0.017 10.34 17.14 20.38 21.49 
RECO 22.60 0.0710 1.059 0.0766 0.0179 0.00333 0.2664 0.149 0.128 0.085 0.050 7.99 13.09 17.14 19.60 

NS ** * 
ST length - mm 
CTRL 175.0 0.0228 0.233 0.0228 0.0208 0.00493 0.0340 0.661 0.353 0.170 0.081 139.3 157.1 166.7 171.1 
RECO 170.7 0.0774 0.163 0.0733 0.0087 0.00749 0.0474 0.204 0.156 0.116 0.086 145.2 151.7 156.8 160.5 

NS NS NS 
ST diameter - mm 
CTRL 31.1 0.0252 0.280 0.0302 0.0340 0.00940 0.0572 0.218 0.078 0.023 0.007 23.7 28.7 30.5 30.9 
RECO 31.8 0.0249 0.468 0.0322 0.0234 0.00406 0.0626 0.216 0.121 0.056 0.025 20.2 26.2 29.4 30.8 

NS *** NS 
ST volume - cm3 
CTRL 96.9 0.0453 0.789 0.0516 0.0283 0.00450 0.0925 0.977 0.576 0.236 0.088 45.02 73.49 88.19 93.77 
RECO 97.1 0.0672 0.982 0.0725 0.0179 0.00341 0.1200 0.639 0.531 0.345 0.201 37.02 58.54 75.15 85.09 

NS * ~ 
RF diameter - mm 
CTRL 46.6 0.0599 0.342 0.0551 0.0120 0.00397 0.0389 0.135 0.098 0.068 0.046 33.2 37.4 40.5 42.6 
RECO 43.1 0.0270 0.362 0.0322 0.0210 0.00482 0.0602 0.225 0.127 0.063 0.030 30.2 36.5 40.0 41.6 .... 
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... Table 7.8 / 8 cont'd ... 

variable coefficients 
y A (sa) b (s~ k (sk) rsd 

LD length - mm 
CTRL 566 0.0333 0.267 0.0336 0.0189 0.00535 0.0470 
RECO 532 0.0367 0.134 0.0360 0.0137 0.00887 0.0455 

NS * NS 
LD width, A - mm 
CTRL 57.17 0.0143 0.177 0.0179 0.0330 0.00788 0.0326 
RECO 54.48 0.0174 0.107 0.0296 0.0309 0.01735 0.0625 

* ~ NS 
LD depth, B - mm 
CTRL 35.98 0.2178 0.361 0.2103 0.0073 0.00672 0.0857 
RECO 33.78 0.1092 0.465 0.1033 0.0112 0.00543 0.0954 

NS NS NS 
LD cross-sectional area - cm2 
CTRL 1391 0.0961 0.451 0.0901 0.0145 0.00637 0.0884 
RECO 1415 0.0924 0.754 0.0922 0.0147 0.00441 0.1262 

NS * NS 
LD volume - cm3 
CTRL 523 0.0373 0.726 0.0419 0.0263 0.00357 0.0733 
RECO 535 0.0848 1.014 0.0844 0.0152 0.00318 0.1180 

NS ** * 

growth rates - unitld 

1d 37d 75d 112d 

2.16 1.24 0.65 0.33 
0.84 0.54 0.33 0.20 

0.27 0.089 0.028 0.008 
0.16 0.056 0.018 0.006 

0.0658 0.0550 0.0445 0.0357 
0.1099 0.0855 0.0621 0.0440 

5.75 4.09 2.63 1.64 
7.35 5.88- 4.05 2.61 

4.79 2.87 1.25 0.51 
2.99 2.64 1.91 1.25 

1d 37d 

435 495 
466 490 

48.17 54.26 
49.12 52.66 

25.14 27.32 
21.33 24.85 

892 1068 
673 913 

257 397 
197 300 

t 
75d 

530 
507 

56.32 
53.92 

29.20 
27.64 

1195 
1101 

472 
386 

112d 

548 
517 

56.92 
54.31 

30.68 
29.59 

1272 
1223 

503 
444 

.: 
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Table 7.9 Comparison of relative growth rates for C1RL (ontogenetic growth) and RECO (recovery growth after restricted growth) treatments. 

Data were derived on the following basis from the Gompertz functions presented in Table 7.8. Relative growth rates were calculated for both treatments at equal values ofY. 

Firstly, growth rates for the CTRL treatment were derived by differentiation of the function at four times, chosen to represent initial, early. mid and late phases of recovery in the 

RECO treatment. These times were the same as those in Table 7.8 (ld, 37d, 75d and 112d). Estimates of Y ct> were made at each time for the C1RL group. Calculations were 

then made of the time at which this t was reached by the RECO group. Finally, the Gompertz function was differentiated at these times and the relative growth rates calculated at 

equal values of t for each treatment group. 

This table details the times at which these common Y values occurred for each treatment (t1 to t4)' the Y values (Y 1 to Y 4> and the corresponding relative growth rates (RGR1 to 

RGR4). Where the 'A' value for the RECO group was less than the t for the C1RL group, the calculation could not be completed. These data are marked as '*'. For this table 

volumes are presented in terms of millilitres (ml) and microlitres (J.Ll). 

This table comprises 8 pages. 
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... Table 7.9 / 2 cont'd ... 

variable/ time - day 

treatment t1 t2 13 t4 Y1 

empty body - kg 
CTRL 1 37 75 112 18.61 
RECO 18 66 111 145 18.61 

carcass - kg 
CTRL 1 37 75 112 11.05 
RECO 26 78 121 149 11.05 

non-carcass - kg 
CTRL 1 37 75 112 7.534 
RECO 9 48 90 135 7.534 

GIT - kg 
CTRL 1 37 75 112 2.099 
RECO 10 40 76 122 2.099 

liver - kg 
CTRL 1 37 75 112 0.3944 
RECO 9 29 57 * 0.3944 

kidney (2) - kg 
CTRL 1 37 75 112 0.0821 
RECO 8 28 * * 0.0821 

estimates of Y 

Y2 Y3 Y4 RGR1 

27.53 33.40 36.43 15.40 
27.53 33.40 36.43 11.10 

16.72 20.40 22.25 16.45 
16.72 20.40 22.25 10.34 

10.82 13.00 14.15 14.08 
10.82 13.00 14.15 13.23 

3.120 3.934 4.452 14.49 
3.120 3.934 4.452 17.91 

0.5893 0.7052 0.7585 16.48 
0.5893 0.7052 * 31.05 

0.1081 0.1212 0.1265 11.69 
0.1081 * * 24.67 

relative growth rates 

RGR2 RGR3 

gjkg/day 
7.335 3.353 
5.778 3.149 

gjkg/day 
7.642 3.402 
5.827 3.657 

gjkg/day 
6.880 3.230 
6.314 2.811 

gjkg/day 
8.143 4.434 
9.304 4.273 

gjkg/day 
7.123 2.939 

11.65 2.975 

gjkg/day 
4.684 1.784 
6.774 * 

RGR4 

1.565 
1.969 

1.547 
2.708 

1.547 
1.195 

2.453 
1.586 

1.241 
* 

0.6971 
* 

,..... 
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... Table 7.9!3 cont'd ... 

variable! time - day 

treatment tl t2 t3 t4 Y1 

empty body fat - kg 
CTRL I 37 75 112 3.496 
RECO 49 87 116 135 3.496 

empty body water - kg 
CTRL 1 37 75 112 11.61 
RECO 9 51 104 208 11.61 

empty body protein - kg 
CTRL 1 37 75 112 2.749 
RECO 12 66 133 253 2.749 

empty body ash - kg 
CTRL 1 37 75 112 0.7087 
RECO 9 67 118 155 0.7087 

estimates of Y 

Y2 Y3 Y4 RGR1 

5.813 7.844 9.216 18.52 
5.813 7.844 9.216 15.38 

16.63 19.45 20.70 14.86 
16.63 19.45 20.70 13.16 

4.005 4.798 5.191 15.00 
4.005 4.798 5.191 10.45 

1.011 1.193 1.279 14.37 
1.011 1.193 1.279 8.520 

relative growth rates 

RGR2 RGR3 

g/kg/day 
10.49 5.753 
11.57 9.323 

g/kg/day 
6.288 2.536 
5.082 1.550 

g/kg/day 
6.941 3.078 
4.387 1.481 

g/kg/day 
6.440 2.7fiJ 
4.287 2.323 

.::: 

RGR4 

3.207 
8.114 

1.047 
0.1487 

1.394 
0.2141 

1.209 
1.496 

.... 
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... Table 7.9 /4 cont'd ... 

variable/ time - day 

treatment tl t2 t3 t4 Y1 

carcass fat - kg 
CTRL 1 37 75 112 2.593 
RECO 53 90 118 136 2.593 

carcass water - kg 
CTRL 1 37 75 112 6.274 
RECO 13 64 123 196 6.274 

carcass protein - kg 
CTRL 1 37 75 112 1.652 
RECO 16 70 135 230 1.652 

carcass ash - kg 
CTRL 1 37 75 112 0.4742 
RECO 12 84 137 166 0.4742 

estimates of Y 

Y2 Y3 Y4 RGR1 

4.392 5.918 6.902 19.54 
4.392 5.918 6.902 16.38 

9.075 10.62 11.29 15.46 
9.075 10.62 11.29 11.03 

2.443 2.910 3.124 16.05 
2.443 2.910 3.124 11.00 

0.7143 0.8357 0.8824 17.93 
0.7143 0.8357 0.8824 8.145 

relative growth rates 

RGR2 RGR3 

g/kg/day 
10.63 5.595 
11.90 9.361 

g/kg/day 
6.376 2.504 
4.349 1.500 

g/kg/day 
6.936 2.862 
4.430 1.492 

g/kg/day 
6.661 2.342 
3.844 2.195 

RGR4 

2.994 
8.053 

1.008 
0.3995 

1.208 
0.3000 

0.8468 
1.624 

..... 
U\ 
00 



... Table 7.9/5 cont'd ... 

variable/ time - day 

treatment t1 t2 t3 t4 Y1 

non-carcass fat - kg 
CTRL 1 37 75 112 0.8843 
RECO 36 75 105 126 0.8843 

non-carcass water - kg 
CTRL 1 37 75 112 5.328 
RECO 5 37 78 161 5.328 

non-carcass protein - kg 
CTRL I 37 75 112 1.087 
RECO 4 59 127 232 1.087 

non-carcass ash - kg 
CTRL 1 37 75 112 0.2322 
RECO 4 38 78 127 0.2322 

estimates of Y 

Y2 Y3 Y4 RGR1 

1.412 1.915 2.295 16.30 
1.412 1.915 2.295 13.53 

7.551 8.820 9.392 14.33 
7.551 8.820 9.392 16.68 

1.552 1.868 2.040 13.71 
1.552 1.868 2.040 9.415 

0.2983 0.3531 0.3918 8.605 
0.2983 0.3531 0.3918 9.492 

relative growth rates 

RGR2 RGR3 

g/kg/day 
10.17 6.184 
10.96 9.281 

g/kg/day 
6.173 2.537 
6.529 2.008 

g/kg/day 
6.869 3.312 
4.283 1.615 

g/kg/day 
5.546 3.489 
5.632 3.034 

RGR4 

3.809 
8.283 

1.067 
0.1800 

1.628 
0.3517 

2.221 
1.434 

1--
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... Table 7.9 / 6 cont'd ... 

variable/ time - day estimates of Y 

treannent t1 t2 t3 t4 Y1 Y2 Y3 

Femur weight - g 
CTRL 1 37 75 112 77.77 109.6 123.1 
RECO -12 95 * * 77.77 109.6 * 
Femur fat- g 
CTRL 1 37 75 112 4.213 13.44 22.52 
RECO -141 -2 92 141 4.213 13.44 22.52 

Femur protein - g 
CTRL 1 37 75 112 15.00 21.30 23.40 
RECO 16 * * * 15.00 * * 
Femur ash - g 
CTRL 1 37 75 112 25.61 38.84 46.15 
RECO 5 94 224 * 25.61 38.84 46.15 

Femur length - mm 
CTRL 1 37 75 112 126.4 143.8 153.6 
RECO -33 44 364 * 126.4 143.8 153.6 

Femur diameter - mm 
CTRL 1 37 75 112 15.53 18.10 19.10 
RECO -18 100 177 211 15.53 18.10 19.10 

Femur volume - ml 
CTRL 1 37 75 112 57.00 79.42 88.43 
RECO -27 82 238 * 57.00 79.42 88.43 

Y4 RGR1 

127.4 15.86 
* 6.067 

27.75 47.66 
27.75 10.60 

23.94 17.67 
* 6.796 

49.24 17.66 
* 7.570 

158.4 4.978 
* 2.694 

19.43 6.942 
19.43 1.813 

91.24 15.54 
* 5.338 

relative growth rates 

RGR2 RGR3 

mg/g/day 
5.176 1.588 
1.396 * 

mg/g/day 
20.53 8.436 
6.427 4.567 

mg/g/day 
4.630 1.126 
* * 

mg/g/day 
7.076 2.695 
2.613 0.5607 

J..UI1/mm/day 
2.458 1.167 
0.9200 0.0111 

J..UI1/mm/day 
2.375. 0.7652 
0.8778 0.5484 

JllIml/day 
4.894 1.445 
1.489 0.2430 

RGR4 

0.5024 
* 

3.549 
3.816 

0.2844 
* 

1.053 
* 

0.5652 
* 

0.2541 
0.4437 

0.4407 
* 
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... Table 7.9 / 7 cont'd ... 

variable/ tUne - day estimates of Y relative growth rates 

treatment t1 t2 t3 t4 Y1 Y2 Y3 Y4 RGR1 RGR2 RGR3 RGR4 

STweight- g mg/g/day 
CTRL 1 37 75 112 47.80 78.22 93.84 99.71 21.88 7.843 2.656 0.9251 
RECO 13 70 129 184 47.80 78.22 93.84 99.71 13.87 5.006 1.730 0.6366 

STfat- g mg/g/day 
CTRL 1 37 75 112 1.187 2.740 3.957 4.580 34.60 14.69 5.946 2.465 
RECO 28 89 129 150 1.187 2.740 3.957 4.580 17.34 10.65 7.708 6.537 

STwater - g mg/g/day 
CTRL 1 37 75 112 36.30 58.32 69.45 73.59 21.10 7.534 2.541 0.8820 
RECO 11 67 129 208 36.30 58.32 69.45 73.59 13.95 4.803 1.433 0.3135 

STprotein - g mg/g/day 
CTRL 1 37 75 112 10.33 17.14 20.37 21.49 23.18 7.703 2.408 0.7762 
RECO 16 74 129 170 10.33 17.14 20.37 21.49 14.01 4.955 1.858 0.9032 

ST length - mm J.1.IIl/mm/day 
CTRL 1 37 75 112 139.3 157.1 166.6 171.1 4.747 2.245 1.018 0.4717 
RECO -25 77 219 * 139.3 157.1 166.6 * 1.769 0.7225 0.2095 * 
ST diameter - mm J.1.IIl/mm/day 
CTRL 1 37 75 112 23.73 28.72 30.43 30.91 9.202 2.706 0.7433 0.2113 
RECO 20 65 100 119 23.73 28.72 30.43 30.91 6.854 2.383 1.032 0.6663 

ST volume - ml J.1l/ml/day 
CTRL 1 37 75 112 45.00 73.46 88.17 93.74 21.71 7.836 2.673 0.9383 
RECO 13 70 129 185 45.00 73.46 88.17 93.74 13.77 4.993 1.728 0.6304 

RF diameter - mm J.1.IIl/mm/day 
CTRL 1 37 75 112 33.24 37.42 40.55 42.62 4.055 2.633 1.669 1.070 
RECO 15 44 84 165 33.24 37.42 40.55 42.62 5.457 2.967 1.280 0.2334 .... 

0\ .... 
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... Table 7.9 / 8 cont'd ... 

variable/ time - day estimates of Y relative growth rates 

treatment tl t2 t3 t4 Y1 Y2 Y3 Y4 RGR1 RGR2 RGR3 RGR4 

LD length - mm J.UD/mm/day 
CTRL 1 37 75 112 4.355 4.957 5.305 5.481 4.952 2.508 1.223 0.6077 
RECO -29 46 283 * 4.355 4.957 5.305 * 2.741 0.9690 0.0377 * 
LDA-mm J.UD/mm/day 
CTRL 1 37 75 112 48.17 54.26 56.32 56.92 5.651 1.723 0.4916 0.1450 
RECO -4 106 * * 48.17 54.26 * * 3.803 0.1238 * * 
LDB -mm J.UD/mm/day 
CTRL 1 37 75 112 25.14 27.31 29.20 30.68 2.616 2.012 1.524 1.163 
RECO 40 69 103 140 25.14 27.31 29.20 30.68 3.307 2.380 1.632 1.078 

LD cross-sectional area - cm2 mm2/cm2/day 
CTRL 1 37 75 112 8.918 10.69 11.95 12.73 0.645 0.382 0.220 0.129 
RECO 33 67 101 133 8.918 10.69 11.95 12.73 0.679 0.413 0.249 0.156 

LD volwne - ml ~mVday 
CTRL 1 37 75 112 2.579 3.975 4.728 5.034 18.60 7.216 2.656 1.004 
RECO 21 80 138 185 2.579 3.975 4.728 5.034 11.09 4.515 1.880 0.9249 

-~ 
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Table 7.10 Comparison of allometric growth displayed by CTRL (ontogenetic growth) and RECO 

(recovery growth after restricted growth) treatment groups for growth to 4Skg LW. 

Data used were those of RECO animals from the end of nutritional restriction up to and including the 4Skg 

target LW slaughter groups (n=36) and CTRL animals from the 20 to 4Skg, inclusive, target LW slaughter 

groups (n=36). Comparison of allometric coefficients was made by t-test. Minimum (min.) and maximum 

(max.) values for each variable are presented to show the range over which growth was studied. 

Some of these relationships are illustrated in Figure 8.3. 

This table comprises 9 pages. 
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... Table 7.10 / 2 cont'd ... 
~:-~>:.-: ~:::-~. :<~ 

X/Y variable CTRL RECO sed t-test min. max. 
b b CTRL=RECO 

Body component weights (kg. except energy in MJ) 

X Empty body (EB) 13.7 41.0 
Y Carcass (CS) 1.060 1.115 0.0285 ~ 7.4 25.2 
Y Non-carcass (NC) 0.948 0.856 0.0433 * 6.1 15.9 

Y Gastro-intestinal tract 1.175 1.054 0.0732 ~ 1.43 5.61 
Y Liver 1.032 1.036 0.0935 NS 0.243 0.965 
Y Kidney (2) 0.789 0.747 0.1015 NS 0.053 0.151 
Y EB energy (MJ) 1.374 1.618 0.0806 ** 87 587 

X Fat-free empty body (EB) 12.6 29.8 
Y Fat-free carcass (CS) 1.020 1.060 0.0317 NS 6.77 16.82 
Y Fat-free non-carcass (NC) 1.007 0.946 0.0400 NS 5.66 13.29 

Y GIT 1.344 1.360 0.0962 NS 1.43 5.61 
Y biver 1.180 1.331 0.1043 NS 0.243 0.965 
Y Kidney (2) 0.902 0.964 0.1123 NS 0.053 0.151 

Y EB fat 1.800 2.515 0.2340 ** 0.92 12.28 
Y EBwater 0.987 0.986 0.0111 NS 9.69 22.66 
Y EB protein 1.081 1.077 0.0498 NS 2.22 5.81 
Y EB ash 1.019 1.038 0.0629 NS 0.592 1.466 

X CS 7.38 25.20 
Y NC 0.894 0.768 0.0623 * 6.07 15.94 
X CS fat-free 6.77 16.82 
Y NC fat-free 0.988 -0.892 0.0671 NS 5.66 13.29 
X CS fat 0.53 8.88 
Y NCfat 0.968 0.892 0.0603 NS 0.39 3.48 
X CS water 5.07 12.45 
Y NC water 0.988 0.902 0.0712 NS 4.53 10.77 
X CS protein 1.222 3.495 
Y NC protein 1.081 0.889 0.1165 ~ 0.919 2.652 
X CS ash 0.391 1.046 
Y NCash 0.942 0.893 0.0992 NS 0.201 0.471 



165 



166 

... Table 7.10 /4 cont'd ... .. 

~-<.<=-;.:.: '-': .~--, 

X/Y variable CTRL RECO sed t-test min. max. 
b b CTRL=RECO 

Bone chemical component weights (g) 

X FEM fat-free 63.3 110.4 
Y FEMfat 4.751 2.595 0.7091 ** 3.35 35.99 
Y FEMwater 1.190 1.296 0.2949 NS 19.9 41.7 r::· 

Y FEM protein 1.482 1.503 0.1262 NS 11.6 26.3 
I .-- -

Y FEMash 1.889 1.754 0.1983 NS 21.0 54.1 

X RIB fat-free 7.02 18.70 
Y RIB fat 3.369 2.195 0.5131 * 0.028 2.099 
Y RIB water 0.721 0.652 0.0870 NS 3.03 6.26 
Y RIB protein 1.224 1.229 0.0591 NS 1.35 4.68 
Y RIB ash 1.305 1.264 0.0657 NS 2.36 9.31 

X TV6 fat-free 6.60 13.48 
Y TV6 fat 4.048 2.548 0.6233 * 0.043 1.790 
Y'TV6water 0.806 0.733 0.1109 NS 3.02 5.24 
Y TV6 protein 1.261 1.385 0.0738 ~ 1.11 3.06 
Y TV6ash 1.346 1.411 0.1069 NS 1.79 5.34 

X LV4 fat-free 13.5 26.4 
Y LV4 fat 4.380 2.500 0.6242 ** 0.16 4.07 
Y LV4water 0.671 0.716 0.1273 NS 5.74 10.23 
Y LV 4 protein 1.418 1.450 0.0853 NS 2.43 7.62 
Y LV4ash 1.412 1.507 0.1012 NS 4.11 10.80 

X FEM protein 11.6 26.3 
Y FEMash 1.275 1.167 0.1099 NS 21.3 54.1 

X RIB protein 1.35 4.68 
Y RIB ash 1.066 1.028 0.0710 NS 2.36 9.31 

X TV 6 protein 1.11 3.06 
Y TV6ash 1.067 1.019 0.0767 NS 1.79 5.34 

XLV 4 protein 2.43 7.62 
Y LV4ash 0.996 1.039 0.0701 NS 4.11 10.80 
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... Table 7.10 / 5 cont'd ... 
(:::.;:-:::::.:--::; 

X/Y variable CTRL RECO sed t-test min. max. 
b b CfRL=RECO 

Bone dimensions (mm) 

X FEMlength 121 164 
Y FEM diameter 1.080 1.568 0.2055 * 14.5 20.5 
Y FEM volume1l3 0.721 0.844 0.0734 ~ 38.0 46.7 

X RIB length 156 222 
Y RIB width 1.079 1.517 0.2084 * 9.0 14.0 
Y RIB thickness 0.994 2.204 0.3203 *** 4.0 7.0 
Y RIB volume1l3 0.755 1.067 0.0922 *** 17.4 23.4 

X TV6 body length 15.0 21.0 
Y TV6height 1.360 1.362 0.2218 NS 41.0 59.0 
Y TV6width 0.993 0.911 0.1394 NS 32.0 44.0 
Y TV6 volume1l3 0.931 0.733 0.0965 * 17.0 21.8 

X' LV4 body length 24.0 34.0 
Y LV4 height 0.928 0.740 0.0902 * 38.0 53.0 
Y LV4width 0.795 0.789 0.1500 NS 25.0 33.0 
Y LV4 span 1.183 1.008 0.1137 NS 74.0 110.0 
Y LV4 volume1l3 0.670 0.610 0.0599 NS 21.8 27.1 

X TV6 body length 15.0 21.0 
Y LV4 body length 1.292 1.146 0.1345 NS 24.0 34.0 
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... Table 7.10/6 cont'd ... 

X/Y variable CTRL RECO sed t-test min. max. 
b b CTRL=RECO 

Muscle chemical component weights (g) 

X ST fat-free 32.3 110.6 
Y STfat 1.829 1.957 0.2240 NS 0.52 6.38 
Y STwater 1.001 0.977 0.0084 ** 25.7 86.1 
Y STprotein 1.010 1.085 0.0290 ** 6.64 25.49 

X QF fat-free 147 413 
Y QF fat 1.643 1.801 0.1868 NS 2.62 20.83 
Y QFwater 0.988 1.010 0.0159 NS 117 318 
Y QF protein 1.073 1.003 0.0560 NS 30.2 94.9 

X LD fat-free 170 580 
Y LD fat 1.970 2.086 0.2204 NS 2.31 36.20 
Y LD water 0.996 0.967 0.0061 *** 136 442 
Y LDprotein 1.022 1.115 0.0222 *** 32.2 132.6 
Y LDash 0.912 1.111 0.0408 *** 1.68 6.21 

X STprotein 6.64 25.49 
Y STwater 0.992 0.900 0.0354 ** 25.7 86.1 

X QFprotein 30.2 94.9 
Y QFwater 0.921 1.007 0.0676 NS 117 318 

X LDprotein 32.2 132.6 
Y LDwater 0.976 0.867 0.0266 *** 136 442 
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... Table 7.10 /7 cont'd ... 

X/Y variable CTRL RECO sed t-test min. max. 
b b CfRL=RECO 

Muscle dimensions (mm, except volumes in cm3) 

X STlength 136 179 
Y ST diameter 1.344 2.587 0.3631 *** 18.5 35.0 
Y ST volume1l3 1.138 1.776 0.2106 ** 31.4 47.8 

X RFlength 113 155 
Y RF diameter 1.131 2.302 0.3514 *** 27.5 45.0 
Y RF volume1l3 1.021 1.822 0.2649 ** 33.8 50.1 

X LDlength 425 579 
Y LD A (width) 0.767 1.162 0.1726 * 45.2 59.9 
Y LDB (det) 1.256 2.698 0.3841 *** 19.1 35.9 
Y LD areal 0.875 2.147 0.2633 *** 22.5 39.4 
Y LD volume1l3 0.872 1.844 0.2089 *** 54.6 83.0 

X' LDA 45.2 59.9 
Y LDB 1.637 2.290 0.4025 NS 19.1 35.9 
X LD areal/2 22.5 39.4 
Y LD volume1l3 1.070 0.858 0.1056 * 54.6 83.0 

X LDt length 221 311 
Y LDt volume1l3 0.787 1.328 0.2106 * 44.0 62.7 
X LDllength 183 288 
Y LDI volume1l3 0.818 1.566 0.1605 *** 41.7 68.7 

X LDtlength 221 311 
Y LDllength 1.140 1.000 0.2248 NS 183 288 
X LDtvolume 85.2 246.7 
Y LDlvolume 1.201 1.134 0.1308 NS 72.5 324.6 
X LDt weight 90.4 262.8 
Y LDI weight 1.172 1.130 0.1336 NS 76.5 346.1 

1-,' ... 
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... Table 7.10 / 8 cont'd ... 
".~~ 

X/y variable CTRL RECO sed t-test min. max. 
b b CfRL=RECO 

Bone-muscle gravimetric relationships 

X FEMweight 73.2 140.0 
Y STweight 1.444 2.165 0.2107 *** 32.8 116.3 
Y QFweight 1.404 1.874 0.1775 ** 150.3 430.2 
Y RFweight 1.440 2.010 0.1849 ** 41.2 133.8 

X TV6 weight 6.87 14.82 
Y LDt weight 1.159 1.700 0.1585 *** 90.4 262.8 

X LV4 weight 14.52 28.86 
Y LDI weight 1.410 2.046 0.1711 *** 76.5 346.1 

1·---" ,--

X FEMfat 3.3 36.0 
Y STfat 0.793 1.841 0.2206 *** 0.52 6.38 
Y. QF fat 0.697 1.471 0.1751 *** 2.62 20.83 

X TV6+LV4fat 0.22 5.86 i' ~ -
Y LDfat 0.645 1.522 0.2235 *** 2.31 36.20 

X FEMwater 19.9 41.7 
Y STwater 1.720 1.841 0.3753 NS 25.7 86.1 
Y QFwater 1.660 1.653 0.3343 NS 117 318 

X TV6 + LV4 water 8.79 15.17 
Y LDwater 2.017 2.510 0.4-901 NS 136 442 

X FEM protein 11.6 26.3 
Y STprotein 1.410 1.763 0.1872 ~ 6.6 25.5 ..... 
Y QFprotein 1.462 1.416 0.1873 NS 30.2 94.9 

X TV6 + LV4 protein 3.88 10.57 
Y LDprotein 1.072 1.478 0.1181 *** 32.2 132.6 

X TV6 + LV4 ash 6.76 15.89 
Y LDash 0.950 1.420 0.1095 *** 1.68 6.21 
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... Table 7.10 / 9 cont'd ... 

X/Y variable CTRL RECO sed t-test min. max. 
b b CTRL=RECO 

Bone-muscle geometric relationships 

X FEMlength 121 164 
Y STlength 0.950 1.255 0.1289 * 136 179 
Y RFlength 1.023 1.131 0.1626 NS 113 155 

X FEM diameter 14.5 20.5 
Y ST diameter 1.182 2.104 0.3042 ** 18.5 35.0 
Y RF diameter 1.071 1.694 0.2522 * 27.5 45.0 

X FEMvolume 53.4 101.6 
Y STvolume 1.474 2.435 0.2667 *** 30.9 109.4 
Y RFvolume 1.464 2.258 0.2284 *** 38.8 125.8 
Y QFvolume 1.427 2.103 0.2134 ** 142 404 

X TV6 body length 15.0 21.0 
Y LDtlength 1.416 1.112 0.2327 NS 221 311 

XLV 4 body length 24.0 34.0 
Y LDllength 1.256 0.973 0.1449 183 288 

X RIB length 156 222 
Y LDA 0.673 1.010 0.1404 * 45.2 59.9 

X LV4span 74.0 110.0 
Y LDA 0.627 0.882 0.1399 45.2 59.9 

X TV6height 41.0 59.0 
Y LDB 1.185 1.649 0.3132 NS 19.1 35.9 

X LV4 height 38.0 53.0 
Y LDB 1.306 2.750 0.3485 *** 19.1 35.9 

X TV6volume 4.94 10.37 
Y LDtvolume 1.137 1.898 0.1814 *** 85.2 246.7 

X LV4 volume 10040 19.81 
Y LDlvolume 1.485 2.286 0.2371 *** 72.5 324.6 
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Table 7.11 Comparison of allometric growth displayed by CTRL (ontogenetic growth) and RECO 

(recovery growth after restricted growth) treatment groups during two stages of growth, equivalent to early 

and late recovery. 

Treatment differences were examined within time periods (early or late) and time differences were examined 

within treatments. For each treatment, the early period of growth comprises the 20, 25 and 30 kg target L W 

slaughter groups (n=18) while the late period comprises the 35, 40 and 45 kg target LW slaughter groups 

(n=18). Comparison of allometric coefficients was made by t-test. Estimates of variation and minimum-

maximum values for variables are not presented due to limitations of space. 

Some of these relationships are illustrated in Figure 8.3. 

This table comprises 9 pages. 

-> '-' 
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... Table 7.11 /2 cont'd ... 

allometric coefficients t-tests 
X variable Y variable CTRL CTRL RECO RECO time treatment 

early late early late CTRL RECO early late 

Body component weights (kg, except energy in MJ) 

EB CS 1.096 1.169 1.046 1.115 NS NS NS NS 
EB NC 0.956 0.885 0.967 0.890 NS NS NS NS 

EB GIT 1.213 1.274 1.297 1.273 NS NS NS NS 
EB liver 1.150 1.063 1.526 1.302 NS NS * NS 
EB kidney 0.991 0.991 1.206 0.757 NS * NS NS 

EB EB energy (MJ) 1.362 1.740 1.376 1.864 ~ ** NS NS 

EB fat-free CS fat-free 1.028 1.132 0.994 1.065 NS NS NS NS "-- . 

EB fat-free NC fat-free 1.023 1.021 1.033 0.985 NS NS NS NS 

EB' fat-free GIT 1.266 1.745 1.442 1.756 ~ NS NS NS 
EB fat-free liver 1.200 1.456 1.701 1.795 NS NS *** NS 
EB fat-free kidney 1.034 1.358 1.342 1.044 NS NS ~ NS 

EB fat-free EBfat 1.740 2.920 1.980 3.127 * ~ NS NS 
EB fat-free EB water 1.015 1.011 1.016 0.961 NS * NS NS 
EB fat-free EB protein 0.982 1.124 0.940 1.316 NS ** NS NS 
EB fat-free EBash 0.933 1.092 0.818 1.304 NS ** NS NS 

CS NC 0.872 0.757 0.924 0.798 NS NS NS NS 
CS fat-free NC fat-free 0.995 0.902 1.039 0.925 NS NS NS NS 

- CS fat NCfat 0.720 0.980 0.767 1.027 NS * NS NS 
CS water NC water 1.012 0.846 1.082 0.981 NS NS NS NS 
CS protein NC protein 1.090 1.305 0.775 1.322 NS * NS NS 
CS ash NCash 0.717 1.052 1.033 0.999 NS NS ~ NS 
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... Table 7.11 /3 cont'd ... 
f ;;.<.~::": ~ .-~-

allometric coefficients t-tests 
X variable Y variable CTRL CTRL RECO RECO time treatment 

early late early late CIRL REeD early late 

Carcass and non-carcass comQonent weights (kg; exceQt dissected bones and muscles, g) 
1 

! 
CS fat-free CS fat 1.852 2.645 2.160 2.957 NS NS NS NS 
CS fat-free CS water 1.007 1.038 0.996 0.946 NS * NS *** 
CS fat-free CS protein 0.986 1.062 1.097 1.197 NS NS * NS 
CS fat-free CS ash 1.079 1.087 0.832 1.297 NS ** * NS 

NC fat-free NCfat 1.342 2.874 1.595 3.283 ** ** NS NS 
NC fat-free NCwater 1.024 0.974 1.037 1.004 NS NS NS NS 
NC fat-free NC protein 1.080 1.536 0.818 1.711 NS ** ~ NS 
NC fat-free NCash 0.778 1.268 0.827 1.402 ~ * NS NS 

CS protein CS fat 1.879 2.492 1.970 2.471 NS NS NS NS 
C~ protein CS water 1.022 0.978 0.908 0.791 NS * ~ * 
CS protein CS ash 1.095 1.024 0.759 1.084 NS ** *** NS 

NCprotein NCfat 1.242 1.871 1.951 1.918 NS NS * NS 
NCprotein NC water 0.949 0.634 1.268 0.586 ~ *** ~ NS 
NC protein NCash 0.721 0.826 1.011 0.819 NS NS NS NS 

CS fat-free FEM 0.956 0.710 0.536 0.929 ~ * *** NS 
CS fat-free RIB 1.252 1.009 0.813 1.205 NS * *** NS 
CS fat-free TV6 1.030 1.012 0.649 1.142 NS ** * NS 
CS fat-free LV4 0.979 0.920 0.659 0.914 NS ~ * NS 

CS fat-free ST 1.470 1.379 1.241 1.455 NS NS NS NS 
CS fat-free RF 1.222 1.530 1.157 1.259 NS NS NS NS 
CS fat-free QF 1.163 1.345 1.006 1.149 NS NS NS NS 
CS fat-free LD 1.136 1.094 1.273 1.222 NS NS NS NS .,-. 
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... Table 7.11 /4 cont'd ... 

allometric coefficients t-tests 
X variable Y variable CTRL CTRL RECO REeO time treatment 

early late early late C1RL RECO early late 

Bone chemical component weights (g) 

FEM fat-free FEMfat 4.066 5.530 2.797 1.826 NS NS NS ** 
FEM fat-free FEMwater 0.922 2.671 0.912 1.431 ** ~ NS * 
FEM fat-free FEMprotein 1.191 1.461 1.590 1.095 NS ** * NS 
FEM fat-free FEMash 1.443 1.778 1.507 0.957 NS ** NS * 

RIB fat-free RIB fat 4.687 5.172 3.126 3.435 NS NS NS NS 
RIB fat-free RIB water 0.910 1.034 0.870 1.024 NS NS NS NS 
RIB fat-free RIB protein 1.105 1.475 1.221 1.188 * NS NS NS 
RIB fat-free RIB ash 1.135 1.616 1.179 1.076 * NS NS ** 

TV6 fat-free TV6fat 4.554 4.591 1.992 2.589 NS NS ** NS 
TV6 fat-free TV6 water 0.983 1.152 0.796 1.088 NS * NS NS 
TV6 fat-free TV6protein 1.139 1.193 1.356 1.237 NS NS * NS 
TV6 fat-free TV6ash 1.168 1.357 . 1.279 0.982 NS * NS ~ 

LV4 fat-free LV4 fat 4.942 5.434 1.948 2.995 NS NS ** ~ 
LV4 fat-free LV4 water 0.875 1.036 0.795 1.102 NS ~ NS NS 
LV4 fat-free LV4 protein 1.142 1.753 1.399 1.302 ** NS ** * 
LV4 fat-free LV4ash 1.269 1.362 1.165 1.166 NS NS NS NS 

FEMprotein FEMash 1.212 1.217 0.948 0.874 NS NS * NS 

RIB protein RIB ash 1.027 1.095 0.966 0.905 NS NS NS NS 

TV6protein TV6ash 1.025 1.138 0.943 0.794 NS NS NS * 

LV4 protein LV4ash 1.112 0.777 0.833 0.895 * NS ** NS 
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... Table 7.11/5 cont'd ... 

allometric coefficients t·tests 
X variable Yvariable CTRL CTRL RECO RECO time treatment 

early late early late CTRLRECO early late 

Bone dimensions (mm) 

FEMlength FEM diameter 1.222 1.072 1.163 1.910 NS NS NS ~ 
FEMlength FEM volume1l3 0.882 0.601 0.797 0.949 * NS NS * 
RIB length RIB width 1.767 1.161 1.348 1.977 NS NS NS NS 
RIB length RIB thickness 1.767 1.358 2.998 1.987 NS NS NS NS 
RIB length RIB vOlume1l3 0.969 0.550 1.119 0.793 ** NS NS NS 

TV6length TV6height 1.503 1.954 1.550 1.357 NS NS NS NS 
TV6length TV6 width 0.913 1.308 0.653 1.000 NS NS NS NS 
TV6length TV6 volume1l3 0.867 1.134 0.643 0.775 NS NS NS NS 

LY41ength LV4 height 1.038 1.025 0.884 0.673 NS NS NS ~ 
LV4length LV4 width 1.153 1.201 0.955 1.461 NS NS NS NS 
LV4length LV4span 1.221 1.320 . 0.852 1.177 NS NS * NS 
LV4length LV 4 volume 1/3 0.754 0.657 0.719 0.677 NS NS NS NS 

TV61ength LV4length 1.075 1.343 0.970 0.928 NS NS NS NS 
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... Table 7.11/6 cont'd ... - -," 

C::-,:"~:T:;:;:::<~ 

allometric coefficients t-tests 
X variable Yvariable CTRL CTRL RECO RECO time treatment 

early late early late CTRLRECO early late 

Muscle chemical component weights (g) 

ST fat-free STfat 1.594 2.081 1.619 2.423 NS NS NS NS 
STfat-free STwater 1.004 1.037 0.975 0.990 NS NS ** ~ 
ST fat-free STprotein 1.000 0.930 1.094 1.063 NS NS * NS 

QF fat-free QFfat 1.589 1.784 1.409 2.365 NS ~ NS NS 
QF fat-free QFwater 0.977 0.999 1.002 0.997 NS NS NS NS 
QF fat-free QFprotein 1.130 1.129 1.065 1.200 NS NS NS NS 

LD fat-free LDfat 1.824 2.764 1.738 3.061 ~ * NS NS 
LD fat-free LDwater 0.984 1.024 0.965 0.956 * NS ~ *** ,,-.",'.--. 

LD fat-free LD protein 1.068 0.947 1.123 1.164 ~ NS NS ** 
LD fat-free LDash 1.017 0.965 1.158 1.116 NS NS ~ NS 

STprotein STwater 1.004 1.115 0.892 0.932 NS NS * NS 

QFprotein QFwater 0.865 0.885 0.941 0.831 NS NS NS NS 

LDprotein LDwater 0.921 1.086 0.860 0.821 ~ NS NS ** 
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... Table 7.11/8 cont'd ... ', ......... 

~_ ~ ... -: c: :.; -:: . .:-: 

allometric coefficients t-tests 
X variable Yvariable CTRL CTRL RECO RECO time treatment 

early late early late C1RL REeD early late 

Bone-muscle gravimetric relationships 

FEMweight STweight 1.537 1.808 2.313 1.566 NS NS ~ NS 
FEMweight QFweight 1.217 1.907 1.876 1.237 ~ ~ * NS 
FEMweight RFweight 1.278 2.185 2.157 1.355 * * * ~ 

TV6 weight LDtweight 1.179 1.219 1.861 1.313 NS ~ * NS 

LV4 weight LDI weight 1.271 1.426 2.119 1.451 NS ~ ** NS 

FEMfat STfat 0.735 0.839 1.461 1.760 NS NS * * -'_. -.--, , 

FEMfat QFfat 0.586 0.706 1.041 1.346 NS NS * ~ 

TV6+LV4fat LDfat 0.467 0.644 1.615 1.135 NS NS ** NS 

FEMwater STwater 2.066 0.800 2.699 0.918 ** ** NS NS 
FEMwater QFwater 1.588 0.828 2.271 0.724 * ** NS NS 

TV6+LV4 water LD water 1.391 1.187 2.241 0.924 NS ** * NS 

FEMprotein STprotein 1.594 1.314 1.737 1.288 NS NS NS NS 
FEMprotein QF protein 1.422 1.593 1.385 1.138 NS NS NS NS 

TV6+LV4 prot. LD protein 1.193 0.771 1.465 1.115 * NS NS NS 

TV6+LV4ash LDash 1.039 0.921 1.810 1.219 NS * ** NS 
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... Table 7.11 /9 cont'd '" 

allometric coefficients t-tests 
X variable Yvariable CTRL CTRL RECO RECO time treatment 

early late early late CTRLRECO early late 

Bone-muscle geometric relationships 

FEMlength STlength 0.916 1.077 1.000 1.883 NS ** NS * 
FEMlength RF length 1.366 1.199 1.097 1.770 NS NS NS NS 

FEM diameter STdiameter 1.564 1.410 2.933 1.293 NS * * NS 
FEM diameter RFdiameter 1.039 1.438 2.347 1.081 NS * * NS 

FEMvolume STvolume 1.485 1.692 2.385 1.702 NS NS * NS 
FEMvolume RFvolume 1.237 1.879 2.231 1.470 , ~ * NS 
FEMvolume QFvolume 1.178 1.640 1.933 1.340 NS NS * NS 

TV6length LDtlength 1.251 2.731 1.257 1.576 * NS NS ~ 

LV4length LDllength 1.144 1.762 0.980 1.179 NS NS NS NS 

RIB length LDwidth,A 1.029 0.623 1.643 1.332 , NS * * 
LV4span LDwidth,A 0.742 0.616 1.455 1.152 NS NS ** , 
TV6height LDdepth,B 1.181 1.339 0.975 1.631 NS NS NS NS 

LV4 height LDdepth, B 1.523 1.896 1.942 3.517 NS ~ NS ~ 

TV6volume LDt volume 1.096 1.139 2.105 1.364 NS * ** NS 
LV4volume LDlvolume 1.280 1.559 2.249 1.393 NS * * NS 
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Table 7.12 Comparison of the final slaughter groups (860d) from CTRL (n=4) and RECO (n=6) treatments. 

Statistical significance of differences between treatment means presented was assessed by t-test. The 

difference (diffce) between the two means is expressed as the percentage deviation of the RECO mean from 

the CTRL mean. 

This table comprises 9 pages. 

:. '.".-. ::" ~ 
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... Table 7.12/2 cont'd ... 

means 
variate unit CTRL RECO sed t-test diffce 

(860<1) (86Od) CTRL=RECO (%) 

Body chemical component and organ weights 

pre-slaughter BW kg 66.88 61.58 2.828 NS -7.9 
GIT kg 8.41 8.07 0.565 NS -4.0 
liver kg 0.866 0.846 0.0523 NS -2.3 
kidney (2) kg 0.1539 0.1496 0.00806 NS -2.8 

empty body (EB) kg 61.91 57.41 2.816 NS -7.3 
EB fat-free kg 40.43 37.42 1.665 NS -7.4 
EBfat kg 21.48 19.99 1.743 NS -6.9 
EB water kg 29.63 27.50 1.351 NS -7.2 
EB protein kg 8.62 8.03 0.297 ~ -6.8 
EBash kg 2.277 2.071 0.1016 ~ -9.0 
EJJ energy MJ 1028 957 70.2 NS -6.9 

EB water:protein 3.437 3.421 0.0553 NS -0.5 
EB ash:protein 0.2643 0.2578 0.00807 ** -2.5 j-,-' 

EBfat % 34.67 34.67 1.863 NS 0.0 
EB water % 47.87 47.98 1.287 NS 0.2 
EB protein % 13.93 14.03 0.397 NS 0.7 
EBash % 3.684 3.622 0.1856 NS -1.7 
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... Table 7.12/3 cont'd ... 
p .. ::'.: .... :~:<:.~ ; 

means 
variate unit CTRL RECO sed t-test diffce 

(86Od) (86Od) CTRL=RECO (%) 

Carcass and non-carcass chemical component weights 

carcass (CS) kg 38.56 35.67 1.941 NS -7.5 
CS fat-free kg 22.56 20.77 0.958 NS -7.9 ~ .. ":' ~ : ~.. . 

CS fat kg 16.00 14.89 1.436 NS -6.9 
CS water kg 16.12 15.02 0.742 NS -6.8 
CS protein kg 5.021 4.557 0.2156 ~ -9.2 
CS ash kg 1.559 1.395 0.0898 NS -10.5 
CS energy MJ 733 680 57.3 NS -7.2 

CS water:protein 3.212 3.295 0.0714 NS 2.6 
CS ash:protein 0.3111 0.3054 0.01377 NS -1.8 1-
CS fat % 41.43 41.52 2.280 NS 0.2 
CS water % 41.83 42.25 1.430 NS 1.0 
CS protein % 13.03 12.84 0.507 NS -1.5 
CSash % 4.055 . 3.937 0.2949 NS -2.9 

non-carcass (NC) kg 23.35 21.75 1.055 NS -6.9 
NC fat-free kg 17.86 16.65 0.777 NS -6.8 
NCfat kg 5.482 5.099 0.3760 NS -7.0 
NCwater kg 13.51 12.48 0.650 NS -7.6 
NCprotein kg 3.597 3.472 0.1210 NS -3.5 
NCash kg 0.718 0.676 0.0340 NS -5.8 
NCenergy MJ 295.2 277.5 16.49 NS -6.0 

NC water:protein 3.760 3.587 0.1268 NS -4.6 
NC ash:protein 0.1995 0.1948 0.00711 NS -2.4 
NCfat % 23.49 23.37 1.026 NS -0.5 
NC water % 57.88 57.42 1.095 NS -0.8 
NCprotein % 15.42 16.02 0.409 NS 3.9 "T' _ 

NCash % 3.077 3.118 0.1365 NS 1.3 
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... Table 7.12/5 cont'd ... . ... ~ - .". - --

tL::;-:::::~;~::;'~ 

means 
variate unit CTRL RECO sed t-test diffce 

(86Od) (86Od) CTRL=RECO (%) 

Bone geometric dimensions 
1-,' ',-,_'.-,' 

FEMlength mm 173.0 169.3 2.83 NS -2.1 :'~ .~-:-;.> -:r;. 

FEM diameter mm 21.88 22.00 0.618 NS 0.5 
FEMvolume cm3 119.2 110.9 6.70 NS -7.0 

FEM diameter:length 0.1264 0.1299 0.00283 NS 2.8 
FEM volumel/3:1ength 0.0284 0.0283 0.00036 NS -0.4 

RIB length mm 246.5 246.7 5.48 NS 0.1 
RIB width mm 15.25 15.00 0.704 NS -1.6 
RIB thickness mm 7.50 6.83 0.641 NS -8.9 I· ~ ~ ... 

RIB volume cm3 19.99 17.42 1.788 NS -12.9 

RIB diameter:length 0.0461 0.0443 0.00164 NS -3.9 
RIB volumel/3:1ength 0.0157 0.0153 0.00029 NS -2.5 

TV6 body length mm 23.33 23.17 0.058 NS -0.7 
TV6height mm 68.67 71.80 3.613 NS 4.6 
TV6 width mm 44.33 43.33 2.271 NS -2.3 
TV6volume cm3 13.33 12.68 0.936 NS -4.9 

LV 4 body length mm 35.00 35.50 0.742 NS 1.4 
LV4 height mm 58.25 57.33 0.935 NS -1.6 
LV4 width mm 33.00 29.83 1.314 ~ -9.6 
LV4 span mm 122.5 119.7 4.56 NS -2.3 
LV4 volume cm3 26.98 24.62 1.522 NS -8.7 
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... Table 7.12 / 6 cont'd ... 
:"<'.' 

means 
variate unit CTRL RECO sed t-test diffce 

(86Od) (86Od) CTRL=RECO (%) 

Muscle chemical com~onent weights 

ST 147.4 141.4 9.40 NS -4.1 
i .... :. 

g 
STfat-free g 138.1 131.1 8.74 NS -5.1 
STfat g 9.26 10.32 0.932 NS 11.4 
STwater g 107.3 101.8 6.98 NS -5.1 
STprotein g 30.88 29.36 1.778 NS -4.9 

QF g 535.4 512.3 27.87 NS -4.3 
QF fat-free g 507.9 483.5 26.02 NS -4.8 
QFfat g 27.44 28.81 2.093 NS 5.0 
QFwater g 406.8 379.5 19.73 NS -6.7 
QFprotein g 101.1 104.0 7.56 NS 2.9 

RF g 171.9 169.4 8.69 NS -1.5 

LD 728 732 39.7 NS 0.5 
LD fat-free g 684.0 680.9 37.18 NS -0.5 
LDfat g 44.49 51.19 7.201 NS 15.1 
LDwater g 526.6 522.5 28.73 NS -0.8 
LDprotein g 150.3 151.4 8.23 NS 0.7 
LDash g 7.12 7.05 0.414 NS -1.0 

LD water:protein 3.506 3.448 0.0408 NS -1.7 
LD ash:protein 0.0474 0.0464 0.00137 NS -2.1 
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... Table 7.12 / 7 cont'd ... 
.-~-.':-:>~'::.>; 

means 
variate unit CTRL RECO sed t-test diffce 

(86Od) (86Od) CTRL=RECO (%) 

Muscle geometric dimensions 

STlength mm 192.8 182.8 7.18 NS -5.2 
STdiameter mm 36.63 37.42 1.855 NS 2.2 
STvolume cm3 138.6 133.3 8.88 NS -3.8 

ST diameter:length 0.1902 0.2072 0.01662 NS 8.9 
ST volume1l3:length 0.0268 0.0281 0.00140 NS 4.9 

QFvolume mm 503.8 482.7 26.55 NS -4.2 

RF length mm 160.5 157.7 4.10 NS -1.7 
RFdiameter mm 48.50 48.17 1.046 NS -0.7 
RFvolume cm3 161.3 159.4 8.26 NS -1.2 

RF diameter:length 0.3027 .0.3059 0.01133 NS 1.1 
RF volume 1/3: length 0.0340 0.0344 0.00118 NS 1.2 

LDlength mm 631.0 642.2 10.79 NS 1.8 
LDwidth,A mm 62.19 61.41 1.393 NS -1.3 
LDdepth,B mm 31.70 36.31 1.904 ~ 14.5 
LD cross-sectional area mm2 1581 1882 103.0 * 19.0 
LDvolwne cm3 684.8 690.3 36.84 NS 0.8 

LDB/A 0.5098 0.5916 0.02973 * 16.0 
LDA/length 0.0986 0.0958 0.00325 NS -2.8 
LDB/length 0.0502 0.0564 0.00245 * 12.4 
LD diameter:length 0.0783 0.0755 0.00109 * -3.6 
LD volwne1l3:length 0.0140 0.0137 0.00019 NS -2.1 



188 

... Table7.12/8 cont'd ... ,. 
t;· , •. ~ .. »~ .. 

means 
variate unit CTRL RECO sed t-test diffce 

(86Od) (86Od) CTRL=RECO (%) 

Bone-muscle relationships - gravimetric 

ST:FEM total 0.876 0.904 0.0503 NS 3.2 
ST:FEM fat-free 1.185 1.187 0.0524 NS 0.2 i::" 

ST:FEM fat 0.1826 0.2267 0.02984 NS 24.2 
ST:FEM water 5.352 4.946 0.3482 NS -7.6 
ST:FEM protein 1.075 1.086 0.0932 NS 1.0 

QF:FEM total 3.194 3.269 0.1873 NS 2.3 
QF:FEM fat-free 4.373 4.367 0.1833 NS -0.1 
QF:FEM fat 0.5400 0.6295 0.07266 NS 16.6 
QF:FEM water 20.41 18.42 1.524 NS -9.8 
QF:FEM protein 3.516 3.792 0.2003 NS 7.8 

RF:FEM total 1.025 1.083 0.0631 NS 5.7 

LD:TV6+LV4 total 12.55 13.07 0.504 NS 4.1 
LD:TV6+LV4 fat-free 12.95 13.25 0.339 NS 2.3 
LD:TV6+LV4 fat 8.76 12.38 3.580 NS 41.3 
LD:TV6+LV4 water 33.59 33.57 1.217 NS -0.1 
LD:TV6+LV4 protein 10.78 11.25 0.280 NS 4.4 
LD:TV6+LV4 ash 0.3050 0.3153 0.01361 NS 3.4 
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'" Table 7.12 / 9 cont'd ... 
:::;:;-:.:>::::;.::::: 

means 
variate unit CTRL RECO sed t-test diffce 

(86Od) (86Od) CTRL=RECO (%) 

Bone-muscle relationships - geometric 

ST:FEM length 1.115 1.079 0.0426 NS -3.2 
ST:FEM diameter 1.675 1.703 0.0878 NS 1.7 
ST:FEM volume 1.167 1.208 0.0811 NS 3.5 

QF:FEM volume 4.255 4.363 0.3049 NS 2.5 

RF:FEM length 0.928 0.931 0.0262 NS 0.3 
RF:FEM diameter 2.220 2.192 0.0738 NS -1.3 
RF:FEM volume 1.362 1.443 0.0988 NS 5.9 

LD:TV6+LV4 length 10.84 10.95 0.192 NS 1.0 
LD:TV6+LV4 volume 17.62 18.49 0.868 NS 4.9 

LD:LV4 A: span 0.5090 0.5145 0.02213 NS 1.1 
LD:LV4 B:height 0.5444 0.6324 0.02859 * 16.2 
LD:TV6 B:height 0.4637 0.5225 0.03710 NS 12.7 
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APPENDIX VITI: Figures derived from the study of restricted growth and subsequent recovery growth in 

Trial One. 

Trial design is illustrated by Figure 5.1 in Appendix V. 

Page 

191 Figure 8.1 Change in liveweight with time during Trial One; CTRL andRECO treatments. 

194 Figure 8.2 Comparison of CTRL and RECO treatments for growth of variables relative to time. 

Fitted Gompertz functions are depicted with the raw data. 

198 Figure 8.3 Comparison of the allometry of recovery growth with that of ontogenetic growth. 
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Page 

192 Figure 8.1.1 Change in liveweight with time during Trial One highlighting changes occurring 

during the period of restricted growth (56d to 113d). 

192 Figure 8.1.2 Change in liveweight with time during Trial One up to the time the penultimate 

target liveweight groups were slaughtered (Od to 2S8d). 

193 Figure 8.1.3 Change in liveweight with time during Trial One for the full trial period (Od to 

860d) 

For all three graphs; 

1. Between birth (1d) and 56d, means (± sem) for CTRL slaughter groups are presented. 

2. Subsequently, treatment means (± sem) are presented for surviving animals in each treatment. 

3. Curves were not fitted but points were joined. 
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Figure 8.2 Comparison of CTRL (ontogenetic growth) and RECO (recovery growth after restricted growth) 

treatments for grQwth of variables relative to time. For each treatment the Gompertz function was fitted to 

data of the target LW slaughter groups from 20 to 45 kg inclusive. Note that time is not the "true" day of the 

trial. Corrected times were derived by subtracting a constant from the slaughter date of each animal equal to 

the slaughter date of the 20 kg target LW slaughter group for that treatment (CTRL = 56d; RECO = ll3d). 

Thus. for each treatment animals of the 20 kg target LW group were slaughtered at Od "corrected time". 

Details of these relationships and the growth rates derived by differentiation of the function are presented in 

Table 7.8. Both the fitted Gompertz function and the raw data are plotted. 

This figure comprises 5 graphs. Variables depicted in each graph associated with this title are listed below. 

Page Graph Y variables 

195 1 Weight of empty body. 

196 2 Weight of the liver. 

196 3 Weight of body fat 

197 4 Weight of the femur. 

197 5 Weight of M. semitendinosus. 

-'-"-' . ~,--' .. 
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Figure 8.2.1 Normal and recovery growth with time of the body 
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Figure 8.2.4 Normal and recovery growth with time of bone (FEM) 
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Figure 8.2.5 Normal and recovery growth with time of muscle (ST) 
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Figure 8.3 Comparison of the allometry of recovery growth (RECO treatment) with that of ontogenetic 

growth (CTRL treatment). For each treatment lines have been fitted to each of two subsets of the data 

(EARLY & LATE; each n=18) as well as to the combined data set (BOTH; n=36). These subsets comprised 

data from targetLW slaughter groups at 20,25 & 30 kg (EARLY) and 35,40 & 45 kg (LATE). Statistical 

tests for the significance of differences between comparable allometric coefficients (b) are detailed in Tables 

7.10 & 7.11. 

This Figure comprises 57 graphs. Listed below are the X variables and a generalized description of the Y 

variables for each graph. 

NB: Axes follow a logarithmic scale. 

Page Graph X variable Yvariable 

200 1 empty body weight carcass weight 
200 2 empty body weight non-carcass weight 
201 3 empty body weight liver weight 
201 4 empty body weight GITweight 

202 5 empty body fat-free weight body fat weight 
202 6 empty body fat-free weight body water weight 
203 7 empty body fat-free weight body protein weight 
203 8 empty body fat-free weight body ash weight 

204 9 carcass fat-free weight carcass fat weight 
204 10 carcass fat-free weight carcass water weight 
205 11 carcass fat-free weight carcass protein weight 
205 12 carcass fat-free weight carcass ash weight 

206 13 non-carcass fat-free weight non-carcass fat weight 
206 14 non-carcass fat-free weight non-carcass water weight 
207 15 non-carcass fat-free weight non-carcass protein weight 
207 16 non-carcass fat-free weight non-carcass ash weight 

208 17 carcass fat weight non-carcass fat weight 
208 18 carcass water weight non-carcass water weight 
209 19 carcass protein weight non-carcass protein weight 
209 20 carcass ash weight non-carcass ash weight 

... cont'd ... 
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Figure 8.3 ... cont'd 

,'-~.:.-.:':::-:">:-:: 

Page Graph X variable Y variable 

210 21 FEM fat-free weight FEM fat weight 
210 22 FEM fat-free weight FEM protein weight 
211 23 FEM fat-free weight FEM ash weight 

212 24 FEMprotein FEMash 
212 25 RIB protein RIB ash 
213 26 TV6 protein TV6ash 
213 27 LV4protein LV4 ash 

214 28 FEMlength FEM diameter 
214 29 FEMlength FEM volume1/3 
215 30 LV 4 body length LV4 span 
215 31 LV 4 body length LV4 height 
216 32 LV4 body length LV 4 volume 1/3 

217 33 ST fat-free weight ST fat weight 
217 34 ST fat-free weight ST water weight 
218 35 ST fat-free weight ST protein weight 

219 36 STlength STdiameter 
219 37 STlength ST volume 1/3 
220 38 LD length LDwidth,A 
220 39 LD length LDdepth, B 
221 40 LD length LD cross-sectional area 1/2 

222 41 FEMweight STweight 
222 42 FEMweight QFweight 
223 43 TV6 weight LDt weight 
223 44 LV4 weight LDI weight 

224 45 FEM fat-free weight ST fat-free weight 
224 46 FEM fat-free weight QF fat-free weight 
225 47 (TV6+LV4) fat-free weight LD fat-free weight I 

225 48 FEMfat STfat 

226 49 FEM protein weight STprotein 
226 50 FEM protein weight QFprotein 
227 51 TV6 + LV4 protein weight LD protein weight 

228 52 FEM diameter STdiameter 
228 53 FEMvolume STvolume 
229 54 LV4 span LD width, A 
229 55 LV4 height LDdepth, B 
230 56 TV6volume LDt volume 
230 57 LV4 volume LDlvolume 
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Figure 8.3.5 Relative growth of body fat 
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Figure 8.3.6 Relative growth of body water 
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Figure 8.3.7 Relative growth of body protein 
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Figure 8.3.8 Relative growth of body ash 
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Figure 8.3.9 Relative growth of carcass fat 
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Figure 8.3.10 Relative growth of carcass water 
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Figure 8.3.11 Relative growth ()f carcass protein 
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Figure 8.3.12 Relative growt of carcass ash 
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Figure 8.3.13 Relative growth of non-carcass fat 
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Figure 8.3.14 Relative growth of non-carcass water 
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Figure 8.3.15 Relative growth of non-carcass protein 
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Figure 8.3.16 Relative growth of non-carcass ash 
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Figure 8.3.17 Relative growth of carcass and non-carcass fat 
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Figure 8.3.18 Relative growth of carcass and non-carcass water 
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Figure 8.3.19 Relative growth of carcass and non-carcass protein 
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Figure 8.3.20 Relative growth of carcass and non-carcass ash 
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Figure 8.3.21 Relative growth of femur (FEM) fat 
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Figure 8.3.22 Relative growth of femur (FEM) protein 
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Figure 8.3.23 Relative growth of femur (FEM) ash 
56 

52 o CTRL - early 
o CTRL -late 0 

48 CTRL. - both 
• RECO - ecrly 

44 + RECO -Iote 
REeo - both 

0 
40 + 

0\ 36 
0 

I 
.!: rn 32 0 • 

28 

24 

• 
70 80 90 110 

fat-free femur - g 



56 

52 

48 

44 

40 

~36 

I 
.c 
VI 32 0 

28 

24 

9 

8 

7 

6 

~ 

I 5 

.c 
VI 
0 

4 

3 

x 

Figure 8.3.24 Relative growth of femur (FEM) protein and ash 
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Figure 8.3.25 Relative growth of 6th rib (RIB) protein and ash 
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Figure 8.3.26 Relative growth of vertebra (TV6) protein and ash 
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Figure 8.3.27 Relative growth of vertebra (LV 4) protein and ash 
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Figure 8.3.28 Relative growth of femur (FEM) length and diameter 
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Figure 8.3.29 Relative growth of femur (FEM) length and volume 
4.7 

4.6 
o CTRL - ecrly 
o CTRL -late 

CTRL - both 0 0 
4.5 .. RECO - ecrIy 0 

.. RECO -late 0 
4.4 RECO - both 0 8 0 

E . 0 0 u 4.3 
0 

0 .. .. 
'" " 4.2 .. 
-Q) 0 
E 
:::J 4.1 .. 
0 
> .... 

4.0 

3.9 

3.8 .. 
0 

120 130 140 150 160 

length - mrn 



215 

Figure 8.3.30 Relative growth of vertebra (LV 4) length & span 
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Figure 8.3.31 Relative growth of vertebra (LV 4) length & height 

0 

52 o CTRL - early 0 

o CTRL -late 

50 CTRL - both 
" RECO - early 
+ RECO -Iote 0 + 

48 RECO - both 

E 0 

E 46 0 + 

• It + 
-<-J 

~ 44 'm 
0 .L: It 

42 
0 

40 0 " 
" 

38 0 

24 26 28 30 32 34 
body length - mm 



216 

Figure 8.3.32 Relative growth of vertebra (LV 4) length & volume 
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Figure 8.3.33 Relative growth of M. semitendinosus (ST) fat 
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Figure 8.3.34 Relative growth of M. semitendinosus (ST) water 
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Figure 8.3.35 Relative growth of M. semitendinosus (ST) protein 
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Figure 8.3.36 Relative growth of M. semitendinosus (ST) diameter 
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Figure 8.3.37 Relative growth of M. semitendinosus (ST) volume 
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Figure 8.3.38 Relative growth of M. longissimus dorsi (LD) width 
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Figure 8.3.39 Relative growth of M. longissimus dorsi (LD) depth 
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Figure 8.3.40 Relat ive growth of M. longissimus dorsi (LD) c.s.a. 
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Figure 803.41 Relative growth of bone and muscle weight (FEM,ST) 
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Figure 803.42 Relative growth of bone and muscle weight (FEM,QF) 
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Figure 8.3.43 Relative growth of bone and muscle weight (TV6,LDt) 
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Figure 8.3.44 Relative growth of bone and muscle weight (LV 4,LDI) 
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Figure 8,3.45 
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Relative growth of bone and muscle fat-free weight (FEM.ST) 
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Figure 8,3.46 Relative growth of bone and muscle fat-free weight (FEM.QF) 
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Figure 8,3.47 Relative growth of bone and muscle fat-free weight (TV6+LV4.LD) 
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Figure 8,3.48 Relative growth of bone and muscle fat (FEM.ST) 
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Figure 8.3.49 Relative growth of bone and muscle protein (FEM.ST) 
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Figure 8.3.50 Relative growth of bone and muscle protein (FEM,QF) 
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Figure 8.3.51 Relative growth of bone and muscle protein (TV6+LV4,LD) 
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Figure 8.3.52 Relative growth of bone and muscle diameter (FEM,ST) 
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Figure 8.3.53 Relative growth of bone and muscle volume (FEM,ST) 
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Figure 8.3.54 Relative growth of bone and muscle width (LV4,LD) 
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Figure 8.3.55 Relative growth of bone and muscle "depth" (LV4,LD) 

+ 

• 0 

0 

0 0 

+ 
0 0 

0 + 
0 0 

0 

.. 0 

" 0 
x 

o CTRl.. - ecrly 
x o CTRl.. - late 

CTRl.. - both 
x RECO - ecrJy 
+ RECO -late .. RECO - both 

" 
40 44 48 52 

4th lumbar vertebra height - mm 



230 

Figure 8.3.56 Relative growth of bone and muscle volume (TV6.LDt) 
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Figure 8.3.57 Relative growth of bone and muscle volume (LV4.LDI) 
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APPENDIX IX: Tables of data derived from the study of the effects of parasitism on growth in Trial Two. 

Page 

232 Table 9.1 Changes in the body and tissues associated with infection and paired weight feeding. 

243 Table 9.2 Comparison of allometric growth displayed by CTRL and INF treatment groups over 

the full range of liveweights studied. 

252 Table 9.3 Co~parison of allometric growth displayed by CTRL and INF treatment groups 

during two stages of growth, equivalent to early and late recovery. 

261 Table 9.4 Residual effects of infection and undernutrition. 

272 Table 9.5 Residual effects of infection and undernutrition on bone and muscle development 



Table 9.1 Changes in the body and tissues associated with infection and paired-weight feeding. 

Comparison of three treatment groups at the 25kg slaughter group point; CTRL (uninterrupted growth; 1d), INF (after restricted growth induced by infection with intestinal 

parasites; 83d) and PW (animals NOT infected but fed to achieve the same BW changes as the INF group; 83d). The period of infection was from 1d to 83d. 

Means and standard deviations are presented for each treatment. Comparison of means is by t-test except for the test of the differences between INF and PW means which was by 

paired t-test. Mean data from CfRL animals at 83d are also presented. 

This table comprises 11 pages. 
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... Table 9.1/2 cont'd ... 

means 

variables CTRL INF PW CTRL 
1d 83d 83d 83d 

Body component weights, kg 

pre-slaughter L W 25.0 21.1 20.9 37.6 
fleece 0.873 1.312 1.227 1.607 
GITfull 5.39 6.83 5.93 8.8 
GITempty 2.60 2.34 1.95 4.49 
liver 0.522 0.393 0.314 0.758 

EB 21.1 16.3 16.3 33.1 
EB fat-free 17.1 14.1 14.3 25.7 

EB fat 4.03 2.20 2.00 7.46 
EB water 12.8 10.6 10.8 19.3 
EBprotein 3.40 2.56 2.68 4.99 
EB ash 0.776 0.731 0.727 1.231 
EB energy (MJ) 235 145 140 405 

EB water:protein 3.75 4.16 4.02 3.86 
EB ash:protein 0.228 0.287 0.271 0.247 
EB fat % 19.1 12.9 12.1 22.4 
EB water % 60.5 65.9 66.2 58.2 
EB protein % 16.1 15.9 16.5 15.1 
EB ash % 3.69 4.55 4.47 3.71 

t-tests % change from CTRL 1 

CTRL Od) vs INF vs INF PW CTRL 
INF PW PW 83 

~ ~ NS -15.6 -16.4 50.4 
*** *** NS 50.3 40.5 84.1 
NS NS ~ 26.7 10.0 63.3 
NS * ** -10.0 -25.0 72.7 
** *** ~ -24.7 -39.8 45.2 

* ** NS -22.7 -22.7 56.9 
* * NS -17.5 -16.4 50.3 

* *** NS -45.4 -50.4 85.1 
* * NS -17.2 -15.6 50.8 
** ** ~ -24.7 -21.2 46.8 
NS NS NS· -5.8 -6.3 58.6 
** *** NS -38.3 -40.4 72.3 

** ** NS 10.9 7.2 2.9 
*** *** * 25.9 18.9 8.3 
* *** NS -32.5 -36.6 17.3 
** *** NS 8.9 9.4 -3.8 
NS NS NS -1.2 2.5 -6.2 
** *** NS 23.3 21.1 0.5 

" 
" 

" : 

standard deviation 

CTRL INF PW 
1 83 83 

1.76 4.48 4.05 
0.091 0.197 0.144 
0.49 1.74 1.70 
0.187 0.421 0.485 
0.0358 0.0678 0.0556 

1.84 3.25 2.57 
1.46 2.15 2.06 

0.77 1.16 0.59 
1.11 1.62 1.60 
0.269 0.411 0.345 
0.075 0.100 0.091 

32.6 53.2 29.3 

0.063 0.177 0.153 
0.0153 0.0157 0.0083 
2.94 4.19 2.11 
2.14 3.12 1.41 
0.50 1.03 0.80 
0.35 0.37 0.24 

',' 
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... Table 9.1/3 cont'd ... 

means 

variables CTRL INF PW CTRL 
1d 83d 83d 83d 

Carcass (CS) component weights, kg 

CS 11.90 8.44 8.92 19.09 
CS fat-free 8.93 6.88 7.55 13.42 

CS fat 2.98 1.56 1.37 5.67 
CS water 6.46 5.00 5.53 9.70 
CS protein 1.91 1.35 1.49 2.83 
CS ash 0.512 0.476 0.497 0.805 
CS energy 159.6 91.7 87.7 284.9 

CS water:protein 3.38 3.71 3.71 3.43 
CS ash:protein 0.268 0.354 0.334 0.285 
CS fat % 25.0 17.5 15.1 29.6 
CS water % 54.3 59.9 62.2 50.9 
CS protein % 16.1 16.2 16.8 14.8 
CS ash % 4.31 5.72 5.60 4.20 

t-tests % change from C1RL 1 

CTRL (ld) vs INF vs INF PW CTRL 
INF PW PW 83 

** ** NS -29.1 -25.0 60.4 
** * ** -23.0 -15.5 50J 

* *** NS -47.7 -54.0 90.3 
** ~ ** -22.6 -14.4 50.2 
*** ** * -29.3 -22.0 48.2 
NS NS NS -7.0 -2.9 57.2 
** *** NS -42.5 -45.1 78.5 

** ** NS 9.8 9.8 1.5 
*** *** * 32.1 24.6 6.3 
* *** NS -30.0 -39.6 18.4 
* *** NS 10.3 14.5 -6.3 
NS NS NS 0.6 4.3 -8.1 
*** *** NS 32.7 29.9 -2.6 

standard deviation 

CTRL INF PW 
1 83 83 

1.13 1.86 1.44 
0.93 1.06 1.02 

0.597 0.849 0.452 
0.682 0.748 0.754 
0.180 0.231 0.207 
0.0613 0.0640 0.0553 

24.2 37.4 21.8 

0.102 0.192 0.173 
0.0161 0.0170 0.0183 
4.36 5.72 2.72 
3.15 4.33 2.16 
0.69 1.29 0.81 
0.429 0.502 0.339 

IV w 
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... Table 9.1/4 cont'd ... 

means t-tests % change from C1RL 1 standard deviation 

variables CTRL INF PW CTRL C11tL(ld)vs INFvs INF PW CTRL C1RL INF PW 
1d 83d 83d 83d INF PW PW 83 1 83 83 

Non-carcass (NC) commnent weights, kg 

NC 9.19 7.83 7.42 14.06 ~ * ~ -14.8 -19.3 53.0 0.74 1.40 1.16 
NC fat-free 8.13 7.18 6.79 12.27 NS * ** -11.7 -16.5 50.9 0.60 1.11 1.06 

NCfat 1.055 0.644 0.636 1.790 * ** NS -39.0 -39.7 69.7 0.207 0.315 0.203 
NCwater 6.29 5.64 5.28 9.57 NS * ** -10.3 -16.1 52.1 0.469 0.878 0.860 
NCprotein 1.49 1.21 1.19 2.16 * ** NS -18.8 -20.1 45.0 0.109 0.181 0.144 
NCash 0.264 0.256 0.230 0.427 NS NS ** -3.0 -12.9 61.7 0.0271 0.0398 0.0379 
NCenergy 75.6 53.2 52.4 119.7 * ** NS -29.6 -30.7 58.3 9.6 16.0 9.5 

NC water:protein 4.23 4.66 4.42 4.43 *** ~ ~ 10.2 4.5 4.7 0.089 0.181 0.195 
NC ash:protein 0.178 0.212 0.193 0.197 * NS ~ 19.1 8.4 10.7 0.0213 0.0197 0.0092 
NC fat % 11.43 7.92 8.54 12.62 * * NS -30.7 -25.3 10.4 1.62 2.49 2.33 
NCwater% 68.5 72.3 71.1 68.1 ** * NS' 5.5 3.8 -0.6 1.18 1.68 1.71 
NCprotein % 16.2 15.5 16.1 15.4 ~ NS NS -4.3 -0.6 -4.9 0.47 0.75 0.81 
NCash % 2.89 3.29 3.10 3.04 ~ NS NS 13.8 7.3 5.2 0.389 0.339 0.197 
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... Table 9.1 /5 coned ... 

means t-tests % change from C1RL 1 standard deviation 

variables C1RL INF PW C1RL C1RL (ld) vs INF vs INF PW C1RL C1RL INF PW 
1d 83d 83d 83d INF PW PW 83 1 83 83 

Bone chemical component weights and densities, g & f!/cm3 

FEM 95.3 94.1 97.2 124.2 NS NS NS ·1.3 2.0 30.3 9.63 6.75 11.20 
FEM fat-free 82.0 68.2 68.0 95.6 ** ** NS ·16.8 ·17.1 16.6 7.74 2.24 5.41 

FEMfat 13.3 25.8 29.2 28.6 ** ** NS 94.0 119.5 115.0 4.30 5.51 8.37 
FEMwater 34.7 28.9 27.3 30.0 * * NS -16.7 ·21.3 -13.5 3.88 4.46 4.46 
FEMprotein 19.3 14.9 15.3 24.2 *** ** NS -22.8 ·20.7 25.4 2.04 1.07 1.68 
FEMash 28.0 24.4 25.3 41.3 ~ NS NS ·12.9 -9.6 47.5 3.24 2.37 3.08 

FEMA:R 1.45 1.63 1.66 1.71 *** *** NS 12.4 14.5 17.9 0.057 0.055 0.086 
FEM protein density 0.270 0.201 0.200 0.268 *** *** NS ·25.6 ·25.9 -0.7 0.0122 0.0214 0.0106 
FEM ash density 0.391 0.328 0.331 0.463 * *** . NS -16.1 ·15.3 18.4 0.0190 0.0407 0.0263 
FEM fat density 0.184 0.343 0.376 0.325 *** *** NS 86.4 104.3 76.6 0.0476 0.0496 0.0673 
FEM water density 0.488 0.388 0.359 0.318 ** ** NS ·20.5 -26.4 ·34.8 0.0508 0.0535 0.0681 

RIB 10.37 9.57 9.78 15.93 NS NS NS -7.7 -5.7 53.6 1.00 1.01 1.66 
RIB fat-free 10.05 8.60 8.59 15.12 * ~ NS -14.4 ·14.5 50.4 0.985 0.860 1.290 

RIB fat 0.32 0.96 1.19 0.81 *** ** NS 200.0 271.9 153.1 0.171 0.199 0.515 
RIB water 3.99 3.71 3.45 5.13 NS NS NS -7.0 ·13.5 28.6 0.691 0.438 0.618 
RIB protein 2.54 1.98 2.02 3.85 ** * NS -22.0 -20.5 51.6 0.170 0.265 0.387 
RIB ash 3.52 2.91 3.13 6.15 * NS NS -17.3 -11.1 74.7 0.202 0.426 0.655 

RIBA:R 1.39 1.47 1.55 1.60 * ** ~ 5.8 11.5 15.1 0.054 0.060 0.094 
RIB protein density 0.333 0.276 0.285 0.371 ** ** NS ·17.1 -14.4 11.4 0.0283 0.0315 0.0147 
RIB ash density 0.463 0.406 0.442 0.595 ~ NS NS -12.3 -4.5 28.5 0.0526 0.0547 0.0361 
RIB fat density 0.041 0.135 0.165 0.078 *** ** NS 229.3 302.4 90.2 0.0169 0.0262 0.0551 
RIB water density 0.521 0.517 0.496 0.491 NS NS NS -0.8 -4.8 -5.8 0.0875 0.0516 0.0938 
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... Table 9.1/6 cont'd ... 

means t-tests % change from CTRL 1 standard deviation 

variables CTRL INF PW ClRL ClRL {ld} vs INF vs INF PW ClRL ClRL INF PW 
Id 83d 83d 83d INF PW PW 83 1 83 83 

Bone chemical components weights and densities, g & g/cm3 , cont'd: 

TV6 9.05 9.33 9.77 12.63 NS NS NS 3.1 8.0 39.(5 0.771 0.916 1.830 
TV6 fat-free 8.66 8.14 8.21 11.87 NS NS NS -6.0 -5.2 37.1 0.704 0.643 1.350 

TV6fat 0040 1.19 1.56 0.77 ** ** iii 197.5 290.0 92.5 0.143 0.314 0.607 
TV6water 4.22 4.10 3.97 5.07 NS NS NS -2.8 -5.9 20.1 0.394 00437 0.638 
TV6protein 2.04 1.80 1.87 2.97 * NS NS -11.8 -8.3 45.6 0.166 0.182 0.382 
TV6 ash 2.39 2.24 2.37 3.82 NS NS NS -6.3 -0.8 59.8 0.205 0.206 00430 

TV6A:R 1.17 1.24 1.28 1.29 ~ * NS 6.0 9.4 10.3 0.033 0.071 0.070 
TV6 protein density 0.306 0.249 0.256 0.389 * ** NS -18.6 -16.3 27.1 0.0288 0.0331 0.0150 
TV6 ash density 0.358 0.310 0.327 0.506 ~ NS NS -13.4 -8.7 41.3 0.0380 0.0470 0.0229 
TV6 fat density 0.058 0.162 0.210 0.103 *** *** * 179.3 262.1 77.6 0.0148 0.0327 0.0502 
TV6 water density 0.633 0.563 0.551 0.656 ~ ~ NS -11.1 -13.0 3.6 0.0718 0.0429 0.0786 

LV4 19.0 18.7 19.6 26.0 NS NS NS -1.6 3.2 36.8 1.74 1.62 3.28 
LV4 fat-free 18.1 16.2 16.5 24.3 * NS NS -10.5 -8.8 34.3 1046 1.15 2.25 

LV4 fat 0.85 2.50 3.16 1.72 *** ** NS 194.1 271.8 10204 0.329 0.626 1.220 
LV4water 8.38 7.54 7.37 9.53 ~ * NS -10.0 -12.1 13.7 0.565 0.808 0.873 
LV4 protein 4.36 3.69 3.83 6.15 ** NS NS -15.4 -12.2 41.1 0.385 0.281 0.725 
LV4 ash 5.35 4.97 5.28 8.60 NS NS NS -7.1 -1.3 60.7 0.552 0.546 0.875 

LV4A:R 1.23 1.35 1.38 1.40' * ** NS 9.8 12.2 13.8 0.044 0.084 0.078 
LV4 protein density 0.317 0.260 0.261 0.328 *** *** NS -18.0 -17.7 3.5 0.0188 0.0238 0.0134 
LV4 ash density 0.389 0.350 0.361 00459 ~ ~ NS -10.0 -7.2 18.0 0.0281 0.0407 0.0253 
LV 4 fat density 0.060 0.174 0.210 0.093 *** *** iii 190.0 250.0 55.0 0.0174 0.0354 0.0503 
LV 4 water density 0.609 0.529 0.508 0.509 *** * NS -13.1 -16.6 -1604 0.0311 0.0294 0.0640 
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... Table 9.1/7 cont'd ... 

means 

variables CTRL INF PW C1RL 
1d 83d 83d 83d 

Bone geometric dimensions, mm & cm3 

FEMlength 139.0 144.7 144.3 154.5 
FEM diameter 16.4 17.7 17.1 18.6 
FEM cortex width 2.97 1.93 2.05 3.35 
FEMvolume 71.6 74.8 76.7 89.2 

FEM cortex:diameter 0.362 0.220 0.240 0.361 
FEM diameter:length 0.118 0.122 0.118 0.120 
FEM volumel/3:length 0.298 0.291 0.294 0.291 

RIB length 169 176 172 193 
RIB width 10.7 10.8 11.8 12.7 
RIB thickness 5.83 5.00 5.17 6.17 
RIB volume 7.70 7.17 7.05 10.50 

RIB diameter:length 0.0487 0.0452 0.0496 0.0489 
RIB volumel/3:length 0.116 0.110 0.112 0.113 

TV6 body length 18.5 19.0 19.2 20.2 
TV6height 45.7 45.5 46.0 51.7 
TV6width 36.3 35.7 37.8 39.2 
TV6volume 6.72 7.33 7.32 8.17 

LV 4 body length 28.7 28.8 29.5 32.8 
LV4 height 44.2 44.5 44.7 47.0 
LV4 width 28.7 29.0 27.7 29.5 
LV4 span 84.3 85.8 90.0 97.2 
LV4volume 13.8 14.3 14.7 19.0 

t-tests % change from CTRL 1 

C1RL (ld} vs INF vs INF PW C1RL 
INF PW PW 83 

* ~ NS 4.1 3.8 11.2 
~ NS NS 7.9 4.3 13.4 
*** *** NS ·35.0 ·31.0 12.8 
NS NS NS 4.5 7.1 24.6 

*** *** NS ·39.2 ·33.7 -0.3 
NS NS NS 3.4 0.0 1.7 
NS NS NS ·2.3 ·1.3 ·2.3 

~ NS NS 4.1 1.8 14.2 
NS ~ NS 0.9 10.3 18.7 
~ * NS ·14.2 ·11.3 5.8 
NS NS NS ·6.9 ·8.4 36.4 

NS NS NS ·7.2 1.8 0.4 
* ~ NS -5.2 -3.4 ·2.6 

NS NS NS 2.7 3.8 9.2 
NS NS NS -0.4 0.7 13.1 
NS NS 'if -1.7 4.1 8.0 
NS NS NS 9.1 8.9 21.6 

NS NS NS 0.3 2.8 14.3 
NS NS NS 0.7 1.1 6.3 
NS NS * 1.0 -3.5 2.8 
NS ~ NS 1.8 6.8 15.3 
NS NS NS 3.6 6.5 37.7 

standard deviation 

C1RL INF PW 
1 83 83 

4.00 2.88 4.46 
1.11 0.82 0.74 
0.234 0.098 0.310 
7.57 6.41 8.98 

0.0205 0.0189 0.0314 
0.0076 0.0067 0.0042 
0.0062 0.0089 0.0066 

5.5 4.8 6.1 
0.82 0.75 0.98 
00408 0.894 0.408 
1.10 0.34 1.14 

0.00204 0.00435 0.00307 
0.0030 0.0047 

0.84 1.10 
3.39 4.14 
1.03 1.03 
0.80 1.10 

0.82 0.98 
1.47 1.38 
1.03 2.37 
3.27 5.27 
1.51 1.33 

~; , ~:J 

0.0049 

1.17 
3.95 
2.04 
1.67 

2.35 
2.07 
1.75 
5.22 
2.88 

'.' \ 

N 
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... Table 9.1/8 cont'd ... 

means t-tests % change from CTRL 1 standard deviation 

variables CTRL INF PW CTRL C1RL (ld} vs INF vs INF PW C1RL C1RL INF PW 
Id 83d 83d 83d INF PW PW 83 1 83 83 

Muscle chemical component weights, g 

ST 58.1 35.8 42.3 79.3 *** * NS -38.4 -27.2 36.5 7.25 8.93 12.10 
ST fat-free 55.5 34.7 41.0 75.5 *** * NS -37.5 -26.1 36.0 7.21 8.38 11.50 

STfat 2.59 1.10 1.22 3.79 *** ** NS -57.5 -52.9 46.3 0.514 0.629 0.627 
STwater 42.5 27.6 32.5 58.1 ** ~ NS -35.1 -23.5 36.7 5.48 6.45 9.13 
STprotein 13.04 7.17 8.56 17.48 *** ** NS -45.0 -34.4 34.0 1.77 1.95 2.42 
ST water:protein 3.26 3.89 3.80 3.32 *** *** NS 19.3 16.6 1.8 0.101 0.238 0.169 

QF 233 175 201 330 ** ~ '" -24.9 -13.7 41.6 25.8 33.0 30.8 
QFfat-free 223 168 195 315 ** ~ * -24.7 -12.6 41.3 24.1 31.0 29.4 

QFfat 10.1 6.4 6.8 15.0 * ~ NS -36.6 -32.7 48.5 2.46 223 2.53 
QFwater 172 135 154 244 * NS '" -21.5 -10.5 41.9 18.5 23.5 22.7 
QFprotein 50.5 33.7 40.2 70.5 ** * *'" -33.3 -20.4 39.6 5.64 7.45 6.65 
QF water:protein 3.42 4.04 3.85 3.47 ** *** * 18.1 12.6 1.5 0.065 0.240 0.094 

LD 338 201 246 471 *** ** * -40.5 -27.2 39.3 46.8 35.4 46.1 
LDt 141 82 97 195 *** ** ~ -41.8 -31.2 38.3 17.4 15.8 19.1 
LDI 198 119 149 276 *** * * -39.9 -24.7 39.4 30.2 21.1 27.4 
LD fat-free 326 196 241 452 *** ** * -39.9 -26.1 38.7 44.8 32.4 44.3 

LDfat 12.48 4.87 5.20 19.29 ** ** NS -61.0 -58.3 54.6 3.71 3.28 2.48 
LDwater 247 156 190 344 *** * * -36.8 -23.1 39.3 33.5 23.6 34.9 
LD protein 75.1 37.7 48.1 103.2 *** *** * -49.8 -36.0 37.4 10.80 8.52 9.30 
LDash 3.56 2.02 2.46 4.89 *** ** * -43.3 -30.9 37.4 0.520 0.435 0.351 
LD water:protein 3.29 4.23 3.97 3.33 ** *** NS 28.6 20.7 1.2 0.057 0.527 0.235 
LD ash:protein 0.0474 0.0539 0.0515 0.0473 ** * NS 13.7 8.6 -0.2 0.00084 0.00388 0.00276 

tv w 
\C 

-:' 

Ii:.· 
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... Table 9.1 /9 cont'd ... 

means t-tests % change from CTRL 1 standard deviation 

variables CTRL INF PW CTRL CTRL {ld} vs INF vs INF PW CTRL CTRL INF PW 
Id 83d 83d 83d INF PW PW 83 1 83 83 

Muscle geometric dimensions, mm & cm3 

STlength 154 146 145 166 ~ NS NS -5.2 -5.8 7.8 3.9 7.4 11.6 
STdiameter 23.6 19.1 21.8 27.4 ** NS * -19.1 -7.6 16.1 1.39 2.13 2.42 
STvolume 54.3 33.7 39.5 74.2 *** * NS -37.9 -27.3 36.6 6.80 8.34 11.30 

ST diameter:length 0.154 0.131 0.151 0.166 ** NS * -14.9 -1.9 7.8 0.0095 0.0112 0.0133 
ST volumel/3:length 0.246 0.220 0.234 0.254 ** NS NS -10.6 -4.9 3.3 0.0117 0.0116 0.0163 

QFvolume 219 165 190 310 ** ~ * -24.7 -13.2 41.6 24.2 30.8 29.1 

LDlength 481 451 479 526 NS NS NS -6.2 -0.4 9.4 14.1 40.9 13.7 
LDwidth,A 51.1 50.4 47.8 54.1 NS NS NS -1.4 -6.5 5.9 4.87 7.34 3.61 
LDdepth,B 22.1 19.0 18.9 25.3 NS * NS -14.0 -14.5 14.5 2.38 3.47 1.40 
LD cross-sectional area 883 683 672 1062 NS * NS -22.7 -23.9 20.3 124 237 109 
LDvolume 315 189 231 441 *** ** * -40.0 -26.7 40.0 43.6 32.6 43.7 
LDtvolume 131.2 77.5 91.1 182.8 *** ** 'if -40.9 -30.6 39.3 16.2 14.7 18.1 
LDlvolume 184.2 111.6 140.0 257.7 *** * * -39.4 -24.0 39.9 28.1 19.4 26.0 

LDB:A 0.438 0.376 0.397 0.468 NS NS NS -14.2 -9.4 6.8 0.0764 0.0366 0.0285 
LDA:length 0.106 0.112 0.100 0.103 NS NS NS 5.7 -5.7 -2.8 0.0081 0.0161 0.0079 
LDB:len~ 0.0461 0.0422 0.0395 0.0484 NS * NS -8.5 -14.3 5.0 0.00565 0.00669 0.00226 
LD volumel/3:length 0.141 0.127 0.128 0.145 * ** NS -9.9 -9.2 2.8 0.0063 0.0092 0.0054 

~ o 

,:; 
.~ 
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... Table 9.1 /10 cont'd ... 

means t-tests % change from CTRL 1 standard deviation 

variables CTRL INF PW CTRL C11lL(ld)vs INFvs INF PW C11lL C11lL INF PW 
1d 83d 83d 83d INF PW PW 83 1 83 83 

Muscle: bone gravimetric relationships 

ST:FEM 
weight :weight 0.609 0.382 0.431 0.640 ** ** NS -37.3 -29.2 5.1 0.0300 0.0925 0.0808 
fat-free : fat-free 0.676 0.510 0.604 0.795 * NS NS -24.6 -10.7 17.6 0.0512 0.1270 0.1570 
fat : fat 0.210 0.042 0.040 0.132 ** ** NS -80.0 -81.0 -37.1 0.0801 0.0220 0.0111 
water : water 1.23 0.99 1.25 1.98 NS NS NS -19.5 1.6 61.0 0.173 0.346 0.512 
protein :protein 0.675 0.475 0.554 0.726 ** * NS -29.6 -17.9 7.6 0.043 0.104 0.105 

QF:FEM 
weight : weight 2.45 1.86 2.07 2.66 ** ** NS -24.1 -15.5 8.6 0.173 0.350 0.208 
fat-free : fat-free 2.72 2.47 2.87 3.30 NS NS '" -9.2 5.5 21.3 0.189 0.483 0.368 
fat :fat 0.814 0.251 0.231 0.525 ** ** NS -69.2 -71.6 -35.5 0.322 0.070 0.036 
water : water 4.99 4.83 5.82 8.29 ' NS NS NS -3.2 16.6 66.1 0.55 1.44 1.43 
protein :protein 2.62 2.24 2.62 2.92 ~ NS * -14.5 0.0 11.5 0.166 0.365 0.288 

LD: (TV6+LV4} 
weight : weight 12.14 7.20 8.38 12.26 *** ** NS -40.7 -31.0 1.0 1.88 1.26 0.75 
fat-free :fat-free 12.23 8.08 9.77 12.58 ** * ~ -33.9 -20.1 2.9 1.85 1.32 1.15 
fat :fat 10.94 1.35 1.08 8.00 ** ** NS -87.7 -90.1 -26.9 5.02 0.79 0.19 
water : water 19.7 13.6 17.0 23.8 ** NS NS -31.0 -13.7 20.8 3.08 2.92 3.21 
protein :protein 11.78 6.83 8.47 11.39 *** ** NS -42.0 -28.1 -3.3 1.84 1.24 0.95 
ash :ash 0.462 0.279 0.323 0.396 *** ** NS -39.6 -30.1 -14.3 0.0742 0.0430 0.0287 

LDt: TV6 
weight :weight 15.69 8.89 9.93 15.55 *** ** NS -43.3 -36.7 -0.9 2.79 1.97 0.89 

LDI:LV4 
weight : weight 10.48 6.38 7.62 10.66 *** ** ~ -39.1 -27.3 1.7 1.67 1.08 0.70 

~ .... 



... Table 9.1/11 cont'd ... 

means t-tests % change from CTRL 1 standard deviation 

variables CTRL INF PW C1RL C1RL Od) vs INF vs INF PW CTRL CTRL INF PW 
1d 83d 83d 83d INF PW PW 83 1 83 83 

Muscle:bone geometric relationships 

ST:FEM 
length :length 1.105 1.005 1.004 1.073 *** ** NS -9.0 -9.1 -2.9 0.0325 0.0363 0.0586 
diameter :diameter 1.439 1.084 1.277 1.477 *** * * -24.7 -11.3 2.6 0.092 0.142 0.112 
diameter :cortex width 7.98 9.89 10.71 8.20 * *** NS 23.9 34.2 2.8 0.70 1.26 1.00 
volume : volume 0.758 0.454 0.511 0.821 *** ** NS -40.1 -32.6 8.3 0.041 0.119 0.101 

QF:FEM 
volume : volume 3.06 2.22 2.47 3.43 ** ** NS -27.5 -19.3 12.1 0.191 0.461 0.265 

LD: (TV6+LV42 
length : length 10.20 9.43 9.86 9.92 ~ NS NS -7.5 -3.3 -2.7 0.338 0.803 0.516 
LDA :LV4span 0.608 0.590 0.531 0.560 NS ~ NS -3.0 -12.7 -7.9 0.077 0.107 0.025 
LDB :LV4 height 0.500 0.427 0.423 0.540 ~ * NS· -14.6 -15.4 8.0 0.0505 0.0829 0.0243 
LDB :TV6height 0.485 0.421 0.413 0.496 NS * NS -13.2 -14.8 2.3 0.0439 0.0906 0.0405 
volume :volume 15.43 8.87 10.54 16.47 *** *** NS -42.5 -31.7 6.7 2.14 1.97 1.00 

LDt: TV6 
length :length 13.8 12.4 12.9 13.5 ~ ~ NS -10.1 -6.5 -2.2 0.23 1.58 0.88 
volume :volume 19.7 10.9 12.5 24.6 *** ** NS -44.7 -36.5 24.9 3.29 3.32 1.12 

LDl:LV4 
length : length 7.88 7.50 7.87 7.76 NS NS NS -4.8 -0.1 -1.5 0.590 0.613 0.426 
volume :volume 13.39 7.90 9.56 13.81 *** ** NS -41.0 -28.6 3.1 1.97 1.55 0.98 

~ 
N 
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Table 9.2 Comparison of allometric growth displayed by CTRL (ontogenetic growth) and INF (recovery 

growth after infection) treatment groups over the full range of liveweights studied. 

Data used were those oflNF animals from the end of the infection period up to 45 kg LW (days 83 to 260, 

inclusive) and CTRL animals over the 25 to 45kg LW slaughter groups (days 1 to 134, inclusive). 

Comparison of allometric coefficients was made by t-test. Minimum (min.) and maximum (max.) values for 

each variable are presented to show the range over which growth was studied. 

This table comprises 9 pages. 
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... Table 9.2/2 cont'd ... 
.~ 

t~ 7::-:::;:'~;~~.3';'_: 

X/Y variable CTRL INF sed t-test min. max. 
b b CfRL=INF 

Body component weights 

X Empty body (EB) 12.9 4704 
Y Carcass (CS) 1.087 1.109 0.0219 NS 6.6 29.6 
Y Non-carcass (NC) 0.885 0.850 0.0419 NS 6.3 18.8 

Y GIT 1.087 0.994 0.0725 NS 2.05 6.80 
Y liver 0.941 0.844 0.0854 NS 0.324 1.152 

X EB fat-free 11.5 32.1 
Y CS fat-free 1.049 1.119 0.0312 * 5.6 17.9 
Y NC fat-free 0.959 0.871 0.0428 '" 5.9 15.1 

Y GIT 1.333 1.222 0.0763 NS 2.05 6.80 
Y liver 1.154 1.038 0.1091 NS 0.324 1.152 I" - - - ---

Y EB fat 1.997 1.840 0.1146 NS 1.15 16.53 
Y EB water 0.988 0.987 0.0126 NS 8.8 23.9 
Y EBprotein 1.056 1.090 0.0505 NS 1.96 6.70 
Y EB ash 1.131 0.976 0.0721 * 0.611 1.625 

X CS 6.57 29.57 
Y NC 0.814 0.766 0.0635 NS 6.34 18.77 
X CS fat-free 5.57 17.90 
Y NC fat-free 0.914 0.778 0.0734 1f 5.93 15.10 
X CS fat 0.76 12.26 
Y NC fat 1.073 1.002 0.1208 NS 0040 4.64 
X CS water 4.13 13.04 
Y NC water 0.911 0.762 0.0777 1f 4.69 11.01 
X CS protein 1.01 3.79 
Y NC protein 1.085 0.833 0.1153 * 0.96 3.26 
X CS ash 0.388 1.159 
Y NCash 0.961 0.912 0.1313 NS 0.214 0.581 I: ~ .: . 
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... Table 9.2/3 cont'd ... ," 
r :~:. ;.:.:-~-~ -~-:.; 

X/Y variable CTRL INF sed t-test min. max. 
b b CTRL=INF 

Carcass and non-carcass weights 

X CS fat-free 5.57 17.90 
Y CS fat 1.899 1.662 0.1135 * 0.76 12.26 
Y CS water 0.992 1.000 0.0130 NS 4.13 13.04 I··· 

Y CS protein 0.995 1.055 0.0288 * 1.01 3.79 
Y CS ash 1.121 0.909 0.0947 * 0.388 1.159 

X NC fat-free 5.93 15.10 
Y NC fat 2.228 2.139 0.1634 NS 0040 4.64 
Y NC water 0.988 0.979 0.0239 NS 4.69 11.01 
Y NC protein 1.180 1.130 0.0994 NS 0.96 3.26 
Y NC ash 1.178 1.065 0.0938 NS 0.214 0.581 

X CS protein 1.01 3.79 
yeS fat 1.909 1.575 0.1119 ** 0.76 12.26 
Y CS water 0.997 0.948 0.0322 NS 4.13 13.04 
Y CS ash 1.127 0.861 0.0972 ** 0.388 1.159 

X NC protein 0.96 3.26 
Y NC fat 1.888 1.894 0.1709 NS 0040 4.64 
Y NC water 0.838 0.867 0.1155 NS 4.69 11.01 
Y NC ash 0.998 0.943 0.1089 NS 0.214 0.581 

X CS fat-free 5.57 17.90 
Y FEM 0.714 0.596 0.1038 NS 82.6 156.7 
Y RIB 1.011 0.964 0.0888 NS 8.2 23.1 
Y TV6 0.808 0.630 0.1441 NS 7.9 16.8 
Y LV4 0.799 0.729 0.1157 NS 1604 34.5 

Y ST 1.084 1.277 0.0851 * 21.4 141.2 
Y QF 0.946 0.989 0.0624 NS 121 441 
Y LD 0.940 1.189 0.0644 *** 150 645 
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... Table 9.2 / 4 cont'd ... 
[.=::~:<:~~-:::::::< 

X/Y variable CTRL INF sed t-test min. max. 
b b CTRL=INF 

Bone chemical component weights 

X FEM fat-free 65.0 121.3 
Y FEMfat 2.378 0.959 0.2496 *** 9.15 40.80 
Y FEMwater 1.028 0.775 0.3056 NS 21.4 41.3 .. --

Y FEM protein 1.221 1.247 0.0647 NS 13.2 30.81 
Y FEMash 1.659 1.369 0.1127 * 20.8 55.7 ... 

X RIB fat-free 7.37 21.39 
Y RIB fat 2.028 0.811 0.2397 *** 0.177 1.841 
Y RIB water 0.777 0.746 0.1167 NS 2.97 7.14 
Y RIB protein 1.049 1.104 0.0312 11 1.71 5.63 
Y RIB ash 1.250 1.181 0.0486 NS 2.54 8.80 

X TV6 fat-free 7.34 15.66 
Y TV6fat 1.943 1.026 0.2949 ** 0.277 1.660 
Y.TV6water 0.732 0.673 0.1269 NS 3.44 6.29 
Y TV6 protein 1.141 1.206 0.0469 NS 1.53 4.09 
Y TV6ash 1.382 1.347 0.0648 NS 1.99 5.61 

X LV4 fat-free 14.5 32.2 
Y LV4 fat 1.889 0.837 0.2833 *** 0.517 3.210 
Y LV4 water 0.647 0.729 0.1361 NS 6.39 12.02 
Y LV 4 protein 1.140 1.170 0.0368 NS 3.40 8.56 
Y LV4ash 1.435 1.228 0.0539 *** 4.30 11.96 

X FEM protein 13.2 30.8 
Y FEMash 1.359 1.098 0.0704 *** 20.8 55.7 

X RIB protein 1.71 5.63 
Y RIB ash 1.192 1.070 0.0403 ** 2.54 8.80 

X TV6 protein 1.53 4.09 
Y TV6ash 1.211 1.117 0.0597 NS 1.99 5.61 

X LV4 protein 3.40 8.56 
Y LV4 ash 1.258 1.049 0.0376 *** 4.30 11.96 
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... Table 9.2/5 cont'd ... 
r·;.:-:::::<~::~-:· 

X/Y variable CTRL INF sed t-test min. max. 
b b CTRL=INF 

Bone geometric dimensions 

X FEMlength 133.0 170.0 
Y FEM diameter 1.211 1.373 0.1820 NS 15.5 21.5 
Y FEM cortex thickness 1.268 3.869 0.2033 *** 1.83 3.65 
Y FEM volume1l3 0.763 1.043 0.1204 * 39.6 48.8 

":': : -.. ~;- : 

X FEM diameter 15.5 21.5 
Y FEM cortex width 1.062 2.817 0.2017 *** 1.83 3.65 

X RIB length 159.0 216.0 
Y RIB width 1.488 1.675 0.1944 NS 10.0 16.0 
Y RIB thickness 1.084 2.075 0.2500 *** 4.0 8.0 
Y RIB volume1l3 0.973 1.233 0.1389 1f 18.6 25.5 

X TV6 body length 17.0 29.0 
Y .TV6 height 1.562 0.829 0.2832 ** 41.0 60.0 
Y TV6width 0.680 0.622 0.2450 NS 34.0 44.0 
Y TV6 volume1l3 1.192 0.597 0.2604 * 1.68 2.35 

X LV4 body length 28.0 37.0 
Y LV4 height 0.745 1.066 0.1980 NS 42.0 56.0 
Y LV4 width 0.639 0.744 0.3020 NS 26.0 33.0 
Y LV4span 1.282 1.271 0.1851 NS 80.0 121.0 
Y LV4 volume1l3 0.789 0.818 0.1641 NS 22.9 29.2 

X TV6 body length 17.0 29.0 
Y LV4 body length 1.224 0.784 0.2639 28.0 37.0 
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... Table 9.2/6 cont'd ... 

XIV variable CTRL INF sed t-test min. max:. 
b b CfRL=INF 

Muscle chemical component weights 

X ST fat-free 20.9 135.3 
Y STfat 1.691 1.389 0.1706 1f 0.48 9.20 
Y STwater 0.999 0.984 0.0067 * 16.9 104.1 . 
Y STprotein 1.009 1.057 0.0216 * 3.99 31.23 i 

I 
1,:':':;""" ' 

X QF fat-free 116.8 420.9 
Y QF fat 1.553 1.428 0.1611 NS 3.94 27.96 
Y QF water 0.995 0.973 0.0085 ** 95.5 330.2 
Y QFprotein 1.022 1.099 0.0274 ** 21.3 94.9 

X LD fat-free 148.5 605.6 
Y LD fat 2.038 1.514 0.1549 *** 1.78 50.12 
Y LDwater 1.002 0.965 0.0051 *** 123.7 460.0 
Y LDprotein 0.996 1.116 0.0172 *** 23.4 140.5 
Y.LDash 1.060 1.054 0.0632 NS 1.42 7.31 

X STprotein 3.99 31.23 
Y STwater 0.999 0.984 0.0067 * 16.9 104.1 

X QFprotein 116.8 420.9 
Y QFwater 0.995 0.973 0.0085 ** 95.5 330.2 

X LDprotein 23.4 140.5 
Y LDwater 1.006 0.865 0.0222 *** 123.7 460.0 
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... Table 9.2/7 cont'd ... 
:-;P:-~-:<-;.~-:.:-

X/Y variable CTRL INF sed t-test min. max. 
b b CTRL=INF 

Muscle geometric dimensions 
) 

X STlength 137.0 189.0 
Y ST diameter 1.230 2.540 0.1621 *** 15.5 37.0 
Y ST volume1/3 1.109 1.889 0.1296 *** 27.2 51.0 I .. "" 

X LDlength 396.0 599.0 i 

Y LDwidth, A 1.040 0.931 0.3083 NS 45.4 65.0 
Y LDdepth,B 2.106 1.945 0.2723 NS 15.0 35.2 
Y LD cross-sectional area 1/2 1.333 1.515 0.2615 NS 22.6 39.6 
Y LD volume1/3 1.094 1.443 0.1930 ~ 52.3 84.5 

X LDwidth,A 45.4 65.0 
Y LDdepth,B 2.024 2.089 0.2911 NS 15.0 35.2 

X LD cross-sectional area 1(2 22.6 39.6 
Y . LD volume 1/3 0.821 0.953 0.2021 NS 52.3 84.5 

X LDt length 198.0 345.0 
Y LDt volume 1/3 0.887 1.370 0.2240 * 40.2 66.0 
X LDllength 175.0 323.0 
Y LDl volume1/3 0.926 1.127 0.2277 NS 44.0 74.0 

X LDtlength 198.0 345.0 
Y LDllength 1.002 1.240 0.3043 NS 175.0 323.0 
X LDtvolume 62.1 269.3 
Y LDlvolume 1.026 1.017 0.1189 NS 80.7 378.4 
X LDtweight 65.2 287.4 
Y LDlweight 1.024 1.016 0.1191 NS 85.1 404.8 
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Table 9.3 Comparison of allometric growth displayed by CTRL (ontogenetic growth) and INF (recovery 

growth after infection) treatment groups during two stages of growth, equivalent to early and late recovery. 

Treatments are compared within time periods and time periods are compared within treatments. The early 

period combines the 25 and 35 kg LW slaughter groups from each treatment (n=12 per treatment), while the 

late period combines the 35 and 45 kg LW slaughter groups from each treatment (n=12 per treatment). 

Comparison of allometric coefficients was made by t-test. Estimates of variation and minimum-maximum 

values for variables are not presented due to limitations of space. 

This table comprises 9 pages. 

L-_: 
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... Table 9.3 /2 cont'd ... 
~.:-:::.:-:-:, :-:-,-

allometric coefficients t-tests 
X variable Y variable CTRL CTRL INF INF time treatment 

early late early late C1RL INF early late 

Body chemical comQonent and organ weights 
, 

Empty body (BB) Carcass (CS) 1.038 1.155 1.180 1.020 *** ** *** * i 
I··. 

EB Non-carcass (NC) 0.953 0.806 0.751 1.030 * ** *** * 1< 

EB GIT 1.191 1.049 0.852 1.349 NS *** *** ~ 
EB liver 0.828 1.124 0.932 0.679 * NS NS ~ 

EB fat-free CS fat-free 1.011 1.149 1.179 1.023 ~ ** *** NS 
EB fat-free NC fat-free 1.005 0.910 0.807 1.023 NS ** *** NS 

EB fat-free GIT 1.311 1.610 1.114 1.552 ~ *** * NS 
EB fat-free liver 0.911 1.725 1.218 0.781 *** * *** *** 

EB 'fat-free EB fat 1.556 3.264 2.270 1.744 *** ** *** *** 
EB fat-free EB water 1.004 0.933 0.976 1.003 * NS * ~ 
EB fat-free EB protein 0.957 1.358 1.094 1.104 *** NS ** * 
EB fat-free EBash 1.163 1.313 0,855 1.269 NS *** *** NS 

CS NC 0.918 0.698 0.637 1.010 * ** *"'* '" 
CS fat-free NC fat-free 0.994 0.792 0.685 1.000 NS * *** NS 
CS fat NCfat 1.085 1.281 0.890 1.222 NS NS NS NS 
CS water NC water 1.018 0.724 0.677 0.976 NS * *** NS 
CS protein NC protein 0.958 1.478 0.683 1.161 * ** ** NS 
CS ash NCash 0.974 0.811 0.858 0.944 NS NS NS NS 
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... Table 9.3 / 3 cont'd ... 
L._ '.'_~.',' 

allometric coefficients t-tests 
X variable Y variable CTRL CTRL INF INF time treatment 

early late early late CTRL INF early late 

Carcass and non-carcass chemical companent weights 
, - . - - , . 

CS fat-free CS fat 1.572 2.738 1.987 1.719 *** NS ** i.'L'_"'" __ ' *** 
CS fat-free CS water 0.994 0.981 0.989 1.016 NS NS NS NS 
CS fat-free CS pCQtein 0.971 1.059 1.082 1.038 NS NS * NS 
CS fat-free CS ash 1.185 1.353 0.785 1.313 NS *** ** NS 

NC fat-free NCfat 1.716 4.429 2.581 2.100 *** * *** *** 
NC fat-free NC water 1.018 0.896 0.978 0.991 ~ NS ~ NS 
NC fat-free NC protein 0.936 1.977 1.079 1.204 *** NS ~ *** 
NC fat-free NCash 1.161 1.385 0.984 1.240 NS NS NS NS 

CS protein CS fat 1.619 2.585 1.838 1.656 *** NS NS *** 
CS·protein CS water 1.024 0.926 0.914 0.979 NS NS ** NS 
CS protein CS ash 1.221 1.277 0.726 1.266 NS *** *** NS 

NC protein NCfat 1.834 2.240 2.393 1.744 NS *** * NS 
NC protein NC water 1.088 0.453 0.907 0.823 ** NS ~ NS 
NC protein NCash 1.241 0.701 0.912 1.029 ** NS * NS 

CS fat-free FEM 0.725 0.847 0.456 1.036 NS ** NS NS 
CS fat-free RIB 1.066 0.988 0.878 1.321 NS * NS ~ 
CS fat-free TV6 0.883 0.957 0.413 1.135 NS *** * NS 
CS fat-free LV4 0.855 0.935 0.486 1.264 NS *** * NS 

CS fat-free ST 0.858 1.633 1.328 1.362 *** NS *** NS 
CS fat-free QF 0.897 1.143 1.002 0.994 * NS ~ NS 
CS fat-free LD 0.883 1.157 1.265 1.135 * NS *** NS 
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... Table 9.3 /4 cont'd ... '"'." . 
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allometric coefficients t-tests 
X variable Y variable CTRL CTRL INF INF time treatment 

early late early late CTRL INF early late 

Bone chemical component weights 

FEM fat-free FEMfat 3.212 1.032 1.216 0.826 *** NS *** NS 
FEM fat-free FEMwater 1.287 1.296 1.117 1.130 NS NS NS NS ......... 

FEM fat-free FEMprotein 1.248 1.035 1.283 1.080 * ~ NS NS 
FEM fat-free FEMash 1.771 1.128 1.503 1.045 ** ** NS NS 

RIB fat-free RIB fat 2.346 2.480 0.701 1.582 NS * *** * 
RIB fat-free RIB water 0.844 1.065 0.683 0.886 NS NS NS NS 
RIB fat-free RIB protein 0.994 1.111 1.153 1.057 ~ ** *** NS 
RIB fat-free RIB ash 1.281 1.149 1.252 1.121 NS ~ NS NS 

TV6 fat-free TV6fat 2.188 2.158 1.671 1.268 NS NS NS * 
TV6 fat-free TV6 water 0.777 1.055 0.607 0.878 NS NS NS NS 
TV6 fat-free TV6 protein 1.144 1.047 1.376 1.068 NS *** ** NS 
TV6 fat-free TV6ash 1.357 1.174 1.581 1.146 NS *** * NS 

LV4 fat-free LV4 fat 2.279 1.679 1.316 1.078 ~ NS ** NS 
LV4 fat-free LV4 water 0.697 1.026 0.722 0.872 NS NS NS NS 
LV4 fat-free LV4protein 1.122 1.077 1.265 1.090 NS ** * NS 
LV4 fat-free LV4 ash 1.450 1.212 1.345 1.127 ~ * NS NS 

FEMprotein FEMash 1.419 1.091 1.171 0.965 * * * NS 

RIB protein RIB ash 1.289 1.034 1.086 1.061 ** NS *** NS 

TV6 protein TV6 ash 1.187 1.121 1.148 1.073 NS NS NS NS 

LV4 protein LV4 ash 1.293 1.126 1.064 1.034 * NS *** NS 
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... Table 9.3/5 cont'd ... 

allometric coet1icients t-tests 
X variable Y variable CTRL CTRL INF INF time treatment 

early late early late CTRL INF early late 

Bone geometric dimensions 

FEMlength FEM diameter 1.335 1.153 1.398 1.161 NS NS NS NS -.,-_._'-

FEMlength FEM cortex width 1.374 1.622 4.634 2.583 NS *** *** ** I:"::: :~~ 

FEMlength FEM volume1l3 0.825 0.703 1.096 0.938 NS NS NS NS 
FEM diameter FEM cortex width 1.030 1.575 3.315 2.225 NS *** *** ~ 

RIB length RIB width 1.483 1.908 2.329 1.452 NS ** ** NS 
RIB length RIB thickness 0.946 2.011 2.595 1.961 ** ~ *** NS 
RIB length RIB volume1l3 0.963 1.279 1.571 0.958 NS ** ** NS 

TV6 body length TV6height 1.503 1.578 0.727 0.420 NS NS * ** 
TV6 body length TV6width 0.679 0.519 0.347 0.471 NS NS NS NS 
TV6 body length TV6 volume1l3 1.164 1.550 0.355 0.444 NS NS * ** 

LV4 body length LV4 height 0.611 0.887 0.740 1.534 NS * NS * 
LV4 body length LV4 width 0.518 1.046 1.206 1.026 NS NS ~ NS 
LV4 body length LV4span 1.266 1.363 1.282 1.346 NS NS NS NS 
LV 4 body length LV4 vOlume1l3 0.909 0.795 0.741 0.857 NS NS NS NS 

TV6 body length LV4 body length 1.091 1.004 0.462 0.538 NS NS ~ NS 
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... Table 9.3 /6 cont'd ... 

allometric coefficients t-tests 
X variable Yvariable CTRL CTRL INF INF time treatment 

early late early late CTRL INF early late 

Muscle chemical coml!0nent weights 

ST fat-free STfat 1.313 1.914 1.748 1.456 * NS * NS I 
ST fat-free STwater 1.005 0.994 0.974 0.999 NS *** *** NS 1-
ST fat-free STprotein 0.988 1.029 1.091 1.006 NS *** *** NS 

QF fat-free QF fat 1.429 2.152 1.650 1.459 ** NS NS * 
QF fat-free QF water 1.007 0.984 0.956 1.012 NS *** *** NS 
QF fat-free QFprotein 0.979 1.075 1.160 0.975 ~ *** *** NS 

LD fat-free LDfat 1.612 2.864 1.744 1.634 *** NS NS *** 
LD fat-free LD water 1.006 1.002 0.954 0.988 NS *** *** NS 
LD fat-free LD protein 0.984 0.998 1.158 1.047 NS *** *** NS 
LD fat-free LDash 1.063 1.249 1.097 1.02A NS NS NS NS 

STprotein STwater 1.005 0.994 0.974 0.999 NS *** *** NS 

QFprotein QFwater 1.007 0.984 0.956 1.012 NS *** *** NS 

LDprotein LD water 1.022 1.004 0.82A 0.944 NS *** *** NS 
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... Table 9.3 /7 cont'd ... 
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allometric coefficients t-tests 
X variable Y variable CTRL CTRL INF INF time treatment 

early late early late CTRL INF early late 

Muscle geometric dimensions 

STlength STdiameter 1.504 0.781 2.742 2.035 ** ** *** *** '.','.'.',_.-.'. 

STlength ST volumel/3 1.017 0.853 2.102 1.184 NS *** *** NS 

LD length LD width, A 1.259 1.123 0.934 1.041 NS NS NS NS 
LD length LDdepth, B 2.024 2.542 1.568 1.803 NS NS NS ~ 
LD length LD c.s.area l/2§ 1.449 1.641 1.338 1.140 NS NS NS NS 
LD length LD volumel/3 1.131 0.787 1.309 0.715 NS ~ NS NS 
LD width, A LD depth, B 1.607 2.264 1.679 1.732 ~ NS NS NS 
LD c.s.area l/2§ LD volumel/3 0.780 0.480 0.978 0.627 NS ~ NS NS 

LDt length LDt volume1l3 1.028 0.531 1.214 0.922 ~ NS NS NS 
LDllength LDI volume 113 0.806 0.728 0.963 0.411 NS NS NS NS 
LDllength LDllength 1.288 0.689 1.309 2.338 NS ** NS *** 

LDt volume LDlvolume 0.978 0.942 1.045 1.023 NS NS NS NS 
LDt weight LDlweight 0.977 0.940 1.041 1.026 NS NS NS NS 

§ = (cross-sectional area)l/2 
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... Table 9.3 / 8 cont'd ... 

allometric coefficients t-tests 
X variable Y variable CTRL CTRL INF INF time treatment 

early late early late CTRL INF early late 

Bone-muscle gravimetric relationships 

FEMweight STweight 1.183 1.928 2.913 1.316 *** *** *** * 
FEMweight QFweight 1.237 l.349 2.197 0.960 NS *** *** * 

TV6weight LDt weight 1.029 1.367 2.998 1.046 NS *** *** NS 
LV4 weight LDI weight 1.037 1.316 2.656 0.963 NS *** *** NS 

FEMfat STfat 0.631 2.708 3.696 2.067 *** *** *** NS 
FEMfat QFfat 0.711 2.111 2.666 1.522 *** ** *** NS 

TV6+LV4fat LDfat 0.756 1.745 2.853 1.342 ** *** *** NS 

FEMprotein STprotein 1.222 1.452 2.187 1.089 NS *** *** NS 
FHM protein QFprotein 1.253 1.052 1.776 0.776 NS *** *** NS 

TV6+LV4 protein LDprotein 0.920 1.066 2.036 0.899 NS *** *** NS 
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... Table 9.3 /9 cont'd ... 
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allometric coefficients t-tests 
X variable Y variable CTRL CTRL INF INF time treatment 

early late early late CTRL INF early lale 

Bone-muscle geometric relationships 

FEMlength STlength 1.009 1.667 2.007 1.053 ** ** *** * 
FEM diameter STdiameter 1.138 1.128 3.936 1.846 NS *** *** * ~'. _r- : 

FEM cortex width STdiameter 1.105 0.866 1.187 0.830 NS NS NS NS 
FEMvolume STvolume 1.273 2.024 3.338 1.371 ** *** *** * 

TV6 body length LDtlength 0.933 1.666 0.868 0.484 * NS NS ** 
LV4 body length LD/length 1.101 1.143 2.461 2.104 NS NS *** * 
RIB length LDwidth,A 1.008 1.520 1.949 1.037 NS * * NS 
LV4 span LDwidth,A 0.774 0.835 1.288 0.875 NS NS NS NS 
TV6height LDdepth,B 1.143 1.639 1.759 2.614 NS * ~ * 
LV4 height LD depth, B 2.577 2.906 3.743 1.330 NS *** ** *** 

TV6volume LDtvolume 0.805 0.648 2.748 1.006 NS *** *** NS 
LV4volume LDlvolume 0.927 1.101 2.930 1.013 NS *** *** NS 



Table 9.4 Residual effects of infection and undernutrition. 

Comparison of means for CTRL (ontogenetic growth), INF (recovery growth after infection) and PW (recovery growth after undernutrition) treatments at the 45kg targetLW 

slaughter point. Animals in the CTRL treatment were slaughtered at 134d while those in the INF and PW treatments were slaughtered at 260d. 

Means and standard deviations for each treatment are presented. Comparison of means is by t-test. 

This table comprises 11 pages. 
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... Table 9.4/2 cont'd ... 

Means t-tests difference (%) 

variable CTRLvs INF fromCTRL standard deviations 

CTRL INF PW INF PW vsPW INF PW C1RL INF PW 

Body component weights, kg 

pre-slaughter L W 46.7 47.2 49.0 NS NS NS 1.1 4.9 2.25 3.03 3.15 
fleece 2.13 3.38 3.36 ** ** NS 58.7 57.8 0.128 0.595 0.365 
GITfull 8.77 8.71 8.77 NS NS NS -0.7 0.0 0.964 0.895 1.090 
GITempty 5.55 5.97 6.58 NS * NS 7.6 18.6 0.698 0.566 0.665 
liver 0.983 0.848 0.809 * * NS -13.7 -17.7 0.116 0.075 0.058 

EB 42.8 43.7 46.7 NS * * 2.1 9.1 2.71 2.40 1.21 
EB fat-free 30.0 30.1 30.8 NS NS NS 0.3 2.7 1.58 1.38 1.51 

EB fat 12.9 13.6 16.0 NS * * 5.4 24.0 2.09 1.50 0.78 
EB water 22.3 22.5 23.0 NS NS NS 0.9 3.1 1.09 1.10 1.22 
EB protein 6.10 5.97 6.11 NS NS NS -2.1 0.2 0.527 0.331 0.219 
EBash 1.446 1.502 1.453 NS NS NS 3.9 0.5 0.1330 0.0821 0.0133 
EB energy 638.7 663.2 759.5 NS * ** 3.8 18.9 84.8 60.5 27.5 

EB water:protein 3.66 3.77 3.77 NS NS NS 3.0 3.0 0.243 0.139 0.072 
EB ash:protein 0.237 0.252 0.238 NS NS ~ 6.3 0.4 0.0180 0.0147 0.0078 
EB fat % 29.9 31.0 34.2 NS * * 3.7 14.4 3.36 2.14 1.95 
EB water % 52.1 51.5 49.2 NS ~ ~ -1.2 -5.6 2.74 1.58 1.69 
EB protein % 14.3 13.7 13.1 NS * ~ -4.2 -8.4 0.91 0.62 0.23 
EB ash % 3.37 3.45 3.11 NS ** * 2.4 -7.7 0.160 0.295 0.075 

tv 
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... Table 9.4/3 cont'd ... 

Means t-tests difference (%) 

variable CTRLvs INF fromCTRL standard deviations 

CTRL INF PW INF PW vsPW INF PW CTRL INF PW 

Carcass (CS) chemical component weights, kg 

CS 25.9 26.4 28.7 NS * * 1.9 10.8 1.78 1.67 1.31 
CS fat-free 16.2 16.6 17.2 NS NS NS 2.5 6.2 0.79 0.83 1.17 

CS fat 9.69 9.81 11.58 NS * * 1.2 19.5 1.400 1.440 0.629 
CS water 11.6 12.1 12.5 NS NS NS 4.3 7.8 0.57 0.62 0.87 
CS protein 3.44 3.46 3.69 NS ~ NS 0.6 7.3 0.157 0.206 0.238 
CS ash 0.959 1.003 0.950 NS NS NS 4.6 -0.9 0.108 0.0696 0.0289 
CS energy 454 460 534 NS * * 1.3 17.6 55.8 56.0 23.9 

CS water:protein 3.38 3.49 3.37 ~ NS * 3.3 -0.3 0.100 0.096 0.062 
CS ash:protein 0.278 0.290 0.258 NS NS ** 4.3 -7.2 0.0229 0.0189 0.0130 
CS fat % 37.3 37.0 40.3 NS ~ ~ -0.8 8.0 3.19 3.49 2.10 
CS water % 45.1 45.8 43.3 NS NS ~ 1.6 -4.0 2.80 2.46 1.83 
CS protein % 13.3 13.1 12.8 NS NS NS -1.5 -3.8 0.59 0.78 0.51 
CS ash % 3.71 3.81 3.31 NS * * 2.7 -10.8 0.253 0.406 0.069 
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... Table 9.4 /4 cont'd ... 

Means t-tests difference (%) 

variable CTRLvs INF fromCTRL standard deviations 

CTRL INF PW INF PW vsPW INF PW C1RL INF PW 

Non-carcass (NC) chemical component weights, kg 

NC 17.0 17.3 18.0 NS ~ NS 1.8 5.9 1.08 1.08 0.74 
NC fat-free 13.8 13.5 13.6 NS NS NS -2.2 -1.4 0.89 0.87 0.64 

NCfat 3.16 3.75 4.39 NS * ~ 18.7 38.9 0.837 0.481 0.495 
NCwater 10.61 10.42 10.57 NS NS NS -1.8 -0.4 0.569 0.713 0.543 
NCprotein 2.66 2.51 2.42 NS NS NS -5.6 -9.0 0.453 0.162 0.109 
NCash 0.488 0.499 0.503 NS NS NS 2.3 3.1 0.0599 0.0220 0.0318 
NCenergy 184 203 226 NS * NS 10.3 22.8 31.5 21.5 20.3 

NC water:protein 4.07 4.15 4.37 NS NS NS 2.0 7.4 0.593 0.219 0.202 
NC ash:protein 0.185 0.199 0.208 NS ~ NS 7.6 12.4 0.0205 0.0131 0.0145 
NC fat % 18.5 21.7 24.4 NS * ~ 17.3 31.9 4.12 2.15 2.38 
NCwater% 62.6 60.3 58.7 NS * NS -3.7 -6.2 2.53 1.99 2.20 
NCprotein % 15.7 14.6 13.4 NS ~ *** -7.0 -14.6 2.45 0.40 0.35 
NCash % 2.87 2.90 2.80 NS NS NS 1.1 -2.4 0.305 0.207 0.151 

~ 
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... Table 9.4/5 cont'd ... 

Means t-tests difference (%) 

variable CTRLvs INF fromCTRL standard deviations 

ClRL INF PW INF PW vsPW INF PW ClRL INF PW 

Bone chemical component weights and densities, g & glcm3 

FEM 139.4 148.4 138.8 ~ NS NS 6.5 -0.4 10.10 6.29 12.30 
FEM fat-free 107.9 109.6 103.4 NS NS NS 1.6 -4.2 11.90 7.19 5.96 

FEMfat 31.5 38.8 35.4 * NS NS 23.2 12.4 4.98 1.81 8.69 
FEMwater 29.9 31.7 27.9 NS NS ~ 6.0 -6.7 4.28 3.42 2.92 
FEMprotein 28.3 28.0 26.9 NS NS NS -1.1 -4.9 2.77 1.76 1.22 
FEMash 49.8 49.8 48.6 NS NS NS 0.0 -2.4 5.57 4.55 2.03 

FEM ash:protein 1.76 1.77 1.80 NS NS NS 0.6 2.3 0.067 0.078 0.041 
FEM protein density 0.283 0.255 0.269 ** NS NS -9.9 -4.9 0.0173 0.0127 0.0233 
FEM ash density 0.499 0.452 0.485 ~ NS NS -9.4 -2.8 0.0410 0.0364 0.0373 
FEM fat density 0.317 0.353 0.347 NS NS NS 11.4 9.5 0.0532 0.0215 0.0527 
FEM water density 0.300 0.288 0.278 NS NS NS "·4.0 ·7.3 0.0334 0.0266 0.0303 

RIB 18.8 21.6 20.5 *** NS NS 14.9 9.0 0.99 0.94 1.78 
RIB fat-free 17.7 20.2 19.0 *** NS NS 14.1 7.3 1.10 0.67 1.39 

RIB fat 1.05 1.34 1.45 NS NS NS 27.6 38.1 0.231 0.361 0.76 
RIB water 5.61 6.61 6.49 ** NS NS 17.8 15.7 0.524 0.478 1.03 
RIB protein 4.66 5.21 4.96 ** NS NS 11.8 6.4 0.283 0.237 0.375 
RIB ash 7.45 8.39 7.59 ** NS * 12.6 1.9 0.547 0.278 0.641 

RIB ash:protein 1.60 1.61 1.53 NS NS NS 0.6 ·4.4 0.043 0.081 0.135 
RIB protein density 0.365 0.344 0.352 NS NS NS -5.8 -3.6 0.0296 0.0102 0.0383 
RIB ash density 0.584 0.555 0.542 NS NS NS -5.0 ·7.2 0.0576 0.0362 0.1020 
RIB fat density 0.084 0.087 0.098 NS NS NS 3.6 16.7 0.0262 0.0181 0.0390 
RIB water density 0.438 0.437 0.454 NS NS NS ·0.2 3.7 0.0237 0.0308 0.0233 

tv 
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... Table 9.4 / 6 cont'd ... 

Means t-tests difference (%) 

variable CTRLvs INF fromCTRL standard deviations 

CTRL INF PW INF PW vsPW INF PW C1RL INF PW 

Bone chemical component weights and densities, g & glcm3, cont'd 

TV6 13.8 15.0 14.3 NS NS NS 8.7 3.6 1.33 1.34 1.35 
TV6 fat-free 13.0 14.0 13.3 NS NS NS 7.7 2.3 1.26 1.29 1.17 

TV6fat 0.794 1.052 1.016 ~ NS NS 32.5 28.0 0.205 0.211 0.333 
TV6water 5.18 5.55 5.37 NS NS NS 7.1 3.7 0.574 0.473 0.804 
TV6protein 3.33 3.53 3.45 NS NS NS 6.0 3.6 0.311 0.391 0.254 
TV6ash 4.50 4.86 4.49 NS NS NS 8.0 -0.2 0.430 0.495 0.443 

TV6 ash:protein 1.35 1.38 1.30 NS NS NS 2.2 -3.7 0.037 0.083 0.100 
TV6 protein density 0.344 0.311 0.327 * NS NS -9.6 -4.9 0.0233 0.0094 0.0305 
TV 6 ash density 0.465 0.428 0.428 ~ NS NS -8.0 -8.0 0.0357 0.0185 0.0697 
TV6 fat density 0.083 0.093 0.094 NS NS NS 12.0 13.3 0.0251 0.0194 0.0241 
TV6 water density 0.533 0.489 0.504 * ~ NS -8.3 -5.4 0.0313 0.0161 0.0171 

LV4 29.1 33.2 30.7 ** NS NS 14.1 5.5 2.15 1.59 2.57 
LV4 fat-free 27.3 31.0 28.5 ** NS * 13.6 4.4 2.03 1.35 1.80 

LV4 fat 1.79 2.22 2.18 ~ NS NS 24.0 21.8 0.326 0.438 0.953 
LV4water 9.98 11.52 10.90 ** NS NS 15.4 9.2 0.894 0.583 1.35 
LV4protein 7.11 8.08 7.45 ** NS * 13.6 4.8 0.546 0.454 0.365 
LV4ash 10.24 11.40 10.20 * NS ** 11.3 -0.4 0.903 0.549 0.364 

LV 4 ash:protein 1.44 1.41 1.37 NS NS NS -2.1 -4.9 0.049 0.039 0.076 
LV4 protein density 0.355 0.338 0.342 * NS NS -4.8 -3.7 0.0154 0.0093 0.0258 
LV 4 ash density 0.512 0.477 0.469 ~ NS NS -6.8 -8.4 0.0354 0.0096 0.0522 
LV 4 fat density 0.089 0.093 0.097 NS NS NS 4.5 9.0 0.0178 0.0161 0.0333 
LV 4 water density 0.498 0.483 0.496 NS NS NS -3.0 -0.4 0.0185 0.0239 0.0093 

tv 
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... Table 9.4/7 cont'd ... 

Means t-tests difference (%) 

variable CTRLvs INF fromCTRL standard deviations 

CTRL INF PW INF PW vsPW INF PW CTRL INF PW 

Bone geometric dimensions, mm & cm3 

FEMlength 161.5 163.2 164.4 NS NS NS 1.1 1.8 6.35 3.49 5.41 
FEM diameter 19.4 20.9 19.6 * NS * 7.7 1.0 0.86 0.80 0.96 
FEM cortex width 3.33 3.30 3.59 NS NS * -0.9 7.8 0.268 0.089 0.219 
FEMvolume 99.7 110.1 100.9 * NS NS 10.4 1.2 6.90 3.50 11.20 

FEM cortex:diameter 0.335 0.316 0.366 NS NS ** -5.7 9.3 0.0384 0.0173 0.0210 
FEM diameter:length 0.120 0.128 0.119 * NS * 6.7 -0.8 0.0038 0.0064 0.0030 
FEM volumel/3:length 0.287 0.294 0.283 NS NS ** 2.4 -1.4 0.0077 0.0057 0.0036 

RIB length 202 214 211 ** ~ NS 5.9 4.5 5.8 3.8 7.9 
RIB width 13.5 14.8 14.2 * NS NS 9.6 5.2 1.05 0.75 0.84 
RIB thickness 6.7 7.0 6.6 NS NS NS 4.5 -1.5 0.52 0.89 0.55 
RIB volume 12.9 15.2 14.3 ** NS NS 17.8 10.9 1.41 1.02 1.92 

RIB diameter:length 0.0500 0.0511 0.0494 NS NS NS 2.2 -1.2 0.00388 0.00263 0.00277 
RIB volumel/3:length 0.115 0.116 0.115 NS NS NS 0.9 0.0 0.0054 0.0025 0.0047 

TV6 body length 20.8 21.7 21.4 ~ NS NS 4.3 2.9 0.75 0.82 0.89 
TV6height 55.3 54.5 55.4 NS NS NS -1.4 0.2 3.14 2.51 4.67 
TV6width 39.7 41.7 41.2 ~ NS NS 5.0 3.8 1.03 2.07 1.79 
TV6volume 9.73 11.37 10.64 * NS NS 16.9 9.4 1.23 1.16 1.39 

LV4 body length 33.8 35.5 35.0 NS NS NS 5.0 3.6 2.23 1.38 1.41 
LV4 height 50.5 54.3 51.2 *** NS * 7.5 1.4 1.05 1.51 2.49 
LV4 width 30.7 30.0 32.2 NS NS ~ -2.3 4.9 1.97 1.41 1.92 
LV4span 106.5 110.7 110.2 NS NS NS 3.9 3.5 1.87 6.50 7.89 
LV4volume 20.1 23.9 21.9 *** NS NS 18.9 9.0 1.71 1.11 2.44 
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... Table 9.4 / 8 cont'd ... 

Means t-tests difference (%) 

variable CTRLvs INF fromCTRL standard deviations 

CTRL INF PW INF PW vsPW INF PW CTRL INF PW 

Muscle chemical component weights, g 

ST 105.5 119.0 126.2 ~ * NS 12.8 19.6 12.0 11.6 12.0 
STfat-free 98.5 111.7 118.3 ~ * NS 13.4 20.1 12.0 12.3 11.6 

STfat 6.99 7.22 7.84 NS NS NS 3.3 12.2 1.02 1.19 1.61 
STwater 75.3 86.1 91.0 ~ * NS 14.3 20.8 9.56 9.38 8.84 
STprotein 23.3 25.6 27.4 NS * NS 9.9 17.6 2.51 2.99 2.78 

ST water:protein 3.23 3.36 3.33 * ~ NS 4.0 3.1 0.101 0.061 0.043 

QF 398 410 445 NS ~ NS 3.0 11.8 34.4 38.0 39.0 
QF fat-free 377 386 421 NS ~ NS 2.4 11.7 31.4 40.4 37.7 

QFfat 20.7 23.7 24.0 NS NS NS 14.5 15.9 4.71 3.49 2.09 
QFwater 291 300 325 NS ~ NS 3.1 11.7 24.9 32.1 31.1 
QFprotein 86.6 86.5 96.3 NS * ~ -0.1 11.2 6.88 8.64 6.66 

QF water:protein 3.36 3.46 3.37 NS NS NS 3.0 0.3 0.108 0.101 0.095 

LD 572 608 663 NS ~ NS 6.3 15.9 49.1 39.3 82.7 
LD fat-free 539 570 623 NS ~ NS 5.8 15.6 48.0 40.2 77.4 

LDfat 33.6 38.1 40.3 NS NS NS 13.4 19.9 7.44 7.01 10.20 
LDwater 409 432 471 NS ~ NS 5.6 15.2 37.5 30.5 59.9 
LD protein 124.1 132.2 144.8 NS ~ NS 6.5 16.7 9.92 9.43 17.1 
LDash 5.87 6.28 7.19 NS * * 7.0 22.5 0.728 0.605 0.659 
LD water:protein 3.29 3.27 3.25 NS NS NS -0.6 -1.2 0.062 0.046 0.068 
LD ash:protein 0.0472 0.0475 0.0498 NS NS NS 0.6 5.5 0.00337 0.00395 0.00298 

N 
0\ 
00 
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· .. Table 9.4 / 9 coned ... 

Means t-tests difference (%) 

variable C1RLvs INF fromC1RL standard deviations 

C1RL INF PW INF PW vsPW INF PW C1RL INF PW 

Muscle geometric dimensions, mm & cm3 

ST length 179 177 178 NS NS NS -1.1 -0.6 10.0 8.9 5.3 
STdiameter 29.1 33.2 33.0 * * NS 14.1 13.4 1.11 2.56 2.15 
STvolume 99.1 111.8 118.5 ~ * NS 12.8 19.6 11.1 10.7 11.0 

ST diameter:length 0.163 0.188 0.185 ** ** NS 15.3 13.5 0.0059 0.0136 0.0114 
ST volumel/3:length 0.258 0.273 0.275 * ** NS 5.8 6.6 0.0059 0.0093 0.0076 

QFvolume 374 386 419 NS ~ NS 3.2 U.O 32.6 35.0 36.9 

LDlength 558 546 552 NS NS NS -2.2 -1.1 26.3 23.5 29.4 
LDwidth,A 55.1 55.5 58.4 NS NS NS 0.7 6.0 4.19 3.71 2.46 
LDdepth,B 28.2 29.7 29.9 NS NS NS 5.3 6.0 4.29 3.18 3.49 
LD cross-sectional area 1166 1342 1390 NS ~ NS 15.1 19.2 225 134 159 
LDvolume 536 570 621 NS ~ NS 6.3 15.9 46.3 36.1 77.4 

LDtvolume 218 231 244 NS NS NS 6.0 11.9 27.0 20.2 40.5 
LDlvolume 318 339 377 NS * NS 6.6 18.6 31.7 31.4 41.6 

LDB/A 0.512 0.537 0.511 NS NS NS 4.9 -0.2 0.0702 0.0730 0.0570 
LDA/length 0.099 0.102 0.106 NS NS NS 3.0 7.1 0.0085 0.0085 0.0100 
LDB/length 0.0506 0.0546 0.0542 NS NS NS 7.9 7.1 0.00805 0.00705 0.00733 
LD volumel/3/length 0.146 0.152 0.155 NS NS NS 4.1 6.2 0.0066 0.0055 0.0104 

$ 
. ~ -:: ... 
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... Table 9.4/10 cont'd ... 

Means t-tests difference (%) 

variable CTRLvs INF fromCTRL standard deviations 
CTRL INF PW INF PW vsPW INF PW CTRL INF PW 

Muscle: bone gravimetric relationships 

ST:FEM 
weight 0.756 0.801 0.909 NS *** ** 6.0 20.2 0.0523 0.0497 0.0426 
fat-free 0.917 1.018 1.144 ~ ** * 11.0 24.8 0.1030 0.0617 0.0857 
fat 0.229 0.186 0.232 NS NS NS -18.8 1.3 0.0633 0.0258 0.0686 
water 2.55 2.73 3.28 NS * * 7.1 28.6 0.408 0.271 0.320 
protein 0.826 0.913 1.015 ~ ** ~ 10.5 22.9 0.0711 0.0730 0.0869 

QF:FEM 
weight 2.85 2.76 3.21 NS ** *** -3.2 12.6 0.080 0.196 0.135 
fat-free 3.51 3.52 4.07 NS * * 0.3 16.0 0.197 0.282 0.300 
fat 0.680 0.610 0.704 NS NS NS -10.3 3.5 0.2280 0.0859 0.1410 
water 9.81 9.56 11.71 NS * * -2.6 19.4 0.982 1.530 1.220 
protein 3.07 3.08 3.58 NS ** ** 0.3 16.6 0.147 0.229 0.237 

LD:TV6+LV4 

weight 13.3 12.7 14.7 NS ** * -4.5 10.5 0.39 1.19 1.03 
fat-free 13.3 12.7 14.9 NS ~ * -4.5 12.0 0.50 1.22 1.43 
fat 13.9 12.2 14.0 NS NS NS -12.2 0.7 5.36 4.11 4.97 
water 27.0 25.4 29.0 NS NS * -5.9 7.4 1.54 2.30 2.07 
protein 11.9 11.4 13.3 NS NS ~ -4.2 11.8 0.50 1.08 1.49 
ash 0.399 0.388 0.491 NS * * -2.8 23.1 0.0408 0.0537 0.0546 

LDt: TV6 
weight 16.9 16.6 18.1 NS NS NS -1.8 7.1 1.66 2.35 2.16 

LDl:LV4 
weight 11.7 10.9 13.1 NS * ** -6.8 12.0 0.98 1.14 0.87 ~ 

0 



... Table9.4/11 cont'd ... 

Means t-tests difference (%) 

variable CTRLvs INF fromCTRL standard. deviations 

CTRL INF PW INF PW vsPW INF PW CTRL INF PW 

Musc1e:bone geometric relationships 

ST:FEM 

length 1.109 1.083 1.084 NS NS NS -2.3 -2.3 0.0451 0.0453 0.0262 
diameter (external) 1.50 1.59 1.69 NS * NS 6.0 12.7 0.050 0.113 0.102 
diameter:cortex width 8.70 10.04 9.22 * NS ~ 15.4 6.0 0.672 0.806 0.573 
volume 0.993 1.014 1.177 NS *** ** 2.1 18.5 0.0706 0.0663 0.0652 

QF:FEM 

volume 3.75 3.51 4.16 NS ** ** -6.4 10.9 0.150 0.303 0.197 

LD:TV6+LV4 

length 10.21 9.56 9.79 * NS NS -6.4 -4.1 0.362 0.587 0.450 
A:RIB length 0.273 0.260 0.278 NS NS NS -4.8 1.8 0.0264 0.0212 0.0152 
A:LV4 span 0.517 0.503 0.533 NS NS NS -2.7 3.1 0.0428 0.0360 0.0514 
B:TV6 height 0.511 0.546 0.543 NS NS NS 6.8 6.3 0.0878 0.0615 0.0878 
B:L V 4 height 0.558 0.547 0.584 NS NS NS -2.0 4.7 0.0869 0.0696 0.0713 
volume 18.0 16.2 19.1 * NS ** -10.0 6.1 1.18 1.47 1.03 

LDt: TV6 
length 14.0 13.0 13.3 NS NS NS -7.1 -5.0 1.05 1.11 1.20 
volume 22.6 20.5 22.9 NS NS NS -9.3 1.3 3.23 2.76 2.27 

LDI: LV4 
length 7.91 7.45 7.67 NS NS NS -5.8 -3.0 0.645 0.371 0.300 
volume 15.9 14.2 17.2 ~ NS ** -10.7 8.2 1.49 1.61 1.13 

~ -
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Table 9.5 Residual effects of infection and undernutrition on bone and muscle development. 

Comparison of treaUOent means at the fmal target LW slaughter point Differences between means from 

Table 9,4 are expressed as the percentage deviation of the first mean from the second in the following 

treatment combinations; INF vs. CTRL, PW vs. CTRL and INF vs. PW ~ compared to the CTRL 

group, the INF group had 12.8% greater ST volume and to,4% greater FEM volume. 

For the three treaUOents (CTRL, INF and PW) corresponding mean empty bodyweights were 42.8, 43.7 

and 46.7 kg respectively. Animals from the CTRL treatment were slaughtered at 134d while other 

animals were slaughtered at 260d. 

variable means ST:FEM QF:FEM LDt:TV6 LDl:LV4 
1st 2nd 

muscle (M) volume INF CTRL 12.8 3.2 6.0 6.6 
PW CTRL 19.6 12.0 11.9 18.6 
INF PW -5.7 -7.9 -5.3 -10.1 

bone (B) volume INF CTRL 10,4 10.4 16.9 18.9 
PW CTRL 1.2 1.2 9,4 9.0 
INF PW 9.1 9.1 6.9 9.1 

M:B (volume: volume) INF CTRL 2.1 -6.4 -9.3 -to.7 
PW CTRL 18.5 10.9 1.3 8.2 
INF PW -13.8 -15.6 -to.5 -17.4 
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APPENDIX X: Figures derived from the study of the effects of intestinal parasitism on growth in Trial Two .. 

Page 

274 Figure 10.1 Experimental design for Trial Two. 

276 Figure 10.2 Allometry of femur geometric dimensions during ontogenetic growth in Trial Two 

(CTRL treatment data only). Includes Table 10.1, which details data for the allometric 

relationships depicted in this figure. 

278 Figure 10.3 Change in liveweight and feed intake with time during Trial Two. 
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Figure 10.1 Experimental design for Trial Two, the study examining the effects of intestinal parasitism on 

growth. Groups of six animals were allocated to each target liveweight (L W) slaughter group. At the end of 

infection, changes in parasitized animals (INF) were compared with those that occurred in animals fed to 

maintain similar changes in LW (pW group). Subsequently, growth of these two groups was compared with 

that of the CTRL group. 

I 

I:·:::·: 
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Figure 10.2 Allometry of femur geometric dimensions during ontogenetic growth in Trial Two. Data are 

those of the three target LW slaughter groups for the CTRL treatment (n=18). Details of these allometric 

relationships are given below in the same format as Table 4.4. 

NB: Axes follow a logarithmic scale. 

Table 10.1 Allometric relationships between femur geometric dimensions. Data are from the CTRL 

treatment of Trial Two. These data are depicted in Figure 10.2. This table has the same format as Table 4.4. 

real data 9min 9max 
X!Y variable a b b=I.0 sb r min. max. xmm xmax change 

% % % 

X length 133 170 
Y diameter 0.0414 1.211 ~ 0.1112 88.2 15.5 21.0 11.6 12.2 5.3 
Y cortex thickness 0.00556 1.268 NS 0.1664 72.8 2.70 3.63 2.1 2.2 6.8 
Y volume1{3 0.960 0.763 * 0.0859 93.5 39.6 47.4 30.1 28.4 -5.7 

. '. 
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Figure 10.2 Anometry of femur (FEM) dimensions - Trial 2 
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Page 

279 Figure 10.3.1 Change in liveweight with time for all three treatments (CTRL, INF and PW) 

during the period of infection for INF animals. The start and end of the period of infection are 

shown. Treatment means (± sem) are presented for surviving animals at each point. Curves 

were not fitted but points were joined. 

279 Figure 10.3.2 Change in liveweight with time for CTRL, INF and PW treatments throughout 

Trial Two. The start and end of the period of infection are shown. Treatment means (± sem) are 

presented for surviving animals at each point Curves were not fitted but points were joined. 

280 Figure 10.3.3 Feed intake relative to metabolic body size with time for INF and PW treatment 

groups during the period of infection for INF animals in Trial Two. The start and end of the 

period of infection are shown. Treatment means (± sem) are plotted. Curves were not fitted but 

points were joined. 



Figure 10.3.1 Liveweight changes during infection period - Trial 2 
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APPENDIX XI: Papers published during the course of this study which are based on the experiments 

reported in this thesis. 

Thesis Papers 
page 

282 Young, MJ.; Sykes, AR. 1985. Skeletal changes and some muscle-skeletal relationships during 

growth and undernutrition in sheep. Proceedings of the New Zealand society of animal 
production 45: 93-96. 

286 Young, MJ.; Sykes, A.R. 1987. Pacemakers for muscle growth and muscularity? Proceedings 
of the 4th Annual Congress of Asian-australasian Associations of Animal Production, 
Hamilton, New Zealand. p,491. 

287 Young, MJ.; Sykes, A.R. 1987. Bone growth and muscularity. Proceedings of the New 
Zealand society of animal production 47: 73-75. 
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Skeletal changes and some muscle-skeletal relationships 
during growth and undernutrition in sheep 

M.J. YOUNG AND A.R. SYKES 

Lincoln College, Canterbury 

AUSTHACT 
A serial slaughter experiment was conducted with sheep under continuous growth and during realimentation 
following body weight stasis at c. 20 kg for 56 days. 

Undernutrition resulted in negative protein and energy balance. Skeletal remodelling facilitated growth in 
linear dimcnsions while protein, water and ash decreased or remaincd ur.changcd in bone. Bone weight increases 
were solely attributable to large increases in bone fat. 

Protein appeared to be depleted in similar proportions from muscle, bone and the whole body. 
Realimentation resulted in a trend for compensatory growth of musclc mass relative to bone length and protein 

content. Within bone there was a trend for restoration· of bone protein content rather than growth in bone length. 
Bone weight was inadequatc in describing these phenomena. 

Keywords Bone; muscle; growth; realimentation; body composition; sheep; undernutrition; skeletal remodelling. 

INTHODUCTION 

Gravimetric relationships between muscle allli bone 
have traditionally been used as an index of "degree 
of muscling" of a carcass (Palsson, 1955; Berg and 
Butterfield, 1976). Bone fulfills a structural function, 
muscle being associated with it to provide 
locomotion. Growth in length (endochondral 
ossification) and in diameter (intracartilaginous 
ossification) of bone occur by different means, but 
comprise accretion of protein, water, fat and mineral 
which gross weight crudely describes. 

The impetus or "pacemaker" for growth of 
muscle is considered to be stretch induction caused 
by growth in length of bone (Holly et al., 1980; 
Hooper, 1978). The latter author suggested that 
increase in bone diameter, muscle fibre length and 
fibre diameter resull from changes in mechanical 
forces due to longitudinal bone growth. 

Reductions in bone growth due to 
undernutrition, metabolic disorders or pathogenic 
disease can alter internal relationships of bone (Jubb 
and Kennedy, 1970). Poor growth in young animals 
may have long-term effects in production systems as 
body weight deficits induced early in life are not 
always rapidly restored (Coop and Clark, 1955), but 
the degree of involvement of bone is not understood. 

This work was initiated to investigate the normal 
development of bone and bone-muscle relationships 
and to determine the impact of undernut rition on the 
tissue relationships and their capacity for 
realimentation. 

MATEHIALS AND METHODS 
Seventy-two female sheep «Border Leicester x 
Corriedale) x Dorset Down, c. 20 kg and 56 d of age) 

were allocated at weaning to 2 nutritional treatments.· 
A control group (CTI~L, n = 36) was offered pasture 
ad libitulII to maintain uninterrupted growth. A 
restricted group (REST, n = 36) maintained 
constancy of body weight until CTRL animals had 
increased in body weight by 750/0. This period of 
weight stasis lasted for 56 d. Arter restriction REST 
animals were realimented by offering pasture ad 
libitlllll. Six animals were slaughtered at 5 kg weight 
increments from 20 kg to 45 kg body weight, 
inclusive. 

Animal grazed high quality, white clover 
dominant pasture during ad libitulIl feeding. This 
was obtained by herbicide treatment of a 2-year old 
irrigated, rycgrass/white clover pasture to suppress 
growth of ryegrass. REST animals grazed permanent 
pasture of low quality and quantity during 
restriction. Both groups were drenched fortnightly 
and vaccinated against clostridial disease at 8 and 16 
weeks. 

Four bones and 3 muscles were dissected from 
the carcass but only the following data were used in 
this paper:- femur (F) - weight, volume, length 
and circumference; M. scmitendinosus (ST) -
weight, length and circumference. Subscquently dry 
malter, fat, protein and ash content of bones, 
muscles and of the empty body were determined by 
standard proced ures. 

Statistical analyses were performed using the 
t--IINITAB statistical package. Differences between 
CTRL animals at 56 d and REST animals at 113 d 
were examined by paired t-test. Estimated 
parameters in CTRL animals at 112 d are also 
presented. Recovery of "normal" relationships 
between and within muscle and bone lVere examined 
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by linear regression, after log transformation of data 
where appropriate and differences tested by standard 
procedures (Snedecor an,d Cochran, 1967). 

RESULTS AND DISCUSSION 
Body form and composition were markedly affected 
by undernutrition. Animals increased in size, in 
terms of linear dimensions of the skeleton, yet lost 
body weight while in negative protein and energy 
balance (Table I). Of the body chemical components 
measured, all except ash were significantly depleted 
(- 570/0 for fat and - 13% for protein and water). 
Total body energy fell from 191 to 110 MJ. 

Despite these large changes in 
co;nposition, bone growth in length and 
continued, although at only 46% and 

body 
weight 

17%, 

YOllng and Sykes-BONE AND MUSCLE GROWTH 

respectively, of the rate in CTRL animals. There was 
a non-significant reduction in bone protein or 
osteoporosis, though the reduction was significant in 
2 of the other 3 bones examined. In all bones, protein 
losses of II to 13% occurred implying extensive 
remodelling of the tissue. The impact of this change 
on bone strength is difficult to judge since strength is 
determined by protein mass/unit volume relative to 
bone length, protein distribution within bone and 
degree of mineralisation of protein matrix. 
Mineralisation (A:R ratio) in REST animals was very 
high and comparable at the end of restriction to that 
of CTRL animals at that time. This may simply 
reflect a predominance of old, highly mineralised 
bone conscqucnt upon a reduced rate of bone protein 
turnover. The marked increase in fal deposition in 
the bone of undernourished animals (c. 300%) at a 

TABLE 1 Body component, muscle and bone changes. Comparison of animals before and after Feed restriction. 
DiFferences between CTRL at 56 days and REST at 113 days tested by t·test. 

CTRL at REST at SED CTRL at 
Variate 56 d 113 d SigniFicance 112 d 

(not tested) 

Whole body components (kg) 
Body weight 19.8 19.1 0.52 NS 35.1 
Gut contents 1.35 4.96 0.331 ••• 4.65 
Empty body weight 18.3 14.6 0.51 ••• 30.4 
Body fat 3.30 1.42 0.348 ••• 6.68 
Body protein 2.72 2.37 0.088 •• 4.47 
Body water 11.61 10.14 0.256 ••• 18.16 
Body ash 0.71 0.66 0.D28 NS 1.12 
Body energy (MJ) 191 110 14.0 ... 362 

Bone and muscle parameters 
Femur 

Weight (g) 77.0 84.3 3.00 118.9 
Fat (g) 3.4 14.0 1.53 ... 19.14 
Protein (g) 15.0 \3.4 0.80 t 23.3 
Water (g) 33.4 31.7 I. 71 NS 33.1 
Ash (g) 25.1 25.2 1.20 NS 43.0 
Length (mm) 125 136 2.2 ... 149 
Circumference (mm) 48 53 1.3 .. 61 
Protein density (g/ml) 0.267 0.206 0.0090 ... 0.274 
Ash density (g/ml) 0.447 0.388 0.0160 ••• 0.506 
A:R ratio 1.67 1.89 0.077 1.85 

M. semitendinosus 
Weight (g) 46.6 39.6 2.37 • 84.6 
Dry weight (g) 11.2 8.8 0.62 •• 22.1 
Length (mm) \38 145 1.78 •• 169 
Circum ference (mm) 76.8 70.5 2.77 98.3 

Muscle: bone ratios 
Muscle= M. semitendinosus - weight (g) 
Bone = femur (F) 
F weight (g) 0.606 0.471 0.0328 •• 0.723 
F length (mm) 0.372 0.291 0.0187 •• 0.567 
F protein weight (g) 3.11 2.98 0.221 NS 3.69 
F ash weight (g) 1.86 1.59 0.323 1.99 
F Fat-Free dry weight (g) 1.16 1.03 0.075 NS 1.29 
F volume (ml) 0.829 0.610 0.0436 ••• 1.00 

t P<O.lO 
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TABLE 2 Growth rates (regression coefficient (standard deviation of coefficient» of body components during ad libitum 
feeding of CTRL for 70 d and REST for 85 d and tests for heterogeneity of variance (residual variance) and differences in . 
regression coefficients. 

Variate CTRL 

Empty body components (g/d) 
Weight 246 (10.6) 
Fat 66.0 (8.80) 
Protein 34.5 (2.02) 
Water 137 (7.9) 
Ash 8.6 (0.49) 

Bone and muscle 
Femur 

Length (Il m/d) 487 (46.7) 
Circumference (I'- mid) 248 (30.8) 
Weight (mg/d) 870 (73.2) 
Fat (mg/d) 279 (41.7) 
Protein (mg/d) 200 (15.1) 
Water (mg/d) 16 (37.7) 
Ash (mg/d) 376 (29.5) 

M. semitendinosus 
Dry weight (mg/d) 217 (16.9) 

time when body fat had been reduced by almost 
60070, may reflect substitution during osteoporosis of 
high gravity constituents of bone by fat to reduce 
bone weight (A.S. Davies, pers. comm.). Such 
apparent substitution has been observed in the bones 
of dairy cows during lactation-induced osteoporosis 
(Priboth, 1984). 

During the normal uninterrupted growth of 
CTRL animals bone length and weight accounted for 
89.5070 and 92.9070, respectively, of the variation in 
weight of the semitendinosus muscle. The close 
correlation between bone length and weight (r= 0.96) 
precludes determination of which component is more 
important in influencing'muscle growth. The primary 
determinant of muscle mass is considered to be the 
size and shape of the skeleton it has to move (Holly et 
al., 1980) and Hooper (1978) considered growth in 
length of the bone to be the "pacemaker" of muscle 
growth. Our data suggest that bone weight is a 
complex entity, and that bone composition can vary 
considerably in relation to weight and length. Bone 
length would, therefore, appear to be a more reliable 
and appropriate benchmark in studies of 
muscle: bone relationships. 

Muscle growth in length occurred in conjunction 
with reduction in musCle weight in REST animals 
during undernutrition. Since fibre number does not' 
increase post-natally (McMeekan, 1940; Hooper, 
1978), this must be due to increase in fibre length 
associated with a d( crease in fibre diameter and 
hence decreased muscle cross-sectional area. 

Several methods of describing muscle to bone 
(M:B) ratio have been employed to test functional 

REST Residual Regression 
variance coefficients 

198 (11.1) 
51.0 (6.30) NS NS 
24.8 (1.60) NS •• 
114 (6.9) NS • 

6.0 (0.50) • 

169 (38.1) NS ••• 
68 (21.8) NS ... 

338 (58.6) NS ••• 
78 (34.2) NS •• 
94 (13.1) NS ••• 

- 24 (26.7) NS NS 
191 (23.9) NS ••• 

161 (11.5) NS •• 

relationships of muscle with bone (Table 1). In all 
cases the ratio of muscle parameter to bone 
parameter fell although not all changes were 
significantly different. Of these changes, the ratio of 
muscle weight to bone protein weight was least 
affected by undernutrition. Protein appeared to be 
lost from bone and its associated muscle in similar 
proportions to changes in whole body protein. 

We cannot determine whether bone protein and 
muscle protein responded independently to the 
energy and protein deficiency. Reduced bone 
strength, as induced by osteoporosis, has been 
considered to result in muscle atrophy (Jubb and 
Kennedy, 1970), and conversely, reductions in_ 
muscle size (atrophy) may evoke corresponding 
reductions in skeletal mass or osteoporosis. 

Evidence for compensatory growth can be 
sought at several levels; empirically, as growth of the 
whole body mass, or specifically in terms of whole 
body chemical components or the functional tissue 
units which determine growth of the whole body. 

Growth rates between 17.3 and 31.9 kg empty 
body weight (70 days) in CTRL and between 13.7 and 
31.2 kg (85 days) in REST animals, during ad libitum 
feeding periods were compared (Table 2). Growth 
was linear during this phase, and subsequently 
displayed curvilinearity for some relationships. In the 
case of muscle/bone regressions, log transformations 
were performed (Table 3). In some relationships 
investigated (not all of which are reported here) the 
REST group exhibited a greater residual variance 
than did CTRL animals. Tests for line differences are 
therefore invalidated and where encountered note is 
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TABLE 3 Relative growth during ad libitllm feeding of CTRL (70 d) and REST (85 d) (regression coerricient (standard 
deviation of coerficient» of femur (F) and M. semitendinosus (ST) and tests for heterogeneity of variance (residual 
variance) and differences in regression slope and intercept). 

CTRL REST Residual 
log X log Y variance Slope Intercept 

F length F circumference 1.18 (0.136) 0.88 (0.209) NS NS NS 
F length F protein 2.42 (0.256) 3.13 (0.550) NS NS •• 
F length ST dry weight 3.42 (0.298) 5.23 (1.186) •• 
F volume ST dry weight 1.42 (0.120) 2.36 (0.472) •• 
F weight ST dry weight 1.44 (0. 103) 2.33 (0.358) •• 
F protein ST dry weight 1.25 (0.133) 

made in the tables under "residual variance". 
Assessment of compensatory growth was 

therefore restricted to the body weight range 20 kg to 
31 kg for 2 reasons; 
a. growth was linear during this period and 
b. to minimise the effect of onset of puberty which 
could be expected to occur near 230 d of age 
(Cleverdon and Hart,1981) or body weight of 35 kg 
(Hight e/ al., 1973). Both CTRL and REST animals 
during realimentation were offered uniformly high 
quality legume-dominated swards. Nutritional 
differences were unlikely to be important in 
interpretation. 

Empty body weight showed no evidence of 
compensatory growth. The proportion of each of the 
4 body chemical constituents in body weight gain was 
virtually identical for both groups (fat, 270/0 v 26%; 
protein, 14% v 13%; water, 56% v 58%; ash, 3% I' 

3%; for CTRL and REST respectively - Table 2). 
Muscle growth after restriction was only 740/0 of that 
of CTRL animals. Bone parameters, however, 
appeared to be more severely affected. During 
realimentation growth in length and protein content 
of the femur was only 35 crlo and 47%, respectively of 
that in CTRL animals. Clearly in this situation 
muscle had priority over bone for available protein 
and energy and judging from its growth compared to 
that of bone length or bone protein content (Table 
3), showed compensatory growth and restoration of 
normal proportions with bone. It may be argued that 
the slow growth of bone length post-restriction, 
restricted the rate of recovery of muscle mass to 
normal size for age. There was also a trend within 
bone for compensatory protein deposition relative to 
growth in length. Bone weight was ineffective in 
describing these phenomena. 

1.66 (0.193) NS NS NS 
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H.J. Young (, A.R. Sykes, Animal Selences Group, Lincoln College, Canterbury, NEil ZEAl.AIm. 

INTRODUCTION Growth in mammals has traditionally been studied in terms of lIelght, partiy because of ease 
of deffiiWon and simplicity of measurement. \leight changes, hovever, can result from chonp'es In 
dimensions, chemical composition or combinations of these elltitles. \lelght alone is particularlY 
inadequate in describing muscle-bolle relatlollshlps (1). none grollth III lellgth Is 1I111-dlrectlollal alld 
progressive ulltil epiphyseal cartilage activity ceaSeS. Husele has speclflc·attachmellts to bone and bone 
grollth in length has been postulated to be the major determinant of muscle grollth (2). Relative changes in 
shape of bone and muscle during normal grollth have not been objectively described, nor has the importance 
,f bone growth been ass~ssed in studies of lean tissue grovth. 

HATEIIIALS AND HETIIODS Groups (n=6) of female sheep lIere slaughtered at Skg Increments of livellelght from 
10kg to 45kg (30-180 days of age) and a further group (n=4) at 65kg livevelght (090 days of age). Animals 
grazed Trifolium repens-dominant sllards at high allollances. Length, mid-length diameter and volume of the 
femur (F) -and of the m. semitendinosus (ST) lIere measured. Relative grollth of tissues has been 
conventionally studied by allometry (3), using log/log regression to derive the equation, Y = aX b , (4). 
Since both variables are subject to error, regression analysis is not strictly valid. The "Reduced Hajor 
Axis" method (5) lias therefore employed. Cube root of volume vas used in comparisons IIlth linear 
dimensions to correct for multiple dimension effects. 

RESULTS AND DISCUSSION Data in Table 1 and Figs 1 (, 2 shOll 
that bonesand muscles challge shape during grovth. Grovth 
co-efficients relating lengtl\ and diameter, vlthlll bone and 
muscle, were greater than unity (b - 1.0) but similar, 
indicating similar allometry lIith diameter Increasing more 
rapidly than length. Figure 1 shows the 10gl1og plotted 
lines to be parallel In this case. !lovever vhlle the 
length/volume relationship of the F shovs decreasing volume 
per uni t length, that of the ST exhlhl ts increasing volume 
per unit length. Lines in Figure 2 shOll different slopes due 
to this effect. 

Table 1. ~olatlve r,rooth of tissue dImensions. 
C~'fflc!ent b from tho allometric equation. All 
units In nun. (see figures 1 & 2). 
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Figure 1. Length/diameter relationships. !J.P'~ Lellgth/voillme relationships 

Differences bet\o'een diallleter and volume relationships "i th 1~IIr.th, part IcuJarJy in the F, reUect the fact 
that a large proportion of volume is located at the articulating ends oC the uone. In contrast, a high 

Table 2. Tlssuo dimension ehallges vlth el ther 
isometric or allometric gfovth assumed. 
Lengths In nun, volumes in mml. 

dimension 
F leng th 
Isometric 
ST lOIlr,lh r volume 
ST volume 
H:O (v/v) 

allometric 
ST lellr,lh 
f volume 
ST volume 
H:O (vlv) 

inl tlal 
120.0 

119.2 
39.1 
29.1 

O. 7~5 

119.2 
)9. I 
29.1 
0.71,5 

filial 
100.0 

170.7 
1)1.0 
98.) 

O. 7~5 

10], n 
1 12.U 
119.J 

1.065 

7. increase 

+ 50 

• 50 
• 237 + 2)0 

0 

• 5~ 

• 11)6 
• )10 

+ I.) 

proportion of ST volume is located mid-lenr,th. Thus uoth -the 
muscle and the shaft of the bone "thicken" vith grollth in 
length, hut this is associated vi th a relative decrease In 
bone volume and increase in muscle volume. 

These differences have been highlighted by comparing 
theoretical changes in F and ST volumes lIith a 50r. increase in 
r length from 120mm, assuminp, iSOln~tric (muscle:bone 
proportions cOllstallt, b-!.!) and allometric grovth e'luatlolls. 
Challges In muscle shape I,," to a I,Ur. Illcrea,~ In muscle volume 
relative to hone volume. Huscl!! volume itself increased by lOr. 
more than vou1d be expected had no challp,e in shape occurred 
(JIOr. vs 2l8Y.). This may sllggest that 7Ur. of grovth In muscle 
volume OCClJrs ilS tl result o[ stretch illductioll consequent on 
bone grovth a,"1 )or. is derived [rom shape challge. 

These data d~mon'ttate lhat allenlloll to the role of the 
epiphy,eal grouth plale is extremely Important In studle, 
desip,lIed to mallJpulate or undersland mllscle protein synthesis 

110: ST lenglh 0.711,. (lenglh)l.o'-'--- or muscle gro~th. This area seems orten to be neglected. 

~~FE~~~~ (1) Young,H.J.; Sykes,fI.R. 1985. rroceedinGs o[ the lieu ZeaJalld "Kiety of allimal production 
~.!:39-1,]. (2) 1I00per,II.C.0. 1978. Journal o[ ""atomy 127:117-173. (3) Schmi,tl-lIlclscn,K. 1901,. 5c3111lg: 
IIhy is animal size so important 1 Cambridge University-hc,,: Londoll. (I,) lIuxiey,l.S. 1950. Proceedings of 
the royal society, London iJ70:~6S-~69. (5) Kermack,K.II.: lIald"ne,J.B.S. 1950. Oiometrlka 37:)0-41. 
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Bone growth and muscularity 
M.J. YOUNG and A.R. SYKES 

Animal Sciences Group 
Lincoln Coliege, Canterbury 

ABSTRACT 
Changes in shape of the femur and the m. semitendinosus occuring with devciopmental growth are described. II is 
shown that three-quarters of growth in muscle volume is consequent upon growth in length of bone, while shape 
changes in muscle account for only one quarter of growth in muscle volume. Attention to the role of bone is 
necessary in studies of muscle protein synthesis and muscle growth. 

Keywords Bone growth; femur; muscle growth; m. semitendinosus. 

INTRODUCTION 
Growth in mammals has traditionally been described 
in terms of weight, partly because of ease of 
definition and simplicity of measurement. Weight 
changes, however, can result from changes in 
dimensions, chemical composition or combinations 
of these entities. Weight alone can be particularly 
inadequate in describing muscle-bone relationships 
(Young and Sykes, \985). Muscle:bone ratio 
(weight:weight) increases as animals grow (Berg and 
Butterfield, 1976). This is due, in part, to greater 
post-natal growth in regions with high llIuscle:bone 
ratios. 

Muscle power is related to tissue cross-section, 
while load is related to volume or weight (Davies, 
1981). As a consequence muscle will become 
relatively weaker (power per unit weight) if increases 
in size occur without diameter increasing relatively 
more than length. Phylogenetic studies have shown 
that both bone and muscle show proportionately 
greater increases in diameter than in length as body 
size increases (Alexander, 1985). rvluscle shape 
changes occur during developmental growth, 
diameter increasing relatively more than length 
(palsson, 1939), and leading to increased muscularity 
(muscle diameter per unit length). However, the 
importance of this effect on bone-muscle 
relationships has not been objectively described. 

Together bone and muscle comprise the 
locomotory system, and as a consequence growth of 
the 2 tissues is closely related. Bone growth in lengt h 
is uni-directional and progressive until epiphyseal 
cartilage activity ceases. Since muscle has specific 
skeletal attachments, bone growth in length has been 
postulated to be the major determinant of muscle 
growth (Hooper, 1978). further evidence for the 
dependence of muscle growth on increase in bone 
length is shown by hypertrophy of muscles subjected 
to chronic tension (Hully et al., 1980; Sivachclvan 
and Davies, 1986) and by muscle wast illg after 
removal of tension stimuli (Goldspink, 1972). 

Relative changes in shape of bone and muscle 
during normal growth have not been described 
quantitatively, nor has the importance of bone 
growth been assessed in studies of muscle growth. 

MATERIALS AND METHODS 
Sheep were selected from female progeny of a Border 
Leicester x Corriedale ewe nuck that had been mated 
to Dorset Down rams. Animals grazed TrifoliulII 
rf'pellS dominant swards at high allowances. Groups 
of sheep (n = 6) were slaughtered at 5 kg increments 
of live weight from 10 kg to 45 kg (3()-IRO days of 
age) and a further group (n = 4) at 65 kg Iiveweight 
(890 days of age). The remur (f) and m. 
semilendinoslIs (ST) were dissected rrom the carcass 
and cleaned. Leng,th, mid-length diameter and 
volume were determined fur each. 

Relative growth ur tissues has been 
conventionally studied by allometry (Schmidt-
Nielsen, 1984) using logllog regression to derive 
Huxleys' (1932) allometric equation, Y = aXb. Y and 
X are the variables ror which relative growth is being 
estimaled, while a and b are coefficients. Since both 
variables are subject to error, regression analysis is 
not strictly valid. The reduced major axis method 
(Kermack and Haldane, 1950) was therefore 
employed to detefl!1ine allometric relationships 
between variables. Coefficients (b) were tested for 
devialion frolll unity. (isometry) and F and ST 
coefricients compared, using the I-test. To correct 
for dilTcrences in number of dimensions, volume 
(three dimensions) was raised to the power of one 
third (= cube root) for comparisons with length (one 
dimension). 

Relationships derived for the relative growth of 
tissue dimensions were used to demonstrate the efrect 
of tissue shape 011 bone-muscle relationships during 
development. Theorelical isomelric growlh was 
compared with allometric growth actually observed. 
Isometry is defilled as growth with no change in 
relative dimensions of the tissues (b = 1.0) while 
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allometry concerns growth where differential change 
in tissue dimensions may occur (b = or,! 1.0). 

ItESULTS AND DISCUSSION 
As both F and ST grew, the diameter(mid-length) of 
each tissue increased relatively more than the length. 
This is shown by data in, rows I and 2 of Table I 
(b> 1.0). This effect was similar for both tissues 
(bF = bSTJ, and in Fig. I the relationship for the F is 
shown to be parallel to that of the ST. In contrast, 
the relationship between volume l !] and length of the 
F was quite different to that of the ST (rows 3 and 4 
of Table I). The F exhibited a reduction in volume l !] 

per unit length (b < 1.0), while the ST showed 
increased volume l !] per unit length (b> 1.0). This is 
demonstrated in Fig. 2 where the F and the ST data 
relationships are obviously not parallel. 

Clearly changes in bone shape occuring with 
development are not adequately described by either 

. relationship singly. Bone thickens in terms of 
diameter per unit length, yet becomes more slender 
when expressed as volume l !] per unit length. Muscle 
however, increases in both diameter per unit length 
and volumel!3 per unit length during development. 
This difference between F and ST is due to each 

TABLE 1 Relative growth of bone (femur-F) and muscle 
(semilelldillos/ls-ST) dimensions. Coefficient b from the 
allometric equation (see Figs. I and 2), Statistical 
significance assessed by t-test. 

Tissue X Y b b = 1.0 b r = bs r 

F Length Diameter 0.960 1.213 ... 
ST Length Diameter 0,897 1.200 .. NS 

F Length Volume l!3 0.977 0.866 ... ... 
ST Length Volumelll 0,957 1.085 

Length-mm; Diameter-mm; Volume-em' 
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FIG. 1 Reiative growth of length and diameter for bone 
(femur) and muscle (semitendinoSI/I), Double logarithm 
plots of tissue dimensions, Coefficients (b) of the allometric 
equations are given in Table I. 

tissue's functional shape. The F has a large 
proportion of volume at the articulating ends where 
stress is greatest, while the ST has a smaller 
proportion of volume at the point of attachment to 
bone. During bone growth, the bone shaft does in 
fact thicken, but this is more than offset by the 
reduction in the proportion of total bone volume 
located at the ends of the bone. 

How much impacl do Ihese changes have on bone-
muscle relationships? 
To illustrate the effect of tissue shape change, Table 
2 presents a comparison of changes in tissue volume 
occurring with either isometric (theoretical), or 
allometric (actual) growth of tissue dimensions. 
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FIG. 2 Relative growth of length and volull1e lll for bone 
(femur) and muscle (semitendinosus). Double logarithm 
plots of tissue dimensions. Coefficients (b) of the allometric 
equations are given in Table I. 

TAIILE 2 A comparison of dimension changes occurring 
in bone (femur-F) and muscle (semitelldinos/ls-ST), 
resulLing from either isometric (theoretical) or allometric 
(actual) growlh as bone length increased from 120 to 180 
mrn. 

Dimension Initial Final Increase 
("10) 

F length 120.0 180.0 +50 
isometric 
ST length 119_2 178,7 + 50 
F volume 39:J 131.8 + 237 
ST volume 29.1 98.3 +238 
flt:1J (v/v)' 0.745 0_745 0 
Allomelric 
ST length' 119,2 183.8 + 54 
F volume 39.1 112_0 + 186 
ST I'olume 29,1 119_3 + 310 
flt:1J (v/v)' 0,745 1.065 + 43 

Lcnglh-JI1m, Volume-Cln' 
, fltuscle:bone ratio 
'0_714 x (bone length)J.o69 
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Isometric growth theoretically constrains growth of 
the 2 variables so that no change in relative 
dimensions occurs. This leads to muscle:bone ratio 
(M:13, volume:volume) remaining conslant during 
growth. Allometric growth however, resulls in the 
changes in lissue shape previously described. 
Volume l13 per unit length of F decreases, while thai 
of ST increases, both effects contributing to an 
increase in M: 13 ratio. 

These data can be used to show how important 
shape changes are to changing bone-muscle 
relationships. For bone, changes in shape have the 
effect of restricting growth in volume by ~ 22070 
(1861237 = 0.78). In contrast, muscle volume 
increases by 310070 with allometric growth, compared 
with 238070 had isometric growth occurred. This 
indicates that increases in muscle volume are largely 
the results of growth in length since ~2307o of muscle 
volume growth results from change in tissue shape 
([310-238)/310 = 0.23). The remaining growth in 
volume (~7707o) can be attributed to stretch-
induction as a consequence of growth in length of 
bone. Swatland (1982) also concluded that growth of 
muscle was largely due to growth in length. The 
relative contribution of bone and muscle shape 
changes to the increase in M: B ratio is summarised in 
Table 3. Neither tissue is primarily responsible for 
the change in M:B ratio, although muscle per se may 
have a slightly greater effect. 

TABLE 3 Relative cOlltribution of bone (femur, F) and 
muscle (semitel/dinostls-ST) shape changes to increasing 
muscle:bone (M:B) ratio. Derived by comparison of tissue 
volumes following isometric (theoretical) or allometric 
(actual) growth of tissue dimcllsions from 120 to IBO mm 
femur length and adjusted to the same total tissue volume. 

Dimension Isometric Allometric Difference 
growth growth (%) 

F volume 131.B 111.4 - 15.5 
ST volume 9B.3 IIB.7 + 20.B 
M:B (v/v) 0.745 1.065 + 43.0 

Volume - cm' 

CONCLUSIONS 

Increases in muscularity are associated wilh growth 
in length of bone. These data clearly show that tissue 
shape changes play an important part in the 
increasing M: B ratios of growing animals. Allometric 
growth gradients in the body will also contribute to 
increasing M:B ratio, but the relative importance of 
the 2 phenomena is not known. 

While shape changes are important, the major 
part of muscle volume growth (~7707o) is due to 
growth in length. Since muscle length is delermined 
by skeletal attachment, growth in lenglh of bone can 
be said to be the pacemaker for muscle growth and 
muscularity. Thus, the role of the epiphyseal 
cartilage is of vital importance in muscle growth. 
Clearly, greater allention to the role of bone is 
warranted in studies designed to manipulate or 
understand muscle protein synthesis or muscle 
growth. 
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