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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) 
100 

0 

90 o CTRL - ea-Iy 
o CTRL -late 

0'1 CTRI.. - both + 80 + + 
x RECO - early 

c .. RECO - Iote 
'v 70 RECO - both .. 0 
-+-' .. 
0 0 
L a. + 
f/) 60 0 

·C 0 0 
E 0 
(I) 

'+- 50 x 
f/) x 
a. 
(I) x 0 

.~ 
L 

-0 40 0 
::l 
0-

~ 
x 

0 
0 

30 x 

12 14 16 18 20 22 24 26 
femur protein - g 



140 
130 

120 

O'l 110 

I 100 
c 

'(i) 90 ...... 
0 
L 80 0. 

'00 
70 L 

0 
-0 
en 60 :::l 
E 

'00 
en 50 '6'1 
c 
0 

~ 40 

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) 
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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 

',' 

tv 
lJJ 
lJJ 



... 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 
~ 



... 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 

~ 
VI. 

j :" 
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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 

tv 
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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 

tv 
VJ 
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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 

'.' \ 
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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 
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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 



247 

... 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 ... 
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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 ... '"'." . 
.. 
.. • 7~:' .:':-.::' 

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 ... 
t~.:~;;:~:;> - -

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 ... 
'>;. 

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 
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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 

tv 
0\ 
-J 

':.; :;:.:: :::: 
: ~;~ 
'.', I',:, 
,',I 
':-: 



... 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 
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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 
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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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Figure 10.3.2 Liveweight changes throughout Trial 2 
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Figure 10.3.3 Daily feed intake 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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