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Met ings op 3 hamel lammers in 'n kalor iemctcr  het  ooreengestem nret  beramings van proteien- en vetncer legging wat ntet  behulp van dic

t r i t i umverdunn ings tegn iek  gemaak  i s  en  hc t  gcs t rck  vana f  d igby  geboor le  l o t  naas teby  36  weke .  D ic  3  v le i smer ino  hame l t l i cs  r s  deuren-

t yd  gedure  ndc -  a l te rne rcnde  weke  o l  i n  d ie  ka lo r i cmc te r  o l ' ' n  soo r tge lyke  s t ruk tuu r  aangchou .

Linci r  onat lankl ike rnct ings van vocdsel inname. h i t teproduksic.  protc i 'en-  en vetneer lcggrng gedurendc'd ie akt icwe groeiproses wys

dat d ie kumulat iewe vonl l  van hierdic verandcr l ikcs paar\gewys loglrnccr verwant is  v i r  e lke larn op sodarr ige wyse dat  d ie tweedrmen-

s ionc lc  ve rwan tskappe  vc ' ra lgemccn  na 'n  r cgu i t  l yn  tn  4  d imens ics .  D ie  pa ramete rs  van  h i c rd ie  regu i t  l yn  i s  ve rwan t  aan  d ie  kons tan tc

wat groci temlto bcskryf  cn dui  daarom op dic moont l ikhcid van verbcrterdc kwant i tat iewe behcer van l iggaamsamcstel l ing deur inname-

bc l r cc r .

Hoo l lon rponen tana l i scs  s teun  d rc  cks t rapo las i c  na  ' n  r cgu i t  l yn  i n  4  d imens ics  omdat  gemidde ld  ' n  g roo ts tc  wor te l  vn  99%verk ry

i s  Kumu la t iewe  voedsc l tnnamc word  tecnoor  t yd  bcsk r l ' t ' deu r  
' n  

ee rs te  o rde  ou to reg ress iewe  p roses  met  be t rekk ing  to t  1n  (kumu-

lat iewe V[: - inname).  Kumulat icwc M[r- innamc' .  kumulat icwr 'h i t tcproduksic,  l iggaarnsproteibn en -vet ,  word almal  logl ine€r beskryf

deur ge'wonc rcgressie-anal ise met kumulat icwc VI-  as X-verandcr l ike.  Deur van hicrdie verwantskappe gebruik te maak,  is  beramings

van die doel t ref fendheid van ne'er legging v i r  bcide proteibn cn vct  vcrkry.  Hoewcl  d ie bruto doe' l t ref l 'cndheid van energieneer legging

naasteby konstant  is  oor 'n groot  gedeel te van'n lam se leet lyd,  word di t  bcwys dat  sodanige aanname nie geld ig is  v i r  d ic b io logiese

docl t rct ' fendhcdc van proteicn en vctneer legging nie.  Beidc die d imensie en kurv i l inedr i te i t  van die re levante onder l inge verwantskap-

pc het  tot  gevolg dat  d ie konvensioncle gebruik van mecryoudigc regressiemetodes ongeldig is  v i r  d ie beraming van pars ie lc doel t ref-

l 'endhc'dc van prole ibn- en vctnecr lcgging.  Gevolgl ik  word dic bcstaan van konstantc doel t rcf f 'endhede in v ivo van proteibn- en vets intese

betwy t 'e l .

SUMMARY..

Thrce wethcr lanrbs of  thc Mutton Mer ino type wcrc kept  in conl inement in metabol ism cagcs conf ined to e i ther a calor imeter or  a

structurc rescmbl ing the plant ,  t ' rom about b i r th to about 36 weeks.  Measurements over regular  intervals wi th a id of  the t r i t ium di lu-

t ion techniquc were in agreement wi th protcrn and f 'at  re lent ion mcasured dunng al ternate weeks in the calor imeter.

L incar ly independent mcasurements of  l 'ecd intake,  heat  product ion,  protc in and fat  dur ing act iVe growth indicate that  cumulat ive

feed intake.  curnulat ive l teat  product ion,  body protein and body fat  arc pairwisc log- l incar ly re lated for  each lamb, in such a fashion

t l tat  t l te twodimensional  rc lat ionships e-r tend to a stra ight  l ine in 4 d imc'nsions.  The parameters of  th is st ra ight  l ine detcrmine the

growth ratc conslant  l 'or  a l l  thcsc t ra- i ts  up to a mul t ip l icat ive constanl  wi th t ime dimension.  This suggests improved quant i tat ive con-

t ro l  o t ' body  compos i t i on  by  con l ro l  o f  f ced  in take .

Pr incipal  conrponents analyscs \upport  thc cr t rapolat ion to a strarght  l inc in 4 d imensions by giv ing,  on thc average, a f i rs t  root  of  99/0.

Cumulat ive feed intake against  t ime is dcscr ibed by f i t t ing f i rs l  order auto-regressions of  ln (cumulat lve DF. intake).  In thc teed domain.

cutnulat ivc M[:  intake.  cuntulat ive hcat  product ion.  body protc in,  body fat  and body mass arc log- l inear ly re latcd by ordinary regression

rncthods to cumlt la l ivc DI.  intakc.  l : rom thcsc re lat ionships c l ' f ic iencies for  protein and fat  deposi t ion are calculated and i t  is  shown

tha t  thc  g ross  c l ' t ' i c i ency  o t ' cnc rgy  dcpos i t i on  i s ,  appro .x ima te l y ,  cons tan t  ove r  much  o f  a  l amb 'sg rowth  penod ,  wh i le  no  such  cons tancy

can bc assunted t 'or  t l tc  b io logical  e t ' f tc tencrcs ot 'protc in and fat  dcposi t ion.  Both the dimension and curv i l inear i ty  of  the system olre-

lat ionships betwccn t l tc  re lcvant  var iables inval idatc lhc usc of  convent ional  mul t ip le regrcssion methods to calculate part ia l  ef f ic iencies

c l t ' p ro te in  and  t ' a t  dcpos i t i on .  Consequen t l y ,  doub t  i s  c rp rcsscd  abou t  t l r e  ex i s tence  o f  cons tan t  e f f i c i cnc ies  o f  p ro te in  and  fa t  syn thes is

tn vivo.



ln a paper by Roux (1976), a pattern of energy division
during growth was postulated which follows from pzur-
wise log-linear relationships between cumulative feed in-
take, cumulative heat production. protein and fat. It was,
furthermore, assumed that these linear relationships in
2 dimensions can also be described in 4 dimensions by a
straight line instead of a plane or. to be more exact, a
3 dimensional hyperplane.

To fix ideas on the difference between these 2 senera-
lisations to 4 dimensions let

xl = ln (cumulative'feed intake)
x2 = ln (cumulative heat production)
x3 = ln (bodY Protein)
x4 = ln (bodY fat),

and let

x i  = a i + b i x 1  f o r i = 2 , 3 , 4  ( l )

be the linear relationship between x2,x3 and x4 on the
one hand and x1 on the other hand. Then a straight line
in 4 dimensions can be written as

rl-o1 =$2-a),bz =(x3-t)/b3 =(x4-oibo Q)

where ai = cr-b1c1, as follows from the corresponden-
ces between (1) and (2). A 3 dimensional hyperplane
in 4 dimensions can be written as

Initially, it seems curious tl iat the assumption of (2)
allows the derivation of

" l ' ) r - - 1 1 1
^t  = a+ Ib2l (b j+bi+bJ) I  x t  + {b3/(b;+br+b4)}  x3

- ) 1 r
+ {bal(bin3+b{)  }  xq (4)

which can be shown to be a unique relationship (within
a well defined system of equations) relating input and
outputs.  According to Roux (1976, l98l)  (4)  is  the
equation reflecting the law of conservation of energy.
The proof follows from taking differentials in (4) and
from substituting foi = b1dx1, which follows from (1),
to obtain an identity.

Wr i t ing  y '  =  exp  (x ; ) ,  i  =  1 ,2 ,3 ,4 .  (4 )  de t rans forms to
the arithmetic scaie:

b.,tg)+b!.afu. b3t$)*u!+u/l
Y 1 = A Y 2  

-  ' Y 3

a attb?r+b3*all ( s)
x y 4

Equation (5) is a unique multivariate allometric relation-
ship between the input and all outputs during growth.

Evidence is provided in Roux (1981) that the relation-
ship of each of the xi against time can be written in dif-
ference equation or autoregressive form

x i ( t ) - a t = p ( x i ( 6 - i ) - c i ) +  e i ( t )  ( 6 )

f o r i  =  7 , 2 , 3 , 4 ,

where x; (t) - oi for t -+- and where e ;(t) are random
disturbances and p is the autoregressive coefficient.
Le t  y  =  - lnp .  Roux (1976,  l98 l )  der ives  the  growth
rate constant

y=c(r+b? + b3 + at r l .

where c is a constant with time dimension and the bi - t
are the regression coefficients in (l). Since body mass is
allometrically related to its chemical constituents
(Tul loh,  .1963; Els ley,  McDonald & Fowler,  1964;
Meissner, Roux & Hofmeyr, 1975\ it follows by theory
and direct observation that, excluding measurement
error, (6) also holds for x5 = ln(body mass). Hence the
importance of (7) derives from the fact that it forms a
connection between growth rate and the partit ioning of
energy into heat production and the deposition of
protein and fat.

Equations (6) and (7) reflect the control of growth rate
by feeding rate, and moreover can serve to influence
body composition in a predictable fashion. Since the de-

*l = d pd2x2+djx3+d4x4 (3)

For practical purposes the difference between the
straight line (2) and the plane (3) is that once the para-
meters of (2) and (3) (the d,-s, !-s and b1-s) are
known, knowledge of one linear component implies
knowledge of the whole system in the situation of (2),
but that in the situation of (3) knowledge of 3 compo-
nents are necessary before the fourth is determined.

The hypothesis of a single dimensional log-linear rela-
tionship between cumulative feed intake, cumulative
heat production, protein and fat in the body, can be
tested by a principal component analysis, which should
result in one nonzero root, with the other roots approxi-
mately equal to zero.

The ideas discussed thus far are mathematically in a one-
to-one relationship with Hopkins' (1966) definit ion of
multivariate allometry. The single dimensional nature of
the hyperplane in 4 space, describing growth input and
output, reflects the law of conservation of energy and
the relative constancy of energy division between the
different body constituents and heat production (on the
logarithmic scale of measurement) during growth.

( 7 )



rivation of (7) follows from the assumption of a single
dimension for the four-space describing growth input
and output, it seemed worthwhile to put it, and other
principles involved, to a crit ical test in growing lambs by
measuring everv input-output variable independently,
and nearly continuously, from birth to approximate
matur i ty.

Materia! i ' r iJ Methods

Design

Three wether lambs of the Mutton Merino type were
kept in confinement from about birth to a body mass of
56 + 4,8 kg - a l ife span lasting approximately 35 weeks.
Durhg the entire period they were housed and fed with-
in metabolism cages confined to either an open circuit
respiration plant or a dummy structure resembling the
plant. Body mass, voluntary feeci consumption. body
composition (protein and fat) and heat production were
continuously measu red .

Experimental routine

The lambs were taken from their mothers 2 days post
natally, castrated with elastrator rings and immediately
introduced to their metabolism cages and respiration
plant or dummy structure. The additional housing faci-
tity was necessary because the respiration plant only
consists of 2 chambers. Thus, 2 dummy chambers were
constructed with exactly the same inner measurements,
colour and fan noises, but without respiratory measure-
ment facilities. To avoid drastic environmental changes,
both the chambers and the room in which the chambers
were housed were maintained at the same temperature
o f  2 4  t 2 o C .

The lambs were trained to bottle feeding in the cham-
bers. Cow's milk was supplied according to a schedule
employed by Meissner, Roux & Hofmeyr (1975). Milk
feeding was continued until the intake of a pelleted
growth diet shown in Table I was sufficient to limit the
effects of abrupt weaning (at about 9 weeks of age).
From 3 weeks of age the lambs had free access to the
pelleted diet and water. Fresh food was supplied twice
daily to provide for ad libitum feed intake.

Voluntary intake of digestible (DE) and metabolizable
energy (ME) was measured, every week in the case of DE
and every fortnight in the case of ME. Body mass was al-
so determined every week. Heat production and body
composition were measured every fortnight. Gas ex-
change, faeces and urine collections were done over six-
day periods and corrected to 7 days. On the seventh day
body mass and trit iated water space (body composition)

Table I

Composition of the pelleted diet on on air dry basis

Component Percentage

Lucerne meal

Maize meal

Fish meal

Monosodium phosphate

Calcium carbonate

Salt

Commercial mixture of
vitamines and minerals

Apparant metabolisable energy (MJ/kg) =9,4
Apparent crude protein (%) = 16,2

were measured, whereafter the lambs were interchanged
between the respiration and dummy chambers - the
lamb(s) kept in the respiration chambers for a specific
week were replaced by the lamb(s) in the dummy cham-
bers, the flust mentioned then being introduced to the
dummy chambers.

Animal health

The lambs used were apparently more sensitive and
prone to bacterial infections than others not kept in con-
finement. In fact, 6 lambs were started on the experiment
of which only 3 completed the total period successfully.
The other 3 died of acute pneumonia relatively early
during the experiment. Thus, intensive care of the re-
maining lambs was called for. 'The procedure adopted
was to measure rectal temperature every morning and to
act immediately if alterations occurred. In such cases a
course of broad spectrum antibiotics was given and con-
trnued for 2 days following the return to normal of the
rectal temperature. These methods proved effective, be-
cause the growth rate and voluntary feed intake of the
experimental lambs compared favourably with those of
other lambs not in confinement (Table 2). In addition to
the periodic antibiotic treatment, the lambs were also
treated twice against enterotoxaemia and internal
parasites.

s0

38

l 0

0,5

0,5

0 , 1



Iable 2

Intake and bodymass gain of the lambs in confinement as compared at 2 body masses to lontbs not in confinement

In confinement Not in confinementBody
mass
(ke) Intake

(MJ/day)
gain

(e/day)
Intake

(MJ/day)
galn

(elday)

25 I  1 , 3  t  0 , 8 4

1 3 , 3  t  1 , 5 0

294 ! 38.5

232 t  42,4

l l , 7  +  1 , 2 9

1 3 , 0  t  0 , 9 1

290 + 73,2

220 ! 56,740

M easu re me n t s and t ec hnique s

The open circuit respiration plant used to measure gas
exchange is described by Meissner (1977) and is based
on the salne principles as the plants described by
Thorbek & Neergaard (1970) and Sundstol, Ekern &
Haugen (1974). The composition of air (O2, CO2 and
CH/ is measured by continuously collecting aliquots
of incoming and outgoing air in specially devised plexi-
glass receptacles as described by Thorbek & Neergaard
(1970). These aliquots, collected over periods of 24
hours, are analysed at the end of a particular collection
period by means of a Beckman Model IR 215 B infra-red
CO2 and CH4 analyser and a Servomex OA 184 paramag-
netic 02 analyser. Heat production is calculated by the
formula given by Blaxter & Boyne ( 1970).

Nitrogen determinations on milk, feed, faeces and urine
were performed by macro-Kjeldahl technique (A.O.A.C.,
1970). Energy of combustion of milk, feed, faeces and
urine was determined with an adiabatic bomb calori-
meter. The dry matter in the feed and faeces was deter-
mined by drying to constant mass at l00oC in a forced
draught oven, while the dry matter in milk and urine was
established by desiccation in a vacuum oven.

Protein and fat in the lamb body were calculated from
trit iated water space (TOH) using the trit ium dilution
technique as described by Meissner & Bieler ( 1975). The
prediction equations of Meissner & Bieler were, however,
altered slightly because it was found that they predict
with marked bias at the extremes. The altered equations
were :

(a) before weaning

after weaning

Protein

ln  (Fa t )

=  0 ,1984 TOH

= 7,305 ln (Body mass)
6 ,098 ln  (TOH)  -  6 ,610.

Rates of protein and fat deposition were also calculated
from the calorimetric data. Protein deposition was calcu-
lated from nitrogen balance. Fat deposition was obtain-
ed by subtraction of heat production and protein depo-
sition from ME intake.

Adjustments ond assump tions

Experimental design and facilities allowed some measure-
ments, for example ME, to be taken only on alternate
weeks. Hence data for the missing weeks were obtained
by l inear interpolation where need existed.

At any stage of development, body mass is the result of
total feed intake up to that point. Thus. in a situation
where the relationship of cumulative intake and body
mass is examined, it would be erroneous to allocate zero
intake to the body mass at f irst measurement. In this
experiment the first measurement was at one week of
age. Total ME intake until first measurement was calcu-
lated as the amount of energy in the lamb body (Meissner,
de la Rey, Gerhard & Van der Westhuizen, 1976) times
100/81 , where 8l/, represents the efficiency of ME uti l i-
sation in the newborn lamb (Kielanowski, 1965). Body
energy t imes l9/100 was credi ted to pre+xper imental
heat production.

Statistical methods

With careful experimentation measurement error and
waste in feed intake is negligible. Since cumulative DE
intake was measured most frequently and shows the
greatest range (and number of observations) it is best

(b)

Protein

l n  ( F a t )

0,1732 TOH

16.87 ln  (Body  mass)
14,49  ln  (TOH)  -  10 ,58



qualified to be the independent variable in ordinary re-
gression analysis for which negtigible measurement error
is a requirement. A sizeable range in the independent
variable reduces bias in the estimation of regression co-
efficients, because the effect of measurement error be-
comes negligible.

Hence the pattern in the statistical methods is one of re-
gression analyses with ln (cumulative DE intake) as in-
dependent variable. All other regression equations are
then obtained by algebraic substitution. This is equiva-
lent to using 1n (cumulative DE intake) as instrumental
variable (Kendall & Stuart, 1973). With the high corre-
lations obtained in the present set of data (vide tables 5
and 6) this can be expected to be a highly efficient pro-
cedure.

Relevant plots of the data showed no serious deviations
from the assumptions necessary for valid statistical ana-
lysis. The most important property required was a ran-
dom distribution of points around the straight lines, al-
though some secondary emphasis was also placed on
homogeneity of the errors along the l ines.

In agreement with the usual statistical procedure com-
mon slopes and intercepts are fitted when possible.
When the analysis of covariance indicated a common
slope, but different intercepts, conditional intercepts
were calculated based on the value of the common
slope.

Results

The relationship between DE and ME

The cumulative nature of measurement error in ME.
makes it necessary to do calculations on differences.

The results in table 3 are obtained by the deletion of the
points before weaning, which do not show the same rela-
tionship as the others. There are no significant differen-
ces in slope between the lambs, and the common slope is
significantly different from one. Hence the relationship
between DE and ME is of the form cumulative ME = A
(cumulative DE)0,95, where A is a constant depending
on the initial values A =exp a =eXp {1n(cumulative ME
(0)) - b ln (cumulative DE (0))], where cumulative
ME (0) is the cumulative ME at time zero, and likewise
for cumulative DE. The observations for lamb W15 are
given in Fig. 1.
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Fig. I

I  n  (curnu la t i ve  DE in take ,  MJ )

The relationship between ln (cumulative DE
intake, MJ) and ln (cumulative ME intake, MJ)

for lamb W , t ofter I3 weeks of age

Table 3

Regression relationships between In(cumulative ME, Il4I) and In(camulotive DE, MJ)

(a) Intercepts and slopes (b) Tests

Sheep No. Hypothesis d.f . F o r t

K 1

wts

wzs

Common

0 , 2 1 1 1

0,2395

0,2272

2 ; 2 6

28

0,25

8,43r'*

0 , 9 5 1 0

b I  +2+3

b = l

s.e.(b) =0,0058

residual s.d. = 0,0067



Table 4

Regression relotionships between meosurements in the calorimeter and those based on titiated water space

Trait s.e. hypothesis t-value d.f. residual s.d.

ln(protein, kg) 0,954 0,0838 b = I

ln( fat ,  kg) 0,866 0,1198 b = I

0,549 20 0,0397

1 ,122  lg  0 ,1  505

The relationship between meaflirements in the No significant deviations from a slope of one were found,
calorimeter and those on tritiated water space and hence the 2 types of measurements are in agree-

ment .
The tests in Table 4 are again on differences, according
to the error structure arising from cumulated calori- The relationship between input and outputs
meter measurements. The tests are based on the as-
sumption that measurements based on tritiated water The relationships between ln (cumulative DE) and the
space are corect, and the starting values for the calori- logarithms of body protein and body fat as based on
meter measurements are those of tritiated water space. triated water space, and cumulative heat production

Table 5

Regression relationships with 1n(cumulative DE, MJ) as independent variable before I3 weeks

Sheep no. intercept s.e. of intercept slope s.e. of slope 12 and residual s.d.

(a) 1n (body mass, kg)

Kl -O,g24g 0,0312
wt s  -0,9152 0,0356
wzs -0,gg5g 0,0293
Common

(b) ln (cumulative heat production, MJ)

0,6:33 o,ot  +t

1,0709 o,olso

0,9824
0 , 0 7 1 6

0 ,0319

K l  - 1 , 0 4 1 6
w t s  _ 1 , 0 6 6 1
wzs __1,0646
Common

(c) 1n (body protein, kg)

common -2 ,7093 0,2686 0,67 13 0,0456 0,95 5g
0,0754

(d) ln (body fat ,  kg)

l ,1162 0,0973 0,9294
0.1607

Common 6,5848 0.5725



Regression relationship s with

Table 6

In (camulative DE, MJ)as independent variable after l3 weeks

Sheep no. intercept s.e.  of  intercept slope s.e.  of  s lope r j  and res idual  s .d

(u) 1n (body

K l
wts
wzs
Common

mass. l."g)

-0,0278
-0,0934
- 0 , 1 3 1 8

0,0096
0 ,0105
0 ,0133

0,0244
0,027 |
0,0296

0,0448
0,0523
0,0856

(c)

(b) 1n (cumulative heat production, MJ)

K I  
-0 ,7885

w t  s  
- 0 , 7 6 7 3

w zs 
-a.7 627

Common

ln (body protein,  kg)

K l  - 0 , 6 5 1 1

wt s -o,7ogg
wzs -0,9099
Common

1n (body fat ,  kg)

Kl --6,9200

wt s -7 ,0527
w zs ,,6,9161
Common

0,s078

1,0297

0 , 3 5 1 5

I  , 1 7 8 9

0,0056

0,0089

0 ,0157

0.0308

o,99l i
4,0222

0,0082

0 ,8176
0,0401

4,9826
0,0786

(d)

before and after 13 weeks are given in tables 5 and 6
respectively.

The need for separate relationships before and after 13
weeks is in agreement with Meisner, Roux & Hofmeyr
(1975) and is especially clear in the case of protein and
body mass and is a little less pronounced in the case of
fat. The relationships aft'er 13 weeks are illustrated by
the observat ions on W15 in Fig.2.

Au to re gre ssiv e re lofio nsh ip s

Only DE was measured extensively and with small
enough measurement error for the use of (6). The results
are given in Table 7. The distance or Bl follows from the
solution to (6),

E  { x 1 ( t ) } = o l  -  { c . ,  -  x 1 ( 0 ) } O t

=  - l  -  B t  p t

The adequacy of the model of eq. (6) is tested
model

(8)

b y a

x1(t)  =a + 01x1(t- l )  + 0Z x2(J-2) + e(t)  (9)

If (6) is adequate, 0l should be nonsignificant. The t-
values for Ol and O2-are given in Table 8.OZ is signifi-
cant only for Kr. This result is atypical for this type of
sheep and diet and is due to a small change in intercept
in the course of the experiment resulting from some dis-
turbance or other in feed intake. The change in intercept
is illustrated in Fig.3 in the autoregressive plot for K1



Table 7

Autoregressive relationsltips for In (cumulative DE, W), meontred weekly

limit
(*  r )

s,o. autoregressive
coefficient (p)

distance
(  B1 )

residual
s .d .

Sheep No.

(a) Before l3 weeks

K l

wts

wzs

Common 7 ,1533

After l3 weeks

K l

wts

wzs

8,5603

8,4022

8,2668

Common

(b)

0,1534

0,0623

0,0623

0,0639

0 ,8715

0,9374

0 , 0 1 1 7

0,0031

3,6345

2,9400

3,5246

2,1421

l,g47g

1,5979

0,0548

0 , 0 1 l 8

:
;  3 , 8

E
'o

l n  ( c u m u l a t i v e  D E  i n t a k e .  M J  )

The relationship between In (anmulative
DE intoke) ond In (body mass) for lomb
W 15 after 13 weeks of age

The relationship between ln (cumulative.
DE intake) and In (cumulotive heat pro-
duction ) . for lamb IU , 5 after I3 weeks of
age

Fis. 2(a) Fis. 2(b)
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6 . 5

Fig.2(c):

6 ,5  ' / . 1  1 . ' 7  8 .3
ln (cumulat ive DE intake,  MJ)

FiS. 2(d): The relationship between In (cumulative

DE intake) and ln (body fat) for lamb
W ,5 after 13 weeks of age

Table 8

Tests of signilicance for regression coefficients in second
order au toregressive model

Sheep Error t r  t r
No.  d . f .  r  L

l o

I
i ' '. i
t__

Fig. 3: The autoregressive plot for ln (DE(I,IJ))

for lamb K I ofter I3 weeks of oge

Table 9

Principal component analysis: the percentoge values of
the latent roots of the covariance matrtx of the loga-
rithms of anmulative digestible energl intake, body
protein, body fat and cumulative heat production

Sheep No.of largest Second Third Smallest
obser- root root root root
vations

7 . t  7 . 7  8 . 3
I  n (cumulat ive DE intake.  MJ.1

The relarionship between In (cumulative
DE intake) and ln (body protein) for
lamb W 15 after I3 weeks of age

-Y
. l 8

s

K l

wts

wzs

Common

0,62 0,04

0 ,73  0 ,15

0 ,56  0 ,1 I

0 ,88  0 ,1 I

8

7

6

2 l

99,34

99,12

99,33

99,01

0,00

0,00

0,00

0,00

K 1

wts

wzs

23 3,7  4**

4,94**

2,89**

2 ,91**

-o,60

1 ,54

after l3 weeks of age, where x1(t-l) is represented on
the X-axis and x1(t) on the Y-axis. Such a change in in-
tercept is in line with theory (Roux, 1976).

Princ ip al component analy sis

The critical test for the single dimensional nature of the
input-output system in four-space describing growth fol-
lows from the calculation of the latent roots (eigen
values) of the covariance matricrs of the lambs K I , Wl5
and W25 after l3 weeks. The roots are shown in Table 9.

23

20

I  n  (cumula t ive  DE in take .  MJ )



Dirussion

Dimension of the inputoutput system

Without measurement error the covariance matrices of
ln (cumulative DE intake), ln (cumulative heat produc-
tion), ln (protein) and ln (fat) would have, under the
single dimensional hypothesis, one nonzero root and 3
zero roots. Measurement error causes a positive shift in
the zero roots. The results in Table 9 show that the fust
root contains 99%of the total variation of the 4 variables
included in the covariance matrix, and all the other roots
contain l/0. Hence 99/, of the total variation in the input
and outputs can be ascribed to a single dimensional
linear relationship between them. The other l l is small
enough to be ascribable to measurement error.

A procedure that may result in a root near to zero would
be to obtain, say, heat production by subtracting energy
retention from ME intake. Such an artifact of measure-
ment is impossible with the procedures followed here,
since 4 characteristics were measured independently to
obtain the input and outputs of growth.

Hence the use of eq. (7) offen promise of increased
quantitative control of growth rate and body composi-
tion by the manipulation of feed intake. The gains in the
economy and extent of description of growth should be
evident from the results presented.

The efficiency of deposition of protein and fat

In the present context the natural way to define and cal-
culate the efficiences of protein and fat deposition are
from the partial derivatives of equation (5). BV the use
of the relationship

dy;lyi - dxs,
i =1,2,3,4 where the index i indicates the same traits as
in (1), it follows from (4) that

Ayr = 6j+a!+bh'r {g2v 1lv2)ay2+(b3 v 11ry)Lv3

+ (b4x1lvQLv4\

since Ay; = dyi, approximately.

Hence it is clear that

a1v fi daj+aj+al), i = 2,3,4,represent

version ratios for heat production, protein
partial efficiencies would be equal to

v{a4+t}+al)biv 1.

the feed con-

and fat. The

A comparison of (10) with the so-called total differential
identifies the feed conversion ratios with partial deriva-
tives, in which, for example protein and ME intake are
allowed to vary, but heat prodrrction and fat are kept
constant.

One might, of course, argue that the assumption of keep_
ing heat production constant is unrealistic, since increases
in protein and fat deposition must, necessarily, be asso-
ciated with increases in heat production. A possible solu-
tion to this problem is to consider, analogously to (a)
and (5), a relationship including protein and fat only, de-
leting heat production. It is then possible to calculate
derivatives in which only protein or fat, as the case may
be, are kept constant. The conversion ratios for protein
and fat are then

,,| .oiY 1lv i{&!+bft)

for i = 3,4 and the partial efficiencies would be equal to

v{a}+af1lbiyr , e2)

for i = 3,4.

Gross efficiency might also be of some interest. tn the
same form as (ll) and (12) the gross efficiencies are
dy i ldv t=b iv i /y1 ,  (13)

for i = 3,4.

It is, perhaps, worthy of note that alt the efficiencies
have the same general form

Y1(b1+k)/Yt,  (14)

where, for example, k is equal to

. - ' )  ,  1 .  1(aj+b'Ql\ or bfi lbj or 0,

for protein, i = 3, say. Any efficiency for protein will de-
pend, as regards constancy, on the ratio y3/yr. This
ratio can only be constant if b? = l. Frorn Table 6,
bZ * 1 and b+ * 1, significantly-so in agreeinent with
Meissner (1977) with much more extensive data. Hence
the conclusion is inescapable that no constant partial
efficiencies can be calculated by the methods employed
here. Thus, it is a peculiarity of biological organisation
that there can be no constant biological efficiencies of
protein and fat deposition. partial support for this fact
follows from the conclusion of Kotarbinsk a &
Kielanowski (1967) that protein synthesis in older ani-
mals is les efficient than in young ones, and from tlre
great variability of estimates published in the literature,
all of which hardly can be attributed to poor technique.

To illustrate these conclusions the efficiencies of protein
and fat deposition, calculated according to equations
( l l ) ,  (12) and (13),  are given for lamb K1 in Tables l0
a n d  I  1 .

With data from only 3 sheep, there should, of course,
be no great pretence of representativeness. None the less.
there are several features of Tables l0 and I I worthv of
comment.

(10 )

( l  l )

l 0



Table 10

The efficiency of protein and fat deposition before

I3 weelcs of age of lamb K I 
(MJIMJ)

B o d v  e q ( 1 1 )  e q ( 1 2 )  e q t i 3 )  e q ( l l )  e q ( 1 2 )  e q ( 1 3 )
mass

3. It is of some interest to note that the efficiencies
of protein deposition decrease with increase in body mass
and those of fat deposition increase with body mass.

4. The gross efficiency of energy deposition can be
obtained by adding, in Tables l0 and 11, the rezults
from eq. (13) for protein and fat. The totals are given in
Table 12.

The rezults in Table 12 are also of interest in their own
right. The average gross efficiency of 36 percent for 5
and 10 kg is in excellent agreement with Rubner's value
of around 35 percent for his index of gross efficiency
during the doubling of birth weight of various animals
(Needham, 1964). The rest of the table is also in very
good agreement with Needham's (19<4) observation that
gross efliciency of growth is approximately constant
over much of the growth cycle. In the light of the re-
marks on (14), this fact follows from the fact that the

slopes between ln (cumulative heat production) and
ln (cumulative DE or ME) are near to one, as follows
from Tables 5 and 6.

It seems fair to conclude that an approach to a study of
growth, efficiency and feed evaluation based on total
energy retention (vide, for instance, Blar<ter 1969) will
result in useful approximation, but that extrapolation,
beyond the experimental range, may result in large enor
if the conventional use is made of the partial efficiencies
of protein and fat deposition.

Additional support for the single dimensional nature of
the inputoutput system by which growth is described
in this paper is summarized by Roux (1981). It follows
that the dimension and curvilinearity of the system on
the arithmetic scale invalidate any attempt to obtain
answers on the cost of protein or fat deposition by
ordinary multiple regression methods. The only con-

Table 12

The gross efftciency of energt deposition of latnb
K 1(MryMJ)

Before l3 weeks of age After 13 weeks of age

Body mass Efficiency Body mass Efficiency

Fat

1 0

l 5

I ,84 I ,10 0, '29

1 ,35  0 ,80  a ,2 l

l , l 2  0 , 6 7  0 , 1 8

0,99 0,59 0,16

0,89 0,53 0,14

0 ,23  0 ,14  0 ,10

0 ,28  0 ,17  0J2

0 ,31  0 ,19  0 ,14

0,34 0,20 0. !5

0 ,36  0 .21  0 ,1625

'f,able 
I I

The efficiency of protein and fat deposition after 13
weeks of age of lamb Kl (MJ/MJ)

Protein

B o d v  e q ( 1 1 )  e q ( 1 2 )  e q ( 1 3 )  e q ( l l )  e q ( 1 2 )  e q ( 1 3 )
mass

Fat

45

75

I,68

1 , 3 5

0,84

0,60

0,46

0,99 0,08 0,31

0.80 0.07 0,34

0,49 0,04 0,41

0,35 0,03 0,46

0,27 0,02 0,51

0,18 0,17

0 ,20  0 ,18

0,24 0,22

0,27 0,25

0,30 0,29

l. Using a model similar to Orskov & MacDonald
(1970) Hofmeyr (1972) reported partial efficiencies of
0,65 and 0,45 for protein and fat synthesis, respectively,
for sheep of the Mutton Merino type. These estimates
are included in the range of values derived from eq. (12)
for protein, and serve as an upper boundary for the
values derived from eq.(l l) for fat.

'2. 
The large number of efficiencies for protein larger

than one from eq. (11), together with the more reaiistic
estimates from eq. ( 12), indicate that so much heat pro-

duction is associated with protein deposition as to render
the assumption of constant heat production totally un-
tenable. The situation is less extreme with fat.

0,39

0,33

432

0,31

0,30

25 0,25

4,25

0,26

0,28

0,30

45

l 0

1 5

75

1 l

25



ceivable way by which constant costs of fat or protein seems very likely that such an interchange would leave

synthesis can be obtained would be if the substitution of the dimension of the relevant system unchanged. In a

heat production by maintenance would change the di- single dimensional system the proof, associated with

mension of the system. Since maintenance constitutes (14), is applicable against the existence of constant

at least half of the heat production of homeotherms it partial efficiencies of protein and fat synthesis.
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