
S. Afr. J. Anim. ScL I I , 255-268 ( I9S I )

THE INFLUENCE OF DIETARY ENERGY ON A MATHEMATICAL MODEL FOR GROWTH.
BODY COMPOSITION AND FEED UTILIZATION OF PIGS

Receipt of MS I 5-09- I 980

C.Z. Roux and E.H. Kemm
A.D.S.R.l., Priyate Bag X2 lrene, Republic ol'South Africa, 1675

(Key words: Dietory energy, mothematical model, growth, bocly composition, feecl utilization, pigs)
(Sfeutelwoorde: Dieetenergie, wiskuntlige model, groei, Iiggaomsamestelling, voerverbruik, varke)

OPSOMMING DIL  INVLOt lD  VAN DIL I :T I :NERGIT . -  OP 
'N  

WISKUNDIGI l  MODEL V IR  GRO[ . , I ,  L IGGAAMSAMESTEL.
L ING hN VOERVERBRLI IK  BY VARKI . .

'n Wiskundige model tesame met data-analise's is aangepas om die eft'ek van variasre in energiekonsentrasie van die dieet, rvat verkry is
deur d ie byvoegurg van verski l lende proporsies saagsels,  op die groeiende vark te bepaal .  Energiekons€ntrasie het  d ie autoregressie-
koef f is ient  van ln (kumulat iewe voer inname) en die hel l rng van die togl inedre verwantskap tussen l iggaamsvet en kumulat iewe voer-
inname (MIr) '  beihvloed'  ln kontras hiermee hel  d ie hel l ings van die logl ine€re verwantskap tussen l iggaamsmassa, kumulat iewe hi t te-
produksie, proteibn- en totale ligltaamsenergie met kumulatieu'e ME nie met energiekonsentrasie gevarieer nie, hoewel alle afsnitte met
energiekonsentrasie var ieer '  Die betekenis van hierdie patroon van groeiresponsies word geihterpreteer in terme van die meganismes wat
groei  beheer en die anal ises is  op sodanige wyse gedoen dat  d i t  in terpolasie toelaat  na saagselv lakke wat n ie in d ie eksper iment ingeslu i t
is  n ie.

SUMMARY..

A mathemat ical  model  together wi th data analyses were adapted to descr ibe the ef t 'ect  of  var iat ion in d ietary energy concentrat ion,
achieved by the inclusion of  d i f t 'erent  levels of  sawdust ,  on the grou' ing pig.  I t  was found that  the autoregression coef f ic ient  of  ln (cumu-
lat ive l 'eed intake) and thc s lope of  the log-Linear rc lat ionship between body fat  and cumulat ive l 'eed intake (ME) are int luenced by
energy concentrat ion '  In contrasl .  the s lopes ol  the log- l inear re lat ionship of  body mass,  cumulat ive heat  product ion,  protein and tota l
body energy rvith cuntulative Ml: do not vary with energy concentration, although all intercepts are again found to vary. The signit-rcance
of th is pat tern ot 'growth responses is  interpreted in terms of  mechanisms contro l l ing growth,  and the analyt ic  procedure al lows inter-
polat ion to sawdust  levels not  inc luded in the exper iment.

The meat trade in South Africa requires pigs with a
maximum amount of lean meat but with a restricted
iunount of fat, to be slaugjrtered at about 90 kg l ive mass
as baconers, and 50 kg as porkers. Energy intake of the
pig greatly determines the amount of fat stored in the
pig body (Lewis & Hardy, 1970, Lodge, Cundy, Cooke
& lrwis, 197?. Cooke, Lodge & Lewis, 1972). It is
therefore important to relate energy intake by the pig to
its growth pattern, body composition and to the effi-
c iency wi th which ingested nutr ients are ut i l ized. Ad
l ib i tum intake of  feed and a high dietary energy densi ty
have an advantageous effect on growth rate (Barber,
Braude,  Mi tche l l  &  P i tman,  l97 l ;  Cooke e t  a l . ,1972) .
Nevertheless greater advantages may come from mak-
ing energy intake depend on the end product required
and on the efficiency with which the end product is
produced.

Teague & Hanson ( 1954), lJochstetler, Hoefer, Pearson
& Luecke (1959) ,  Co le ,  Duckwor th  &  Ho lmes (1967)
and Baird,  McCampbel l  & Al l ison (  1970) showed that
dietary fibre per sc is not necessarily responsible for
changes in gain and carcass character ist ics.  but  rather

the reduced energy content of high fibre diets. Baird,
McCampbell & All ison (1975) studied the effects of
both fibre and bulk of the diet and came to the conclu-
sion that the pig eats to satisfy a nutrient or energy re-
quirement. Bulk or f ibre content is therefore l ikely to
affect energy intake only by physically limiting vo-
lume of intake. Thus, it seems important that dietary
energy should be diluted with a bulky, virtually inert,
substance.

A substant ia l  expendi ture in labour and equipment is
incuned when feed intake has to be restricted to ensure
an acceptable carcass. A desirable alternative might be
ad libitum feeding on bulky feed. Consequently it is im-
portant to quantify the effect of dietary energy density
measured at an ad libitum intake level on the growth
pattern, growth rate, body composition and nutrient
ut i l izat ion.

Furthermore, the generally accepted mass at slaughter of
50 kg for porkers and between 85 and 90 kg for bacon-
ers does not necessarily represent l ive masses at which
optimal feed efficiency is attained. Consequently, it is
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desirable to evaluate the effect of energy intake on the
performance of the growing pig over its entire growth
period, with the aim of establishing the mass at which
the pig must be slaughtered for optimum performance,
both biologically and economically. Accordingly this in-
vest igat ion was planned to quant i fy the ef fects of  d iet-
ary energy concentrat ion and intake on pig growth and
performance. This is the f i rst  of  2 papers on this topic,
and wi l l  cover the development of  a sui table model to-
gether with the analysis of data. The mathematical
model used for description and prediction is an extension
and adaptat ion of  the work of  Roux (1976).

Materials and methods

Experimental onimols

A total of 75 [-andrace X Large White crossbred cas-
trates weaned at  3 weeks of  age were used. Of these l2
pigs were slaughtered at 5 (3 pigs),7 (3 pigs) and 8 (6
pigs) weeks of age before any nutrit ional treatment was
imposed. The remaining 63 pigs were allotted to one of
6 nutr i t ional  t reatments when 8 weeks old.

Piglets used in the experiment were castrated at an age
of 2 weeks, weaned at  3 weeks and then reared as a l i t ter
group (excluding the females) to 5 weeks, whereafter
they were individually reared in flat deck-type cages 1,6
x I metres in size, f itted with a self feeder and an auto-
matic water nipple. Temperatures in the building were
contr<l l led to the extent that  minimum temperatures
never dropped below 20oC, while maximum tempera-
tures seldom rose above 30oC, All pigs received the same
creep feed (19,59% crude protein in the DM, and a
metabol izable energy,  ME, content of  15,28 MUkg DM)
from a week prior to weaningto 7 weeks of age. There-
after the experimental diets mixed with the creep feed
on a 50:50 basis were fed unt i l  8 weeksof age when the
full experimental diets were introduced. Pigs were fed ad
libitum at all stages. Feed intake and live mass were re-
corded on the same day at weekly intervals. Feed and
water were not wi thdrawn before mass determinat ions.

Estinmtion of initial cumulative ME intake

The stat ist ical  analyses in th is paper are based on the
allornetric relationships between cumulative ME in-
take, f rc lm the t ime of  concept ion,  and body mass or the
components of  body composi t ion,  as wi l l  be evident.  In-
div idual  feed intake from concept ion up to 5 weeks of
age had to be est imated. The total  body protein and fat
conten t  o f  the  l2  p igs  s laughtered  a t  5 ,7  and 8  weeks
of age were determined according to the method de-
scr ibed by Kemm & Ras (1916).  From the data,  the fo l -
lowing regression equat ions for protein and fat  content
were calculated:

l .  Protein:  ln mass (kg) = 0,9053 ln protein (kg) -

1 , 9 2 8 1

r -  =  0 ,978 C.V.  =  1 ,88%

2. Fat :  ln mass (kg) =  0 , 6 5 7 9 I n  f a t  ( k g )  2 , 4 1 l l

=  0 ,856 C.V.  =  4 ,89%12

The above equat ions were then used to compute body
protein and fat  content at  an age of  5 weeks for each pig
to be used in the exper iment.  From these f igures cumu-
lat ive ME intakes from concept ion to an age of  5 weeks
were calculated for each pig by using the conversion
factors calculated by Thorbek ( 1970) for protein and fat
synthesis. According to Thorbek the amount of ME re-
quired for protein synthesis is 49,8 MJ/kg protein syn-
thesized and for fat the requirement is 5l ,9 MJ/kg. To
this a maintenance allowance should be added.

The values for ME intake from conception to 5 weeks
of age, based on the mass of the pig at 5 weeks, could
therefore be added to the measured amount of feed
(ME) of each experimental animal. This procedure was
more acceptable than that of nonlinear estimation for
init ial feed intake in equation (1), as the nonlinear pro-
cedure gave grossly deviant estimates for some pigs. For
the rest of the pigs the estimates of init ial feed intake
from both procedures showed good agreement.

E x perimental treatme n t s

The composition of each of the 6 diets fed from 8 weeks
onwards is set  out in Table l .  Diets I  to 5 were com-
pounded to contain 20/, protein, equal in protein quali-
ty and origin and known to be in excess of the require-
ments for optimum production. A dilution of the diet-
ary energy content of the diets was achieved by re-
placement of maize starch by equal amounts of pine
wood sawdust. Diet 6 served as a control diet represent-
ing the type of growth diet presently used in South
Africa.

Al lotment of  the pigs to the respect ive dietary t reat-
ments and the age at  which they were s laughtered is set
ou t  in  Tab le  2 .

Slaughter procedure

Pigs on any one t reatment  were s laughtered one at  a

t ime at  I  week in terva ls  f rom an age of  9  weeks up to  29

or  3 l  weeks when the las t  p ig  in  a  t reatment  was

s laughtered.

Each p ig  was s laughtcred at  a  predetermined age imme-
d ia te ly  a f ter  i ts  mass was determined (water  and food

not  be ing wi thheld  beforehand) .  Af ter  e lect r ica l  s tun-

n ing each p ig  was suspended f rom the h ind legs over  a
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Table I

E.rperimental diets

D ie t  No.

Dietor-v component

Yef low maiz.e meal. kg

Fish nrea l ,  kg

Maize s tarch,  kg

Pine wood sawdust, kg

Lucerne meal, kg

Wheaten bran,  kg

Bone meal ,  kg

Sal t ,  kg

Na tHPOO,  kg

Mater ia l  & V i tamin mix ture.

Dietory composition*

Crude protein contenl, /o
Crude f ibre  content ,  %
ME content ,  MJlkg DM * ' .x {<

34
26
8

3 2

34
)6
l 6
24

34
26
3 2
8

34
26
40

0,5
t;,

13,8
1 , 5

16,97

0,5
t.'

23,6
7,3

I  5 , 5 7

34
26
24
t 6

0,5
0,3
+

23,2
12,3
t3,97

0,5
0,3
+

23,4
l J  , 7
12,87

0,5
0,3
+

1 7 )

1 1  1
L L , I

11,49

l l

t 2

l 0
5
I
I

+

19,2
5 ,6

1 4 , 8 5

* *

* Determined on a DM basis acc<-rrding to AOAC procedures.
'F{(  A cornmercial  mixture was added accclrding to the manufacturers prescr ipt ion.

***  Determined in a metabol ism tr ia l  wi th 6 pigs per diet .

Table 2

Age and live mass at slaughter oJ'the pigs allotted to the yarious rurtritional treatments

Treatment No.

Age,

days

Mass,
kg

Age,

days

Mass,
kg

Age,
days

Mass,
kg

Age, Mass,
days kg

Age, Mass,
days kg

Age, Mass,
days kg

7 8
90

r 0 5
l l 8

122

1 3 5

147

162

l t 4

1 8 8

104

1 7  ) 5

3 3 , 5 0

42,50

4 8 , 1 5

44,15

70.50

82,7 5

78,25

79,50

1 0 8 , 1 5

I  2 1 , 0 0

7 8

90

1 0 5

I  l e

1 3 6

146

t 7 5

l 9 l

l0 l

r s  1 5

3 1 , 7 5
4 5 , 5 0
54.15

64.,s0
7  5 ,25

80,00
I  I  1 , 5 0
I  1 8 , 5 0

7 7

90

1 0 5

l l 9

1 3 2

1 4 8

l 6 l

n4
1 8 8
207
216

23)s
3 1 , 5 0
36,50
43,00

5 1  7 5
"  t ' -

7 1 , 5 0
79,50
87,00
90,50

106 ,25
109,00

7 7

90

104

l l 9

1 3 2

148

1 7 5

1 8 8

207

2t7

1 9 , 5 0
t s  ? 5

3  1 , 5 0
46,25

5 l  . 2 5
63,50

75,00
95,00

103,2 5
83,00

76

90

106

l 1 9

26,7 5
36,50
44,25
62,50

77 22,00

90 23,95

106 24 ,7  5

I  19  35 ,7  5

t32 36,7 5

148 50,25

162 52 ,25

175 60,25

192 67 ,7 5

202 16,50

216 90,50

132 63,00
146 80,75
161 84,50
174 84,00
188  103 ,25
202 106,50
2 t6  I19 ,00
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plastic bin, its throat cut, and all the resulting blood
col lected in the bin.  Af ter  removal  of  the gut and head,
the carcasses were split medially down the back. The
right side of each carcass was kept for carcass quality
evaluat ion.

After measuring the mass of the left side, minus front
and hind trot ters,  i t  was cut up into chunks and stored
in air t ight plastic bags in a deep freeze for chemical
analyses. The head, t rot ters,  b lood and empt ied gut
were also stored in a deep freeze after mass determina-
tion for checmical analyses. The methods employed in
grinding, sampling and chemically analyzing the car-
cass and offal components are described by Kemm &
Ras ( 1976).

Statistical methods

(a) Estimation and tests in the feed domain

ln regression analysis the x or independent variables
should be measured virtually without error. Relative
measurement error can of ten be expected to be least  in
the measurement of feed intake and, since all body
energy processes are dependent on it, cumulative feed
intake is also the variable with the largest difference be-
tween the smallest and largest observations. Hence, for
ordinary regression equations it is, in the present cir-
cumstances, often an optimal procedure to use ln (cu-
mulative feed intake) as x or independent variable. The
logarithms of body mass, total energy, body protein,
body fat and cumulative heat production are then treat-
ed as y or dependent variables. Any other relationship
such as, say, body protein versus body mass can then be
obtained by algebraic substitution. Even in cases where
the other variables are measured accurately enough to
be used as independent variables, this procedure is sti l l
eff icient enough for most applications. Algebraic sub-
stitution in relationships with In (cumulative feed in-
take) is equivalent to the use of instrumental variables in
regression, and in the situation where, Say, In (body
mass) is the proposed new independent variable, the re-
lative estimation efficiency of the regression coefficient
would be equal to the square of the correlation co-
efficient between ln (body mass) and (cumulative feed
intake),  v ide Kendal l  & Stuart  (1913, pp. 414, 435).

The model for the data from the slaughtered pigs is

y = a + b x + e ,  ( l )

where x is ln (cumulative feed intake) and y is equal to
the logar i thms of  the other var iables of  interest ,  at  the
point of slaughter. The usual tests and procedures are
then assumed to apply.

(b) Esrimation and tests in the time domain

In the t ime domain possible models fo l low from Roux
(  1976) .  For  the  da ta  a t  the  po in ts  o f  s laughter  the  mode l

where cc is asimptotic or adult value. Here each datum
represents a different individual, so that the errors are in-
dependent.  Equat ion (2) is in the t ime domain the equi-
valent of ( I ) in the feed domain.

From the theory of Roux (1916) p is an important
parameter, associated with the partit ioning of energy for
protein and fat synthesis and for heat production. Hence
i ts ef f ic ient  est imat ion is of  the utmost importance.
When (2) was used for the est imat ion of  p ,  i t  d id not
show a pattern against percentage sawdust in accordance
with the pattern for  the part i t ioning of  energy,  as indi-
cated by the s lopes of  eq.  (  I  ) .  Hence i t  was decided to
use the autoregressive model for estimation purposes,

y ( t )  - c  =  p ( y ( t - l ) - c ) +  E ( r )

y ( t )  = p y ( t - l ) +  c ( l - p ) +  e ( r ) .

will be

Y ( t ) = q  + 1 P t + e ( t ) ,

y ( t )  = a  +  p t ( y ( O )  -

wi th

c + pt(y(o) -cc)+

r -  I
c ) +  I  p j e ( t - i )

j = o

p t p

For the application of equation (3) the cumulative feed
intakes from 5 pigs from each treatment were used, with
each pig having l0 or more weekly feed intakes.

The process represented by equation (3) is also known as
a Markov process in the l iterature on time series, and its
solution rs, for

l p l (  I

(  l )

( 3 )

( 4 )

(s)

(say) the so-cal led part icular solut ion of the Markov
process.  In  the l i te ra ture on the est imat ion o f  p  i t  is
assumed that the process has been going on for such a
long t rme that  the par t icu lar  so lu t ion is  equal  to  c  .
However ,  in  growth s tud ies th is  is  mani fest ly  not  the
case.  Hence,  i t  fo l lows that  in  Roux 's  (1976)  equat ion
(54)  the denominator  can be large in  re la t ion to  the
numerator .  as  i t  can be shown to  be propor t iona l  to')
P-  As the means of  es t imates o f  the p  s  showed no
t rend wi th  length o f  record i t  seemed safe to  conc lude
that  the usual  b ias in  est imates o f  p  wi th  par t icu lar  so-
l u t i on  equa l  t o  c  ( i ns tead  o i  ( 5 ) )  i s ,  i n  t he  p resen t  s i t u -
a t ion,  indeed negl ig ib le .
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( c )

Let

Notation

cumulat ive feed in take

cumulat ive heat  product ion

body prote in

body fat

body mass

tota l  body energy

L )

' r=

' 3 =

t 4 =

t s =

2 6 =

1 5 )

I
t ,
V-

Fig. I ; Autoregressire plot for
ment l, The breakpoint

Let also

x i  =  ln (z ; )

f o r  i =  I  ,  f  ,  . . . . . ,  6 ,  a n d  n o t e  t h a t

z i  =  exp  (x ; ) .

Statistical analyses

l. Estimates and tests in the time domain

The appl icabi l i ty  of  Roux's (  1976) theory depends on
l inear relat ionships.  To this end, logar i thmic relat ion-
ships are used, and besides l inear relat ionships between
the different characteristics, l inearity should also be re-
vealed by autoregressive plots of  x;( t )  versus x,  ( t  -  |  ) ,
where x,  ( t )  is  the value of  the i  - th character ist ic at
week t  and x,( t  -  I  )  is  the value of  the same at week
(t  -  l ) .  Plots of  th is k ind are given in Figures I  and 2,
of the 2 individual pigs with the longest records from
Treatments I  and 5,  respect ively.  Note the breaks in the
l ines associated with ln (cumulat ive ME, MJ) at  week I  I
on the X-axis and week l2 on the Y-axis indicated by
the arrows in the figures. In Figure 2 the change to the
diet  containing 32/ '  sawdust is indicated by a s ingle de-
viant point .  l t  would seem, therefore,  that  perhaps some
sort of physiological change was associated with I I
weeks of age in the experimental animals. The existence
of a s imi lar  breakpoint  at  approximately I  I  weeks of  age
was conf i rmed for addi t ional  animals on al l  t reatments.
For a discussion on the significance and physiological re-
lat ionships of  these breakpoints Schol tz & Roux (1980)
can be consul ted.

Breakpoints at I I weeks of age are also evident from
Figures 3 and 4 where the plots of  the animals of  Figures
I and 2 are shown for In (body mass, kg) against ln
(cumulat ive ME, MJ),  wi th al l  measurements taken with
weekly intervals. In the l ight of the results from plots
l ike Figures I  -4 i t  was decided to analyse al l  data f rom
the I I th week onwards.

Fig.2. Autoregressive plot Jor a single ptg Jrom treot'
ment 5. The breakpoint is indicated by an anow
and the encircled deviant point is associated
with a change in diet

Fig.3. Plot of ln (body mass, kg) against ln (cumulative
ME, MJ) for an individuol from Treatment l.
The breakpoint is indicated by an orrow

o single pig from Trear-
is indit'ated bv an orrow

( 7 )
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/ l

, " "

-s,0 5. ,s b.0 6.5 7,0 7,5 8.0 8,5
l r r  (curnrrht ivc l tE,  MJ)

Fig. 4. Plot of ln (body moss, kg) against ln ( cumulative
ME, MJ ) for an individual from Treatment 5.
The breakpoint is indicated by an aftow and the
encbcled deviant points are associated with a
change in diet

(a) The estimation of the autoregression coefficient

Estimation of p according to (2) produced standard
errors much larger than those obtained according to (3),
as the averages of 5 animals per treatment with the
variances calculated from the between animals, with-
in treatment, l ine in the analysis of variance. The esti-
mates of  p, ,  [ ,  obtained in th is fashion are given in
Table 3.

The values of p for treatments I and 2 and also for
treatments 4 and 5 are very near to each other, with a
significant difference (at the one per cent level) be-
tween 2 and 4.  The est imates label led D in Table 3
were obtained by averaging treatments I  and 2 and 4
and 5. The average of these 2 means agrees well with
the p of  3.  Hence the procedure to obtain est imates
of p for any sawdust proportion would be to use

estimate of p sawdust proportion (p)

0,9098 p ( 0,08
0,9098<,  <  0 ,9291 0 ,08< p  (  0 ,24  (g )
0,9292 p> 0,24

with l inear interpolation according to p for
0 ,08< p  (  0 ,24 .

J

6

i  J , )

-2

5

Table 3

Estimates for feed intake parameters of the autorepressive relationship

Sawdust proport ion
Treatment No.

0
I

0,08
2

0 , 1 6
3

0,24
4

0,32
5

p

Dimension

ln (wt<--  l ;

ln  (wk-  I  )

ln  (MJ)

0 , 9 1 0 5

0,9098

8,8893

6,4662

6,4723

2,4230

2,4312

0,0250

0,9090

0,9098

8 , 8 5 1 6

6,3302

6,3452

2 , 5 2 1 4

2 , 5 5 8 3

0,0250

0 , 9 1 8 3

0,9194

8,9516

6,2356

6 , 2 1 8 1

2,7220

2,6854

0,0208

0,9290

0,9291

9,0202

6,1253

6,09  l0

2,8949

0,9292

0,9291

8,1987

5,9332

5,9639

2,865 5

0,9091 0,0042

0,0030

8,9050 0, l0g I

6,3502 0,0878

0,05 5 5

2.s s48 0. I  389-

i,

CC

a

p

c

i to)  ln  (MJ)

i (0)  In  (MJ)

l n  (MJ)

ln (MJ)

w k -  I

2 , 8 1 2 5  2 , 9 3 9 6

0,01  79  0 ,01  70

Grand mean, cc = 8,9035

s.e.  =  0 ,0488
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(b) The estimotion of e given, so that the variances of a and 0 are assumed to

be the same.

Equat ion (3)  was used to  est imate c  for  each of  the .5

ind iv idua ls  (wi th  the longest  records)  per  t reatment .

A two-way analysis of variance revealed no signif icant

dif ferences between treatments or length of record. This l .  Estimates ond tests in the feed domain

is  in  cont rast  to  the s i tuat ion in  p ,  where h igh ly  s ign i f i -

cant  t reatment  e f fec ts  were observed.  The mean va lues The log l inear i ty  o f  the measures re f lec t ing body compo-

fo r  t he  q  - - s ,  c ,  a re  g i ven  i n  Tab le  3 .  Howeve r ,  f r on r  s i t i on  i s  exh ib i t ed  by  F igu res  5 - -7  f o r  T rea tmen t  I  and

the nonsignif icance of treatment effects in the ana- Figures 8- l0 for Treatment 5, with these 2 treatments

lysrs  o f  vanance and t ' rom a lack c l f  re la t ionsh ip  wi th  represent ing the ext remes of  0  and 3) / '  sawdust .  Hence

propor t ion sawdust ,  the conc lus ion is  that  cc  is  a  con-  the model  employed is  the ord inary  regress ion model

s tant  for  a l l  the t reatments  under  cons iderat ion,  w i th

t h e  g r a n d  m e a n  a  =  8 , 9 0 3 5 1  s . e .  = 0 , 0 4 8 8 .  x ; ( t )  = a ,  +  b , x ' ( t )  +  e ( t ) ,  ( 1 0 )

(c\ The estimotion of 9c

for I  = l ,  3 6,  the t ra i ts being indicated by numer-
als according to (6).

A  p lo t  o f  i , (0 )  ( t ime z .e ro  be ing  l l  weeks)  fo r  the  5
animals in 6ach treatment wi th the longest records,  (a) Slopes

shows a l inear relat ionship wi th proport ion sawdust
Covariance analyses revealed significant differences be-

xl(O) =a + bp + e,  (9)  tween the slopes for di f ferent t reatments only in the
case of fat (see Table 4). The slopes with nonsignifi-

(see table 3),  f rom which the predicted values of  x1(0),  cant t reatrnent ef fects are given in Table 5.

i l (O) ,  can  be  ca lcua l ted .  P  =  c  * l (0 )  i s  g iven  Inspec t ion  o f  Tab le  4  shows tha t  bO is  l i ke ly  to  be  the
same for the first 2 treatments. For the rest of the treat-

Ior  each treatment in Table 3- In the autoregressive ments b* seems to be logl inear ly related to sawdust pro-
form (equat ion (3))  x1(0) is of ten regarded as f ixed or port ion.

Table 4

Slopes for regressiort u'ith lrt (cuntulative ME-irttake) as independent variable and In (fat) as dependent variable

Sawdust  p ropor t ion  0  0 ,08  0 ,16  0 ,24  0 ,32
T r e a t m e n t N o .  |  2  3  4  5 6

b4
s . e .
o4
s . e .

|  ,2141 I  ,2197 |  ,3047 |  ,3476 I  ,3919 1,2291
0,0403 0,0424 0,0357 0,0361 0,0374 0,0393
1 , 2 1 7 4  1 , 2 1 7 4  1 , 3 0 0 9  1 , 3 5 2 3  1 , 3 9 0 0
0,0241 0,0241 0,0241 0,0241 0,0241 -

Table 5

Slopes u,ith ltt (cumulatiye ME-intake) as independent varinble

ln (cumulat ive l re at  ln (protein) ln(body mass) ln ( total  body energy)
produc t ion)

b i

s . e .

0 .9703

0,0060

0,5894

0 , 0 1 3 1

0,6187

0,0095

1 , 0 5  l 5

0 , 0 1  l 5
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Fig.  5. Plot of ln (body protein, kg) against ln (cumu-

lative ME, MJ) for the slaughterpoints of

Treatment l

Fig.7. Plot of ln (total body energy, MJ) against ln

cumulative ME, MJ) for the sloughterpoints

of Treatment I

)--/'.-./

l
I
l :  

'
L

.  ' . . . :

l  i  i . u  I l r  l , r l  l \ ,  i \ l  l  .  N l  I  !

Fig. 6. Plot of ln (bod.v fat, kg) against ln ( cumulative

ME, MJ) for the slaughterpoints of Treat-
ment I

Fig. 8. Plot of ln (body protein, kg) against ln (cumu-

lntive ME, MJ) for the slaughterpoints of

Treatment 5

l . l  r - . ( )  l J . l

l n  ( . u r i l r h l i l e  l \ l l  .  M . l )
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F i g . 9 .

Fig. 10. Plot of ln (totol body energ)), MJ) against ln
(cumulative ME, MJ) for the slaughterpoints
of Treatment 5

Hence the relationship,

6 o = t , 5 5 o 2 p o ' 0 9 5 7 ,  ( l l )

for p
sion. The average standard errors of the estimates ob-
tained by (  t  l )  are in Table 4.

(b) Intercepts

In  a l l  cases.  except  for  prote in ,  s ign i f icant  d i f ference in

intercepts resulted from the covariance analyses. These

are g iven in  Table  6 ,  on the f i rs t  l ine for  each t ra i t  under

cons iderat ion.

To obta in  the re la t ionsh ip  o f  the in tercepts  wi th  the
propor t ion sawdust  the eas iest  way is  to  cons ider  the re-

l a t ionsh ips  o f  the  i t  _ -  s  ( i  =  l ,  2 ,  . . . . . . ,  (6 )  w i th  p ropor -
t ion sawdust,  p,  where the x,-s are as def ined in (6)
and (7 ) .

The pattern suggested by the data is most clearly dis-
played by body mass. Here x5 remained nearly constant
from zero to 16/, sawdust, with a rather sharp, approx-
imately l inear,  decl ine f rom l6 to 32/ '  sawdust.  This
pattern is the resul t  of  the homeostat i r r  propert ies of
the animals, reflecting the greater int.i i :e rr mass-units,
to offset the lower energy concentration of the feed up
to approximately 16% sawdust.  From l t r | ,  sawdust
onwards the pigs probably reached the l imit of their
capacity to ingest enough food to offset the greater
bulk of  the rat ions.

Apart from body fat, this sort of pattern was more or
less displayed by all the traits under consideration, with
sometimes a small decline on the values of \, also for
the first 3 sawdust percentages. The relationships of
the x, with proportion sawdust are displayed in Table
7, and the intercepts calculated by the relationship,

6 i  = i i  -  b i i l ,

for  i  = 2,  3,  4,  5,  6,  are
ii is the estimated value
t ionship wi th proport ion
d, is

(  l 2 )

displayed in Table 6, where
of xr, from its l inear rela-
sawdust. The variance of

v a r ( 6 ; )  - v a r ( i , )  +  i , -  v a r ( b ; ) .

In the situation where i ;  is from one of the observed
1

sawdust proport ions, i ts variance 
o-

i t n ,  * r 1 * i r

the first 3 treatments resulted in approximately corr-
stant estimates, and its average variance is

1
2 o -
n l  + n l + n 3 in the situation where a regression l ine

is used.

1
6" is estimated from the ordinary covariance analyses
against ln (cumulative ME), and is given in Table 7.

In the case of fat, where a single regression line against
the square of proportion sawdust is used

')
v a r ( i 4 ) =  2  o '  I

i

1

with o' again obtainable from Table 7.

Var (b1) is obtainable f rom Tables 4 and 5.

If one wishes to estimate the variance for i, for the
mean of n* new observations, d2lnx should b'e added,
as usual.

Plot of ln (body fat,
ME, MJ) for the
ment 5

kg) against ln (cumulative
slaughterpoints of Treat-

5
r tri,
- l
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Table 6

lntercepts with ln (c'umulative feed intake) as independent variable

Sawdust proportion

Treatment number

0

I

0,08 0 ,  l 6

3

0,24

4

0,32

5

Mean

s .e .

ln (cumulat ive

heat production)

t rea tments  l ,  2 ,  3

treatments 3,  4,  5

-0,2924

- 0 , 2 8 1 0

-0,2696

-0 ,263 l

-0 , )272

- 0 , 2 4 5 1

-0 ,13  57

*0 ,  I  987

- 0 , 1 g l 9

- 0 , 1  1 9 6

- 0 . 1  2 8  1

0 .2794 0,0466

0,0466

0,0456

ln (protein)

treatments l ,

t reatments 3,

-2,2994

-2,2825

-2,2984

-2,2825

-2,7984

-2,2825

--2,7690

-2,2994

-23020

*2,2994

- 2 , 3 3 5 1

-2,2984 0,0987

0,0999

0,0986

2 ,3

4 , 5

ln (body mass)

treatments l ,  2 3

treatments 3,  4,  5

-  1 , 0 5 8 3

-  I  , 0 5 1 2

- 1,0445

-  1 , 0 5 1 2

-  1 , 0 5 1 2

-  1 , 0 5 1 2

- I .049s

-  1 , 0 8 8 3

- l , 0 g l 2

-1 ,1347

- 1 , 1 3 2 9

,1 ,0469 0,0736

0,0129

0,07 l9

ln (total body energy)

t rea tments  ,1 ,  2 ,  3

t rea tments  3 ,4 ,  5

-  1 , 2 9 8 5

-1 ,2773

-  1 , 3 3 3 9

-1,3460

-  1,4043

- 1 ,4147

- -  1 ,3859

-  1 , 4 5 9 1

-  1 , 5 0 2 7

-  1 , 6 3  l 2

-  1 , 6 1 9 4

- 1 , 3 1 9 9 0,0892

0 ,0891

0,0871

ln (body fat)

t r ea tmen ts  l ,

t reatments  3 ,

-6 ,5218

-6,5228

-6,2661

-6 ,5803

7,3136

- 7 , 3 8 5 3

-7 ,3680

-1,7467

-7,8298

-8,3345

*8,2902

-6,6621 0,3205

0 . 1 6 6 3

0,  I  663

2 , 3

4 , 5

N o t e :  l .

Procedures exist  by which the l ines for  the f i rst  3
points (sawdust inclusion rates) and the l ines for  the last
3 points can be made to intersect at  16fr  sawdust.  l t
was. however.  decided that the embarassment of  I  est i -
rnates of  intercepts at  l5% sawdust is a lesser evi l  than
the spurious impression of accuracy from a single esti-
mate .

2 .

3 .

The uni ts of  measurement for  body mass, protein and fat  are ln (kg),  and those of  heat product ion,  feed
intake and body energy are In (MJ)

The first l ine for each trait is from ordinary covariance analysis.

The second and third l ines for  each trai t  are f rom Table 7,by procedures indicated in the text .

I t  is  of  some interest  to note that ,
gain in accuracy (as measured by

in  Table  6 ,  no great

the standard errors)

resu l ted ,  except  in  the  s i tua t ion  o f  body  fa t .  The es t i -
mates f rom ( l2)  are in good agreement wi th those from
ordinary covar iance analysis,  i f  the standard errors are
taken into account.  However.  a l though the gains in
accuracy are s l ight ,  the est imates of  s lopes and inter-
cepts^ f rom the equat ion,  i  = d + b (p p),  wi th e
and b given in Table 7,  a l low interpolat ion to propor-
t ions of  sawdust not included in the exper iment.  Note that
for the first 3 treatments p = 0,08 and for the second 3
p = 0,24. For fat the regression relationship is
x = 6 + u ( p 2 - p 2 ) .
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Table 7

Regression equations for the estimation of mean values

( r i )

Treatments

l .  2 , 3  - 1 , 4 , 5

Relationships with time of the traits measured
by slaughter

To obtain the expected (mean) values, E(x,( t ) ) ,  in (a)
for the s laughter t ra i ts and body mass use is made of

B i
b ; =

t R
P l

and

i  +  b i  o r

v i d e  R o u x  (  1 9 7 6 ) ,  f c l r  i  =  2 , 3 , 4 ,  5 , 6 .

Discussion

It  fo l lows from theory developed by Roux (1976) that
growth and rate of feed intake are proportional to
Y -  lnp  -c (  I  +  u ]  *  u2 .  *  b l ) ,w i th  c  cons tan t  w i th
dimension the inverse-of  t i f te.  Hi :nce i t  seems that Y can
only be inf luenced by a change in the s lopes of  (10),
i  =  l ,  3 ,4 .  Th is  i s  in  agreement  w i th  the  change o f  bO
(the slope of  fat  against  cumulat ive ME) wi th pro-
por t ion  sawdust .

However,  contrary to expectat ion bO increases with per-
centage sawdust, from which it should follow that p de-
creases with proportion sawdust. The contrary is obsen-
ed, and a contradict ion resul ts,  which can be removed
only by assuming a change in c in the equation for ].
The values of c obtained by the substitution of estimates
are given in Table 3.

This result is in agreement with the results of Meissner
(1917) on ruminants, where roughages show an increase
in bO in relation to concentrates. Hence it seems that c
must be directly related to energy concentration of
feeds. The finding of Meissner ( 1977) and Meissner,
Hofmeyr & Roux (1977) that  a direct  reduct ion of  in-
take, of  the same feed, resul ts in reduct ion of  bO and the
constancy of c, merely seryes to strengthen this con-
clusion. The 2 situations portray, however, a basic dis-
similarity of operative mechanisms between reduction of
energy intake while ad l ibitum feed intake is maintained
and reduced energy intake by al lowing less of  a given
d  i e t .

The theory developed by Roux (1976) al lows the
approach of deciding on, say, a desired fat percentage at
a given mass, and by algebraic manipulation then to
choose u b4 that wil l give the desired end result, if
br  and b,  remain approximately constant.  The choice
of a reduced bO will generally lead to a reduced Y for
feed intake and consequent ly a reduced growth rate.  The
constancy of  b1 and b3 observed under t reatment di f fer-

3 .

f n  ( cumu la t i ve  S lope  0 ,2244

hea l  p roduc t ion )  S .e  .  0 ,05  l5

( M J )  I n t c r c e p t  7 , 0 9 6 3

S.c.  0.0062

l  . 2606  0 ,0344

0.0240

7 . 0 1  0 0

0.0061

i - a

l n  (p ro tc in  )

( k e )

Slope 0

S .e .

In te rcep t  2 ,1819

S.c .  0 ,01  3  7

-  r . 5 8 7 5

0.04 76

2,0666

0 , 0 1 3 4

0 .0760

In (body nrass)

( k e )

Slope 0

S .e .

In te rcep t  4 .0965

S.c.  0.0097

1 . 8 7 3 8  0 , 0 5 3 8

0 . 0 3 1 0

3.9000

0.0095

In ( tota l  body

energy )

( ke )

Slope

S.e.

In tc rcep t

S.e.

- 0 .8588  -  3 .544

0.0s l  s  0 .0273

6.6293 6,2935

0 . 0 1 1 7  0 . 0 1  1 5

0,065 r

ln (bodv l 'at)

( k e )

Slope -  8 ,9834 -  8 .9834 0,0882

S.e. 0,0226 0.0226

I  n  te  rcep t  2 .365 9 2 ,365 9

S .e .  0 ,0125  0 .0125

I n  (eumu la t i ve

M l  )

( M J  )

Slope 0

I n t c r c c p t  7 . 5 8 4 7

1 ,9925

1 . 4 1 2 0
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Table 8

The percentoge volues of the latent roots of the c'ovorianc'e matrix of the logorithnts of t'umulative ntetobolisable

energ); intake, bodv protein, body fat and cumulotive heat production

Treatment  No. No.  o f  an imals Largest root Second root Third root Smal lest  root

I

3

4

5

6

l l

9

l l

l 0

l l

l l

g g , 5

99,4

99,6

99,6

99,3

99,4

0,3

0,_5

0,3

0,2

0,5

0,4

0 ,2

0 , 1

0 , 1

0,2

0,2

0,2

0,0

0,0

0,0

0,0

0,0

0.0

Table 9

Regression coefficients and their standard enors

Pig No. Treatment d. f . h l h 2

3 l  l

1 6 0

t t 2

3 t 4

3 t2

1 0 9

3 5 5

n3

l 6 t

3 r0

3 1 5

1 6 3

I

I

2

2

3

3

4

4

5

5

6

6

t 4

l 8

t 2

t 4

r6

t 4

l 6

t 4

t 6

t 4

t 4

l 6

1,094**

0,608*

I ,048**

0,435*

1 , 0 5 6 * *

1 , 3 8 2 * *

0 ,995**

0 , 5 7 1 *

0 ,989**

0 , 6 6 1 *

0 , 9 5 8 x *

0,706*

o , l 2 l

0,225

0 , 1 9 3

0 , 1  5 7

0 , 2 2 1

0,214

0,243

0 ,259

0 24e

0,243

0 , 2 5 1

0,243

--0,162

0,214

- 0 , 1  l 5

0 ,418*

-0 ,1  29

-o,423

-0,069

0,3 53

0,046

0,234

-0,041

0 , 1 9  I

0 , 1  l 4

o,204

4 , 1 7 6

0 , i 4 4

0 ,201

0,253

0,224

0,244

0,234

0,223

0,226

0,223

* Significant at the 5/, level

** Significant at the l/, level
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d z r = 7 .  (  - , ,  .  - - - 5 - l  z . t - - .'  
i = l  b :+  b i+  b ;  

'  z - i

ences in  th is  exper iment  lends s t rength to  the log ic

under ly ing th is  procedure,  v iz .  that  fa t  is  the on ly  body

component under effect ive experimental control.  In

terms of fat percentage there is no reason to expect any

difference between the reduced rat ion and reduced

energy intake (at ad libltum) procedures.

Even though a l ine may s t i l l  go through a f ixed po in t ,  a

change in slope rvi l l  necessari ly result in a change in

in tercept .  Th is  is  par t  o f  the exp lanat ion o f  the change

in  i n te r cep t  o f  I n  ( f a t )  ve rsus  I n  ( cumu la t i ve  ME) .  The

change of  in tercepts  o f  pro te in  and heat  product ion

must  be accounted for  in  a  whol ly  d i f ferent  manner .  The

mechanism enforc ing a change in  in tercept  is  suggested

by the equat ion re f lec t ing the conservat ion o f  energy
( the  equa t i on  f o l l ow ing  on  (55 )  i n  Roux  (1976 ) )  v i z .

b i d t i

ent  t reatments  s tar ted of f  f rom approx imate ly  t l rc  sar r r , , :

average po in t  before the t reatments  began.

In  Roux (1916)  a  heur is t ic  argument  is  g iven in  sup-
por t  o f  the cor respondence between the d i l ' fe rent ia l  cqu-

at ions descr ib ing growth and feed in takc and l lopk ins '
(1966)  def in i t ion o f  mul t ivar ia te  a l lor i rc t ry .  [ . lopk ins
genera l ised the two-d imensional  a l lo r i rc t r ic  re la t ion-

sh ips  t o  t he  mu l t i va r i a te  case  by  requ ; ! : ' ! L  a  cova r i r nce

matr ix  o f  rank one af ter  the e f fecr  r i i  n reasurenren l

error or individual variat ion is removed The r igorous

der ivat ion o f  d i f ference equat ions descr ib ing growth and
l-eed intakr from a covariance matrix of rank one wil l  be

the subject  o f  a  theoret ica l  paper  by Roux.

The resu l ts  o f  a  pr inc ipa l  components  analys is  are d is-
p layed in  Table  8 .  The resu l ts  seem consonant  wi th  the

idea of  a  s ing le  dominat ing root ,  w i th  the rest  resu l t ing

f rom the cornb ined ef fec ts  o f  measurement  er ror  and ln-

dividual variat ion. Hence the theory used in this paper

is  appl icab le .  A fur ther  tes t  would  be to  estab l ish the

adequacy of a f irst order autoregressive model. Hence h7

is tested for significance in a model.

x 1 ( t )  = g  +  h t  x 1 ( t - l )  +  h 2 x , ( t - 2 )  +  e  ( t ) ,

where x t ( t )  is  ln  (cumulat ive ME in take)  a t  t in re  t .  The

results are given in Table 9 for pigs slaughtered near the

end of  the exper iment .  S ince l2  p igs are invo lved,  a

s ing le  s ign i f icant  h ,  is  l i ke ly  to  occur .  Hence the con-

clusion that the data are consonant to a f irst order or

Markov process.

Al l  the s ta t is t ics  (or  b io log ica l  parameters)  o1 'usual  in -

terest, such as feed intake (MJ/day), growth in body
mass or  energy,  e tc .  can be obta ined f rom the est imates

of  the s ta t is t ica l  parameters  o f  th is  papcr ,  by  the usual

mathemat ica l  procedures of  a lgebra ic  subst i tu t ion or

d i f ferent ia t ion,  as  the case may be.  The s ta t is t ics  and

in terpreta t ion o f  immediate  b io log ica l  in terest  have been

publ ished by Kemm (  1980) .

(  l 3 )

Say that the changes rnduced by sawdust in the b-s have
taken p lace ,  and tha t  the  in take  o f  an  an imal  (dzr )  i s
sti l l  not enough to balance the 2 sides of (13). Then
growth would cease temporarily until the changes
in the z, relative to z1 are such that the equil ibrium is
portrayed by (13).  Maintenance of  the equi l ibr ium (13)
wil l then, together with the other control equations of
(Roux (1916\, result in the regular growth paths of the
animals on the different treatments. This was observed
in Figures 2 and 4 from the I I th week onwards, after
the init ial period of adaptation in weeks 9 and l0 to
the different sawdust diets.

The resumption of  growth on a regular path can be por-
t rayed by  in i t ia l  cond i t ions  ( the  va lues  a t  week l l )  in
the solut ion to di f ferent i l l  equat ions,  which wi l l  be re-
f lected by changes in the intercepts of  (  l0) ,  as is given
in  Roux (1916) ,  equat ions  (  la )  to  (  l6 ) .  The l inear i ty  o f
the growth paths relat ive to In (cumulat ive ME) together
w i th  (13) ,  there fore ,  supp ly  the  exp lanat ion  fo r  the  s ig -
ni f icant changes in intercept given in Table 6,  a l though
no change in s lope occurred and the pigs f rom the di f fer-
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