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ABSTRACT

A monomolecular cquation was constructed and seven published data sets were used to evaluate
it with regard 1o its ability 1o describe the relationship between metabolizable energy intake and
growth rate in broilers, The monomelecular takes the form:

G=G6G (l- erxur.'nu)

max

where G is liveweight gain (g/g of LW/d), / is metabolizable energy intake (kl/g of LW/d), and G,
K and / are growth parameters. This equation was used with non-linear regression to estimate the
parameters and combine them to determine other biological indicators. The estimates of metaboliza-
ble energy requirement for maintenance varied between 457-655 (kl/kg of LW/d), depending on the
data set. Predictions of average metabolizable cnergy requirement to produce 1 g of liveweight gain
varied from 9 1o 13 kJ (2.2-3.08 keal). These results show good agreement with previous studies, The
present study demonstrates that the monomolecular equation is suitable for using as a simple input-

output device relating metabolizable energy intake to growth rate in broilers.
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INTRODUCTION

The monomolecular (or Mitscherlich) equation was developed by Spillman and
co-workers at the USDA as a form of the law of diminishing returns to describe the
liveweight (LW) of an animal as a function of its food consumption (Spillman and
Lang, 1924). Similarly, Parks (1970) proposed the monomolecular to describe
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postnatal growth of animals to early adulthood as a function of cumulative food
consumption, with use of the equation shown by application to growth data on
the pig. Brody (1945) used the monomelecular in conjunction with the exponen-
tial to account for sigmoidal growth patterns over time. He describes growth as
‘self accelerating’ (exponential) before and ‘self inhibiting® (monomolecular)
after time ¢*, the age of puberty. Thus the Brody equation describes sigmoidal
behaviour but with a discontinuity at the point of inflexion ¢ = #* reflecting (ac-
cording to Brody, 1945) the switch from being vegetative to being procreative.
Blaxter and Boyne (1978) proposed the monomolecular for describing the rela-
tionship between energy retention and feed intake, based on a detailed analysis
of over 80 calorimetric experiments with sheep and cattle. This presupposes that
the response of energy retention rate to increments in (the rate of) feed intake
obeys the law of diminishing returns over all levels of intake. The monomolecu-
lar equation forms an integral part of the metabolizable energy (ME) system
currently used in feeding growing ruminants in the United Kingdom (ARC, 1980).
NRC (1994), p. 1, states that few nutritional models are available for poultry,
primarily because data to support the development of these models are scarce,
and advocates that additional research is nccessary to determine maintenance
requirements and partial efficiencies of nutrient use for growth versus egg pro-
duction. NRC (1987), however, gives some equations for estimating the energy
and amino acid requirements of poultry.

In this study, the monomolecular equation is evaluated with regard to its ability
to describe the relationship between ME intake and growth rate in broilers.
A mathematical model is constructed and applied to 7 sets of experimental data
taken from the literature.

MATERIAL AND METHODS
The model

Let & (g of LWG/g of LW/d) be the rate of LW gain (LWG) of a broiler and /
(kJ/g of LW/d) the level of ME intake. Then:

dG
= KG,,. -0 (1)

where G__ (g of LWG/g of LW/d) is the maximal attainable rate of LW gain and K
(kJ/g of LW/d)Y" is a parameter linking LWG and the efficiency of ME utilization
for growth (equation (4)). Scaling ME intake and LW gain by body size (i.e. LW)
enables account to be taken of size differences between birds. Equation (1) is simi-
lar to the monomolecular growth function, where the growth rate 1s a function not
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of growth already made, but of growth yet to be made to reach maturity (France
and Thornley, 1984, p. 79). The initial conditions on equation (1) are /=1 , G =0,
where /(kJ/g of LW/d) denotes ME intake at maintenance. Equation (1) is easily
integrated:

G dG I

J =K 2)
giving a monomolecular equation:

G=G_(1-e*tw) (3)

max

Equations (1) and (3) are illustrated in Figure 1. The slope dG/d/ decreases
continually and there is no point of inflexion. This can be seen from the second
differential, obtained by differentiating equation (1), which is only zero for 7 = oo
e g

Some useful biological indicators emerge from this analysis. The parameters
G . and/ give maximum growth rate and ME intake at maintenance, respective-
ly. kg (g of LW/KJ]), the instantaneous efficiency of ME utilization for growth, is
given by:

dG
k, === K(G, —-G) 4)

Therefore, the maximum value of k_is given by the product K*G_ | and occurs

when G equals 0 (i.e. at maintenance). The minimum value of kgis 0, which occurs
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Figure 1. The monomolecular equation. The lines illustrate (A) equation (3) and (B) equation (1)
expressed as a function of /, with G =0.33, K=0.34 and / = 0.457
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when G equals G__ . The average efficiency of ME utilization for growth between
maintenance and A times maintenance (A > ) is:

Al Gu,,

_[icgdf [ dG
Fooe oy s)
“T@A-DL (A-DL  (A-1L

where G, is the value of G when [ equals A/ . On using equation (3) to substitute
for G, , equation (5) yields:
Gmux (1 B e‘K(A-]”m )
(6)
(A—1)]

m

Feo

Note that & . depends solely on the location of the points maintenance and A times
maintenance, and is not affected by the curvature of the response between these
two points.

The experimental data

Seven different data sets were taken from the literature and used to test the
representation of the law of diminishing returns to describe the relationship be-
tween ME intake and growth rate in broilers. Details of experimental characteris-
tics (those that were available from the literature including source, growth phases,
sex, strains and dictary characteristics) are shown in Tables 1 and 2.

The monomolecular equation was fitted to these data using the software Sig-
maPlot (SPSS, 1998). A number of statistical criteria were used to evaluate the

TABLE 1
Data sources used in the study
Growth . Dietary ME, MYk as fed

Source phase, d Sex Strain Starter Finisher
Leceson and Summers (1980) 770 M - 12.99 [3.19
Leeson and Summers {1980) 7-70 F - 12.99 [3.19
NRC (1994) 7-63 M - 13.39 13.39
NRC (1994) 7-63 F - 13.39 13.39
Wiseman and Lewis (1998)° 7-70 M Rose 14.15 14.29
Wiseman and Lewis (1998) 7-70 M Raose 12.77 13.07
NRC (1987 7-49 - - 13.39 13.39

* data not directly experimental but produced by compositing and smoothing data from various sources
b high cnergy dict
¢ commercial diet
4 bascd on an cquation by Hurwitz et al.{1978), namely:
ME(kcal/d) = 1.91BW% + 2 0SAW, where BW is body weight (g) and AW is gain (g/d)
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TABLE 2
The experimental data sets,
Data sources
Leeson and NRC Wiseman and NRC
Sumimers {1980) (1994) Lewis {1998) (1987}
M F M F H.E.DY CcDb -
Item Liveweight, g
Aged

0 49 48 - - 41 41 -

7 171 161 152 144 141 135 130
14 423 379 376 344 3176 367 320
21 673 385 686 617 700 664 560
28 1010 874 1085 963 1234 1064 860
35 1457 1204 1576 1344 1802 1625 1250
42 1904 1545 2088 1741 2178 1942 1690
49 2363 1898 2590 2134 2644 2463 2100
36 2713 2150 3077 2506 3038 2860 -
63 3123 2468 3551 2842 3510 3406 -
70 3520 2775 - - 3577 3599 -

*M =male and F = female
® H.E.D = high encrgy dict and C.D = commercial diet

general goodness-of-fit of the model, including the adjusted values of proportion
of variation accounted for (¥2), standard error (SE) and Durbin-Watson (DW)
statistic. The »? was calculated as, 1 —‘Sg‘%fn__l) , where SSFE (the residual
Y

sums of squares) is a measure of the variability in liveweight remaining after the
age variable (the regressor variable) has been considered, » is number of data
points, p is number of parameters included in the model and S° {the total variation
of the y-variable) is a measure of the variability in liveweight without considering
the effect of the age variable.

RESULTS

The results show that the monomolecular equation constructed can be fitted
without difficulty to the different data sets using non-linear regression (Figure 2).
Table 3 shows the regression of weekly ME intake (kJ/g of LW/d) versus body
weight gain (g of LWG/g of LW/d) for the individual and pooled data sets. The
values of ¥, SE and the DW statistic are shown in Table 3, along with the values
of the growth parameters. These criteria show that the fit of the model constructed
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Figure 2. Plot of different data sets showing the monomolecular model fitted. Key: (A) NRC (1994),
male; (B) NRC (1994), female; (C) Wiseman and Lewis (1998), commercial; (D) Wiseman and
Lewis (1998), high energy; (E) Leeson and Summer (1980), male; (F) Leeson and Summer (1980),
female; (G) NRC (1987); and (H) pooled data

is acceptable for all the data sets with the exception of the commercial diet, though
the monomolecular equation provided a fit to this data set and gave a maximum
liveweight gain of G, = 0.26. The 72, for the different data sets show that most of
the variation in G is accounted for by the regression. If the commercial diet is
ignored, Table 3 shows data sets from the same source yield quite similar growth
parameter estimates regardless of sex. Extrapolation of the curves shown in Figure 2
gives the point at which G becomes zero, i.e. there is no gain in weight. Therefore,
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together with goodness of fit

667

TABLE 3
Growth parameters (= SE) estimated for the different data sets using the monomolecular function,

Data source K{klig Lwid)' G (/g LW/) [ (kl/igLwid) DW
NRC (1994) (Male) 02400037 0407+£0.046 06I18+0.016 999 23]
NRC (1994) (Female) 0244+ 0041  0.390+0.049 06550019 999 244
High energy dict (Malg) 0293+ 0088 0399+£0.058 0.612+0054 G689 260
Commercizl diet (Male) 0.480+0.295 02600110 06220070 97.1 1.06
Leeson and Summers (1980) (MY 0,340+ 0,120 0327+ 0.081 04570043 693 1.30
Leeson and Summers (1980) (F}  0.337 £0.132 03260091 04940043 993 1.09
NRC (1987) 0.809+£0.069 0.173£0.005 0453x0.027 997 1.90
Pooled data 02800116 03430104 0478 +0.054 937 1.57

the intersection of the curves with x-axis represents the maintenance Ievel of die-
tary ME intake, / . The estimated values of 7/ were different, depending on the
data source used. The range was from 457 kl/kg of LW/d for the male data set of
Leeson and Summer (1980) to 655 ki/kg of LW/d for the female data set of NRC
{1994).

The indicators calculated from these parameter estimates are shown in Table 4.
The maximum value ofk the efficiency of utilization of ME for growth, is given
by the product K*G and there appears to be no strong evidence that K*G |, with
an average of 0.1 13 g "of LWG/KJ and a standard deviation of 0.01 5, 1s not constant
over the different data sets. The results for average ME requirement to produce 1 g
of LWG over the whole period of growth (the I/k column in Table 4) show that
it varied from 9-13 kJ depending on the data set. “From the values of k tor the

TABLE 4
Growth indicators calculated for the different data sets
Data source KRGy Wk (k] ko kQ12y k(230 £ (2-4y

(2 LWG/AJ) # 8 ¢ ¢ £

NRC (1994) {Male) 0.098 12,33 0.081 0.091 0.078 0.073
NRC (1994} (Female) 0.093 12.90 0.076 0.088 0.075 0.070
Iigh cnergy dict (Male) 0.117 10.00 0.090 0.083 0.100 0.107
Commercial dict (Male) 0.081 9.00 0.125 0.072 0.111 0.109
L.ceson and Summers (1980) (M)  0.111 11.27 0.082 0.088 0.089 0.103
Leesor: and Summers (1980) (F)  0.086 11.34 0.110 0.080 0.088 0.102
NRC (1987) 0.140 13.00 0.077 0.097 0.082 0.072
Pooled data 0.096 13.00 0.077 0.084 0.078 0.074

* average efficiency of ME utilization for growth (g of LWG/kJ)} over the whole growth phase
" average cfficiency of ME utilization for growth (g of LWC/k]) between 1-2, 2-3 and 2-4
times maintenance
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different levels of feeding, it can be seen that the efficiency of utilization of ME
for growth is greatest at low intake levels (when the birds are young), and decrea-
ses as intakes increase (as the birds age). The value of &_will approach 0 when the
birds reach maturity, Also, the vajue of k"g for the male broilers is greater than for
the female broilers for the same data source.

DISCUSSION

NRC (1994) states that few nutritional models arc available for poultry and
suggests that additional research is necessary to determine maintenance require-
ments and partial efficiencies of nutrient utilization for the different production
purposes. Therefore, the main aim of this study was to evaluate the monomolecu-
lar equation with regard to its ability to describe the relationship between ME
intake and LWG. The results of fitting the monomolecular to data show that it is
capable of describing this relationship with a high degree of accuracy (+7 = 0.93).
The low values obtained for the standard errors of the growth parameters (and
therefore estimated small confidence interval, which measures the overall quality
of the regression line), are further evidence of the close agrecment that can be
obtained between observed and predicted LWG in response to ME intake using
this equation. Titus et al. (1934) obscrved that when chickens are fed at different
levels of intake, varying from 40-100% ad libitum feed consumption, liveweights
of less than approximately 500 g could be described by a single equation relating
liveweight to cumulative feed consumption, regardless of the level of intake. The
results of this study also show that the pooled data set can be described by a single
equation with a high degree of accuracy (7= 0.95), in spite of differences that
exist between the individual sets (such as dietary energy and protein, sex and mana-
gement).

The results obtained for 7 , the ME intake at maintenance, for the different data
sets arc difficult to compare as the experimental conditions were different in some
respect (e.g. management and nutrition), and may be subject to environmental
differences. However, the estimated values of /obtained by fitting the monomo-
lecular to the different data sets lie in the range 450-800 kJ/kg of LW/d previously
reported by different researchers (Farrell and Siregar, 1980; Pym etal., 1984; Kirch-
gessner et al., 1989). Wiseman (1994) states that, depending upon the author, the
cost of 1g of LWG Le, l/k , is between 8.8 — 13.0 kJ (2.1-3.1 kcal). In this study,
I/k varied from 9.0 - 13 kJ\ (2 2-3.08 keal) depending upon the data source, which
is in good agreement with the range reported by Wiseman (1994). The results of
this study for k!g are supported by conventional wisdom, namely that a gradual
decrease in utilization of ME for producing gain occurs as birds age and that male
broilers are superior to females in using ME for gain.
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Hurwitz et al. (1978) give higher estimates of /_ (763 vs 453 kJ/kg of LW/d) at
a cost of an underestimation of 1/k_(a fixed value of 8.6 kJ/g of LWG vs an ave-
rage value of 13 kJ/g of LWG ), compared to those obtained when the monomo-
lecular was fitted to the NRC (1987) data set, generated from an equation reported
by the same authors. These discrepancies are a consequence of assumptions made
by Hurwitz et al. (1978) in constructing their growth model, namely the ME re-
quirements for maintenance and for growth have to be independent constants. The
latter assumption must be an oversimplification. As the bird grows, the composi-
tion of gain changes from predominantly protein in the early stages to a greater
proportion of adipose tissue as the bird approaches maturity. Each successive in-
crement of weight gain will therefore require a greater input of energy, in view of
the greater energy content and lower water content of adipose tissue compared to
non-fat tissue.

In conclusion, this study demonstrates that the monomolecular equation which
can estimate the different growth parameters without having any initial assump-
tions (constraints) and allows the efficiency of ME utilization for growth to change,
as expected as birds aged, is suitable for using as a simple input-output device
relating ME intake to growth rate in broiler chicks.
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STRESZCZENIE

Zastosowanie reguly malejgcej efektywno$ci do opisu zaleznosci migdzy zuzyciem energii meta-
bolicznej i tempem wzrostu brojleréw

W pracy przedstawiono metode do opisu zaleznosci miedzy zuzyciem energii metabolicznei
i tempem wzrostu brojlerow. Zaleznos¢ ta wyraza si¢ nastgpujacym réwnaniem:

G =G, (I - ekt

e

gdzie: G - przyrost masy ciala (g/g masy ciala/dzien), [/ - ilos¢ pobranc] energii metabolicznej (kl/g
masy ciata/dzienr), G_ , K'i/_- parametry wzrostu.

Weryfikacjg przydatnoscei zapropenowanej metody przeprowadzone wykorzystujae siedem ze-
stawow danych pochodzacych z literatury. Do estymacji parametrdw rdwnania i innych biologicz-
nych wskaznikdw (jako funkeji parametrow) wykorzystano metodg regresji krzywoliniowej. Osza-
coware zapotrzebowanie energii metabolicznej na potrzeby bytowce wahato sig od 457 do 655 (kl/kg
masy ciala/dzien) w zalcznosci od zestawu danych, Oszacowanie przecigtnego zapotrzebowania na
cnergig metaboliczng na 1 g przyrostu masy ciala wynosilo od 9 do 13 kJ (2.2 do 3,08 keal). Wyniki
te zgodne sy z otrzymanymi wezesniej, 1 wskazuja na przydatnosé zaprezentowanego rownania do
okreslania zaleznosci migdzy pobraniem energii metabolicznej a tempem wzrostu brojlerdw.



