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Description of a model to optimise the feeding of amino acids to growing

pullets
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Agricultural, Earth and Environmental Sciences, University of KwaZulu-Natal, Pietermaritzburg, South Africa

Abstract 1. A nutrition model is described that may be used to optimise the amino acid nutrition of
laying-type pullets prior to the onset of lay. It is not a method of optimising lifetime laying performance.
2. The potential growth and composition of the body, feathers, ovary and oviduct are described from
hatching to the age at which sexual maturity is attained, from which the daily amino acid and energy
requirements for the average individual in the population can be calculated.

3. There are two parts to the approach used, the first being a description of the model itself and the
second being a description of how the required information was gathered. A number of assumptions
made in developing the model are discussed.

4. The rates of maturing of the body, feather-free body and body protein of the DeKalb pullets used were
shown to be constant at 0.017/d and those of feathers at 0.02/d. These are considerably slower than those
of the oviduct and ovary (0.139 and 0.084/d respectively). The ovary attained a higher mature weight
(78.4 vs. 58.7 g) than the oviduct.

5. The age at which the growth of the reproductive organs is initiated in the model is defined by the user.
The daily amount of threonine required to meet the requirements for maintenance and potential growth
of the developing tissues and organs is calculated for each day of the growing period from hatching to the
age at which the first egg is laid. A method of calculating the required daily concentration of threonine in
the feed is described, from which a feeding programme may be derived.

6. For the model to produce an optimum economic feeding programme for a population of laying-type
pullets, more information than is available from this study is required. These issues are discussed in the

paper.

INTRODUCTION

The lifetime performance of laying-type hens is
largely influenced by the management of these
pullets during rearing. Feeding and lighting pro-
grammes influence the age and body weight at
which pullets reach sexual maturity and this has
a considerable influence on the number and size
of eggs produced by the hen during her lifetime
(Lewis and Morris, 2006). To optimise lifetime
performance, the optimum age and weight at
which the flock should reach sexual maturity
would need to be determined, as well as the way
in which the flock should be managed during the

laying period. A part of the problem of optimising
lifetime performance is to determine the way in
which pullets are fed during rearing so as to mini-
mise feeding costs whilst ensuring the birds grow
close to their potential to achieve the desired body
weight and composition at a given age. It is this
latter problem that is discussed in this paper.
Whereas the optimum economic intakes of
amino acids for laying hens may be calculated
from many published response experiments
(Fisher et al, 1973; Pilbrow and Morris, 1974;
Wethli and Morris, 1978; Gous et al., 1987) this is
not the case when determining optimum levels of
amino acids in feeds for pullets. Yet, this
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developmental phase is important as it provides
the foundation on which the reproductive perfor-
mance of the hen is based. Factors to be consid-
ered in addressing this problem involve the
potential growth and composition of the body,
feathers, ovary and oviduct, possible changes in
the efficiency of utilisation of amino acids during
growth, and the age at which sexual maturity is
attained, the latter defining the termination of the
growth phase of a pullet.

Martin et al. (1994) published a model for
calculating the daily amount of each amino acid
that would be required by the average individual
in a flock of growing pullets, considering sepa-
rately the protein deposited in the feather-free
body (FFB) and in the feathers. In their model,
growth of these components was described by the
Gompertz growth curve, and efficiencies of utilisa-
tion of amino acids for the growth of protein were
regarded as being fixed, although this latter was
not confirmed by experimentation.

In a model proposed by Silva (2012), the daily
amino acid intake needed to support protein
deposition in the ovary and oviduct during the
growth of these organs prior to the attainment of
sexual maturity was added to the model described
by Martin et al. (1994). The growth of these two
reproductive components has been described for
broiler breeders by Bowmaker and Gous (1989).
As sexual maturity may be manipulated with the
use of lighting and feeding programmes (Lewis
et al., 2003), the age at which the reproductive
organs start growing cannot be fixed in any
model, and must remain variable.

Kwakkel et al (1995) wused a different
approach from that of Martin e al (1994) by
describing the different phases of growth mathe-
matically without differentiating between the com-
positions of the tissues being formed. They
identified four growth phases prior to the onset
of laying but it is not possible with such an
approach to determine the daily change in
amino acid requirements of a laying pullet during
growth.

The approach used here in producing a
model to determine the optimum method of feed-
ing growing pullets prior to the onset of lay is to
describe the potential growth and composition of
the body, feathers, ovary and oviduct from hatch-
ing to the age at which sexual maturity is attained,
from which the daily amino acid and energy
requirements for the average individual in the
population can be calculated. This information is
then used to develop an optimal feeding pro-
gramme in which the under- and over-supply of
amino acids during growth is minimised. There
are two parts to this approach: the first is a
description of the model itself and the second a
description of how the required information was
gathered. The data used to develop this model are

from experiments conducted by Bonato et al.
(2015) involving the use of threonine-limiting
feeds. Studies on the amount of threonine
(THR) required for maintaining body and feather
protein have been reported (Bonato et al., 2011),
and THR response trials have been conducted
over three periods during the growth of pullets
to measure body and feather protein growth, food
intake and the rate of body lipid deposition result-
ing from the feeding of THR-imiting feeds
(Bonato et al., 2015). Hence, THR is used as the
reference amino acid in the development of this
model.

The model described in this paper takes
account of the deficiencies in the previous
attempts to determine the amino acid require-
ments of laying pullets during the growth
phase, as listed earlier, in attempting to opti-
mise the feeding of amino acids for growing
pullets.

MATERIALS AND METHODS

Calculating the amino acids required for
maintenance and growth

The daily requirement for each essential amino
acid is calculated for the average individual in the
flock whose potential rates of body and feather
protein growth are described by the Gompertz
(1825) growth curve. The form of the equation
used was that described by Emmans (1981)
(Equation 1).

Pt = Pm.efe(ln(fln(%))f(B.t))ﬂ (1)

where P, is the initial weight (kg); P,, is the weight
at maturity (kg); B is the rate of maturing (/d);
and Pt is the weight of the bird at time &

The rate of deposition of protein in the body
and feathers was obtained by differentiating
Equation I, resulting in Equation 2:

P,
P/ . = B.P,.In (ﬁ) (@)

Requirements are calculated separately for
the feather-free body (FFB) and feathers, given
that these components grow at different rates
(Emmans, 1987; Hancock et al., 1995; Gous et al.,
1996) and have different amino acid compositions
(Emmans, 1987). The daily requirement for each
amino acid is calculated as the sum of that
required for maintenance of protein and for the
deposition of protein in each component. This
calculation is described in Equation 3:
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AA = [(AAm,.BPY™ u) + (FPLEP.AA;)]
N KAAde) N (AAf];FPdH ®

where AA is the amino acid (THR in this case)
requirement (mg/d) for the average bird in the
population, AAm, is the amino acid requirement
for maintenance of FFB (mg.BPmo'73.u) (Emmans
and Fisher, 1986); BP,, is the mature body protein
weight (kg), u is the degree of maturity of body
protein (v = BP,/BP,,), FPl is the loss of feather
protein (g/d), FP is the feather protein weight at
time ¢ (g), AA; is the amino acid content in body
protein (mg/g), AAsis the amino acid content of
feather protein (mg/g); BPd is the rate of body
protein deposition (g/d); FPd is the rate of
feather protein deposition (g/d), and k is the
efficiency of utilisation of the amino acid for pro-
tein deposition.

In Equation 4, the additional amount
required for the growth of the reproductive
organs is added to Equation 3 and this would
apply from the day that the growth of these organs
is initiated.

AA=FEq3 + (Lb 'ipd"””)

<AAb . BPdvvi>
+ P

- )

The two terms added here to Equation 3 are
BPd,,,, the rate of deposition of protein in the
ovary (g/d) and BPd,,; the rate of protein deposi-
tion in the oviduct (g/d) derived from the
Gompertz growth curves describing the growth
of these two organs. The constant, k, and the
term AAy, are the same as in Equation 3.

As a means of accounting for feather loss
during growth, Emmans (1989) regarded the pro-
tein requirement for feather maintenance as
being equivalent to the loss of feather protein at
the rate of 0.01 g/g of feathers/d, and the amino
acid composition of protein for feather mainte-
nance as being that of feather protein. This con-
cept was used to calculate the amount of THR
required daily for feather maintenance/loss.

The age at which the bird lays its first egg is
predicted by the model of Lewis and Morris
(2004), which accounts for the strain of pullet
and the lighting programme used during growth
(incorporating up to two changes in day length
during that time). The model calculates the mean
and range in ages at first egg of a population of
birds from which individuals can be randomly
selected.

The daily amount of THR required by a given
pullet during the growing period may thus be
calculated by applying Equation 3 until the age

at which the growth of the reproductive organs is
initiated, being approximately 42 d prior to the
onset of laying (Lewis and Morris, 2004: see sec-
tion in Discussion), whereafter Equation 4 is used.
This daily amount must be converted to a dietary
concentration in order to determine the THR
content required in the feed, for which the
amount of feed to be consumed each day needs
to be predicted. Any nutrient whose daily require-
ment and dietary concentration is known may be
used for this purpose. Emmans (1989) has justi-
fied the use of the effective energy (EE) scale
when modelling energy transactions in growing
birds and animals, and as the energy requirement
of the growing pullet may be calculated on each
day of the growing period using the data gener-
ated here, we chose to use the EE scale when
calculating the daily food intake of pullets during
growth.

The effective energy requirement (EERQ) of
the pullet was calculated for each day of the grow-
ing period using Equation 5 (Emmans, 1989):

dpP dL
=56

EERQ = MH + 50 o

)

where EERQ is the effective energy requirement
(MJ/d); dP/dt is the rate of deposition of body
plus feather protein (g/d); dL/dt is the rate of
deposition of body lipid (g/d); MH is the heat
required for maintenance (M]/d) given by
Equation 6 from Emmans and Fisher (1986):

MH = Mp.PY".u (6)

where M is 1.63 M], the EE needed per unit of
maintenance each day; P, is the body protein
weight at maturity (kg); u is the degree of maturity
of body protein (u = BP,/BP,,).

Desired food intake (DFI, g) is determined
using (Equation 7) (Emmans, 1981):

DFI = EERQ /EEC (7)

where EEC is the effective energy content of the
feed.

For a given dietary EEC, the THR content (g/
kg) in the feed that will supply the daily amount of
THR required by the bird is calculated as the
estimated daily THR requirement (mg/d) divided
by the DFI (g/d).

Determining values for the model inputs

In the trials reported by Bonato et al. (2015), body
weight (BW), feather-free body weight (FFBW),
feather weight (FW), feather-free body protein
content (BP) and feather protein content (FP)
were measured in DeKalb White pullets at 0, 14,
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31, 45, 59, 72, 96 and 108 d, and these measure-
ments were used to describe the growth of these
pullets and their components using the Gompertz
growth curve. Parameter values for the fitted
equations for each variable were estimated using
the Gauss—Newton method, by means of the pro-
cedure “NLIN” SAS software (version 9.1).

The rate of THR deposition in each compart-
ment (body, feather, ovary and oviduct) was
obtained by multiplying the rate of protein deposi-
tion (estimated using Equation 2) by the THR
content of protein in each component, as ana-
lysed in our laboratory (Bonato et al., 2015).

The efficiency of utilisation of THR for the
deposition of body and feather protein was mea-
sured by Bonato et al. (2015) and this was shown
to be constant over the three periods chosen, so
the same value for k (0.855) may be applied
throughout the growing period.

Bonato et al. (2011) estimated the THR required
to maintain body protein to be 75.6 mg/BPm’"?u/d,
and this value was used in the calculations.

RESULTS

Describing the growth and composition of the
ovary and oviduct

Silva (2012) measured the growth of the repro-
ductive organs of DeKalb White pullets from the
15th week (105 d) of age. The oviduct started
growing approximately 10 d before the ovary,
which reached a maximum weight of 77 g at
130 d, and the oviduct a weight of 60 g at 122 d
of age (approximately 25 and 30 d respectively
after the initiation of growth of each organ).
The first eggs were laid by these pullets when

0.6

Protein gain (g/day)
© o o o
N w £~ (9]

©
=
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they were 21 weeks of age. Because the age at
maturity may be manipulated with the use of light-
ing and feeding programmes, the growth of these
organs for modelling purposes was assumed to
start at d O rather than at the ages measured in
that trial. In this way, growth of these organs may
be initiated at any age in the model, thereby
making the model more universally applicable.
Estimates of the Gompertz model parameters
describing the growth of the ovary and oviduct
of DeKalb pullets, based on the data of Silva
(2012) and starting at d 0 are given in Table 1.
The rate of maturing (B in the Gompertz equa-
tion) of the oviduct was faster than that of the
ovary (0.213 wvs. 0.111 /d) but the ovary attained
a higher mature weight than the oviduct (80.0 vs.
57.8 g). The rates of gain in protein in the ovary
and oviduct are illustrated in Figure 1.

The changes in the chemical composition of
the ovary and oviduct during the period from initia-
tion of the growth of these organs until they reached
their mature weight, measured by Silva (2012), who
fitted linear regressions to these data, were used
here. The fitted constant terms and regression

Table 1. Gompertz parameters describing growth of ovary and
oviduct of DeKalb White pullets after initiation of growth of these

organs
Parameters’
Compartment Wo (g)* B (/d)® e (d)*
Ovary 80.0 (+3.08)  0.111 (x0.01)  925.4 (£0.57)
Oviduct 57.8 (x1.67)  0.213 (x0.024)  29.9 (x0.35)

'Data from Silva (2012).
2W,, is mature weight (g).
3B is rate of maturing (/d).

¢% is age at maximum growth rate (d).

0.0

0 20 40

Figure 1.
Gompertz equation.

60

80

Days

Rates of protein gain in the ovary (continuous line) and the oviduct (dotted line) of DeKalb White pullets estimated using the
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Table 2. Changes in the chemical composition (g/kg) of
ovary and oviduct during their development, as measured
by Silva (2012)

Constant term Linear regression t for regression

Organ and SE and SE coefficient
Ovary

Lipid 75.2 3.09 0.033 0.024 0.236 NS!
Protein 162 19.1 -0.233 0.150 0.183 NS
Water 774 944  -0223 0075 0.030 **
Oviduct

Lipid 352 57.7 -2.168 0.455 0.005 **
Protein =~ 227 36.7 -0.493 0.290 0.149 NS
Water 18.1 71.9 2.392 0.567 0.008 **

'Not significant.
Z#Significant at P < 0.05, ** significant at P < 0.01.

coefficients for lipid, protein and water in both
organs are given in Table 2. The lipid content
remained constant in the ovary over this period
(75.2 g/kg) but declined from 352 g/kg in the
oviduct at a rate of — 2.168 g/kg.d, whereas the
protein content in both organs remained constant,
at 162 and 227 g/kg in the ovary and oviduct
respectively.

Describing the growth and composition of DeKalb
white pullets

Estimates of the Gompertz model parameters
describing the growth and composition of DeKalb

pullets, based on the data of Bonato et al. (2015),
are given in Table 3. These values were used to
describe the growth in BW, FFBW, FW, BP and FP
and the growth curves illustrated in Figure 2.

The rates of maturing of the body, the
feather-free body and body protein were constant
at 0.017/d, whereas that for feathers and feather
protein was higher (0.020/d), indicating that
feathers reach their mature weight earlier than
do the components of the feather-free body. The
mature weight of the feather-free body was esti-
mated to be 1450 g and that of feathers, 145 g.
The rates of gain in protein (dp/d¢) of the body
and the feathers of DeKalb White birds to
20 weeks are illustrated in Figure 3 where the
difference in the maximum growth rate between
the two components, which occurs at ¥, can be
observed. These ages are 80 and 68 d for body and
feather protein, respectively.

Estimating DFI, EERQ and THR requirements

The mean EE content of the experimental diets,
averaged over the three phases of the trial con-
ducted by Bonato et al. (2015), was 10.6 MJ/kg.
This value was used to calculate the DFI of the
average pullet in the population, based on her
EERQ. The estimated daily EE and THR require-
ments, DFI and the required dietary THR content
to ensure the desired THR intake are given in

Table 3. Estimates of the Gompertz paramelers that describe the growth of the body, feather-free body, feathers and body-
and feather-protein

Gompertz parameters'

Initial weight (kg)

Mature weight (kg) Rate of maturing (/d)

0.036 (+0.0010)
0.034 (+0.0110)
0.002 (+0.0001)
0.005 (+0.0008)
0.001 (+0.0001)

Body weight
Featherfree body weight
Feather weight

Body protein

Feather protein

1.60 (0.191)
1.45 (£0.120)
0.15 (+0.013)
0.26 (+0.020)
0.14 (+0.005)

0.017 (+0.0007)
0.017 (+0.0002)
0.021 (+0.0004)
0.017 (+0.0003)
0.020 (+0.0004)

wt = wp,, Ae’e(l“(’ In(57))~(80))° ,where W,is the weight at time £ W;is the weight at d 0 (kg); W,, is the mature weight (kg); Bis the rate of maturing

(/d); tis the age (d).

200

— = =
& D X
(=)

—_
[
(=]

100

Component weight, g
D B N
SS S 3S

Body weight, g

Age, weeks

Figure 2. Growth curves depicting body weight (solid line), feather weight (- — -), feather-free body protein weight (.. .) and feather protein
weight (- — —) of DeKalb White pullets to 20 weeks of age estimated using the Gompertz model parameters given in Table 3.
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1.8

Protein gain (g/d)

100 150

Days

Figure 3. Rates of body (solid line) and feather protein gain (dotted line) of DeKalb White birds, estimated using the Gompertz equation to
18 weeks of age. Arrows indicate the ages at which protein growth is maximised (t*).

Table 4. A comparison of the THR requirement
per d and per kg feed for DeKalb-type pullets
either including or excluding that for the growth
of ovary and oviduct is illustrated in Figure 4.

A summary of dietary concentrations of THR
required to enable the potential growth of body,
feather and reproductive organs, for each phase

Table 4. Mean estimated daily threonine (THRyr) and effective
energy (EERQ) requirements, desired food intake (DFI) and
resultant dietary threonine content (THRc) required, per week, for
DeKalb-type pullets showing the differences in amounts required
from 16 weeks for the growth of ovary and oviduct

THRr” EERQC DFI? THRc®
Week® (mg/d) KJ/d g (g/kg)
1 36.8 57.9 5.5 6.75
2 51.8 80.8 7.6 6.80
3 69.5 108 10.2 6.82
4 89 138 13.1 6.81
5 110 172 16.2 6.78
6 181 206 19.4 6.72
7 151 241 22.7 6.65
8 170 275 26.0 6.55
9 188 309 29.1 6.44
10 203 341 32.1 6.32
11 216 370 34.9 6.19
12 227 398 37.5 6.05
18 236 423 39.9 5.92
14 243 446 42.0 5.78
15 248 466 44.0 5.64
16 252 0 504 19 475 18 531 -0.20
17 259 5 574 73 542 69 479 -0.60
18 278 22 600 85 566 80 491 -0.36
19 205 38 603 75 569 71 519 003
20 298 41 599 60 565 5.6 527 022

“Calculated per day and presented as average per week.

I’Using Equation 4, i.e. includes ovary and oviduct.

‘EEQR = MH + 50% + 56% (M]/d) (5).

4DFI = EEQR/EEC (g) (7).

‘THR (g/kg) = [(daily estimated THR requirement/DFI)] based on an
EEC of 10.6 MJ/kg.

for a range of dietary EE contents, is presented in
Table 5, the values given being the means of the
concentrations required over each period.

DISCUSSION

Essential to the optimisation of the feeding of
pullets during growth is a description of their
potential protein growth prior to the onset of
laying. Knowing what the bird is attempting to
achieve provides the information necessary to
determine what the bird requires in order to
achieve its goal. The purpose of the exercise
reported here was to describe the potential pro-
tein growth of the average pullet, to calculate the
daily intake of nutrients required to achieve that
potential, and then to convert these requirements
into a dietary concentration from which an opti-
mal feeding programme could be developed. As
an illustration of the technique involved, THR was
used as the reference amino acid and the EE scale
was used to describe the change in voluntary food
intake during the growing period. Inputs to the
model were from both the literature and from
targeted trials conducted by the senior author to
provide the information required.

The approach used in this exercise is essentially
the same as that used by Martin et al (1994) to
predict the daily lysine, methionine+cysteine and
tryptophan requirements of laying-type pullets dur-
ing the growing period, but in that case the require-
ments for growth of the reproductive organs were
not considered. Similarly, Bowmaker and Gous
(1989) considered the growth of the reproductive
organs of broiler breeders but did not account for
the growth of the body prior to sexual maturity. In
this exercise, the potential growth of both the body
and the reproductive organs were considered when
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Threonine requirement (mg/d)
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Age (d)

6.50

Threonine requirement (g/kg)

4.50
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Figure 4. Estimated daily threonine requirement excluding (mg/d — dotted and dashed line, and g/kg — solid line) and including (mg/d
— small dotted line, and g/kg — dashed line) the growth of the ovary and oviduct, as a function of age. The required dietary THR content is

calculated at an EE content of 10.5 MJ/kg.

Table 5. Estimated dietary threonine content (THR, g/kg)
required in phase 1 (1 to 6 weeks), 2 (7 to 12 weeks) and 3 (13 to
20 weeks) to support the potential protein growth of pullets for a

range of dietary effective energy (EE, MJ/kg) contents

THR (g/k;
- (g/kg)

M]/kg Phase 1 Phase 2 Phase 3
9.5 6.111 5.77 4.29
10.0 6.43 6.08 452
10.5 6.76 6.38 475
11.0 7.08 6.68 4.97
11.5 7.40 6.99 5.20
12.0 7.72 7.29 5.42

!Calculated as the mean of the weekly requirements over the period.

determining daily nutrient requirements in pullets
prior to the onset of sexual maturity. Kwakkel ¢t al
(1995) has also modelled the growth of the body
and reproductive organs in growing pullets but the
approach used in their study differed from that
applied here. Their model was also based on trial
data, but instead of accounting for the potential
growth of the feather-free body, feathers and repro-
ductive organs separately they fitted a series of logis-
tic functions to the actual growth measured to
produce a single, multiphasic model representing
the overall growth of pullets.

A number of assumptions were made in
developing the model described. These include
the use of the Gompertz growth equation to
describe potential protein growth, the assumption
that the efficiency of utilisation of the limiting
amino acid remains constant throughout the
growing period, that feather development and
loss is continuous throughout growth, and that
the amino acid composition of protein for body
and feather maintenance is that of body and
feather protein respectively. These assumptions
are discussed in more detail later.

The Gompertz growth curve adequately
defines the potential growth of a bird, or as
described by Emmans and Fisher (1986), “the
upper limit to the rate of protein production”.
This potential growth differs from actual growth
in that it is unaffected by environmental insults
which would constrain growth at those times. An
equation to describe actual growth would there-
fore require additional parameters to account for
these constraints. Apart from comprising only
three parameters (initial and mature body protein
and the rate of maturing) the Gompertz growth
curve has other useful features that make it emi-
nently suitable in modelling growth and composi-
tion, the most useful of which is that the rate of
maturing parameter is the same for all the chemi-
cal and physical components of the bird other
than body lipid and feathers. This feature allows
those components that share the same rate of
maturing to be described allometrically from the
body protein content (Emmans, 1981, 1987).
Kwakkel et al. (1995) used a logistic curve to
describe the growth of the pullets in his trials as
this was found to fit their data with the least error,
but when birds grow at their potential the max-
imum growth rate is reached at about 0.3 of their
somatically mature weight, not half-way, as
described by the logistic equation.

The assumption that the efficiency of utilisa-
tion of the limiting amino acid remains constant
throughout the growing period was tested by
Bonato et al. (2015) by measuring the response
in body protein gain to increasing intakes of a
feed limiting in THR. When measuring the effi-
ciency of utilisation using body weight as the
dependent variable the efficiencies were found
to differ between periods because of differences
in the rate of body lipid deposition at different
ages, but where body protein gain was used the
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efficiencies remained the same throughout the
growing period. Biologically this is what would be
expected given that THR was the first limiting
resource in the feeds and that it is being used
for protein synthesis.

Feather development and loss through both
wear and tear and moulting is complex and diffi-
cult to describe mathematically. From the time a
bird is hatched until it becomes an adult, feather-
ing passes through several changes of appearance
due largely to the replacement of feathers and
also because of the atrophy of vascular tissue
which results in a loss of moisture (Latimer,
1924; Lucas and Stettenheim, 1972; Martin et al.,
1994). Watson (1963) described moult in birds as
a single growth process, brought about by the
initiation of growth of the new generation of
feathers that push the old feathers passively out
of the follicles. In the absence of accurate data on
the development of feathers during growth, and
by measuring the weight of feathers at intervals,
we have used a Gompertz growth curve to
describe the growth of feathers, assuming that
feather growth is continuous, and that feather
loss occurs at a constant rate of 0.01 g feather
protein/g of feathers/d (Emmans, 1989).

Bonato et al. (2011) measured the require-
ments for maintenance of adult roosters using
the methodology described by Nonis and Gous
(2008) and calculated the amount of THR in
ideal body protein to be 21 g/kg. Equivalent esti-
mates are 33 g/kg using Leveille and Fisher
(1960) values and 34 g THR/kg protein by
Nonis and Gous (2008). The amount of THR in
body protein is about 42 g/kg (Emmans, 1989).
Maintenance requirements are difficult to mea-
sure, and in the absence of convincing evidence
to the contrary, it may be assumed that the amino
acid composition of protein for body and feather
maintenance is that of body and feather protein
respectively, as suggested by Emmans and Fisher
(1986). The amount required for maintenance is
not trivial: as the bird grows the maintenance
requirement becomes a greater proportion of
the total required, so the accurate estimation of
this component is essential if nutritional decisions
are to be made on the basis of these calculations.

Although the approach used here could be
termed a multiphasic approach, a term coined by
Kwakkel et al. (1995), it differs from their method
in respect of other than those already mentioned.
They applied a multiphasic allometric function to
describe the relative growth of crude protein,
crude fat and ash in terms of dry matter.
However, components are related allometrically
only if they share the same rate of maturing (B
in the Gompertz growth curve), and as the rate of
maturing of both feathers and the reproductive
organs were considerably faster than that of the
feather-free body, the approach used by Kwakkel

et al. (1995) is biologically unsound. Also, by relat-
ing the growth of the allometric components of
the body to body protein rather than to body
weight, differences in the lipid content of the
bird are avoided, these varying from the geneti-
cally determined content due to nutritional and
environmental influences (Emmans, 1981, 1987).
By describing the potential growth of body pro-
tein, feather protein and the protein content of
the reproductive organs, the rates of growth of the
allometrically related components of the body
may be calculated from these relationships. It is
this approach that was used here.

Strains of laying-type pullets would be
expected to differ in their mature BW, feather-
free BPm and B, and in the weights of feathers
at maturity, because of differential selection pres-
sures having been applied and because of the
strains used as the basis of their selection. The
mature weights and rates of maturing reported
by Martin et al. (1994) are higher in most cases
than those described here, whereas the FPm of
the DeKalb White pullets was higher than those
described by Martin et al. (1994) and the rate of
maturing slower. By describing the potential
growth rate of body and feather protein, it is
possible to predict accurately the daily intakes of
amino acid and energy required for growth of
these different strains.

Regarding the growth of the reproductive
organs, very few data are available for comparative
purposes. In the Kwakkel et al. (1995) study, the
duration of what they termed the mature growth
spurt (representing the period of growth of the
reproductive organs) was between 5.2 and
6.7 weeks, and the organs that developed during
this time weighed between 169 and 263 g at
maturity, with the age at maximum gain occurring
between 19.2 and 20.3 weeks (or approximately 3
weeks after the growth of these organs was
initiated) depending on the nutritional treatment
imposed during rearing. In the present study the
mature weight of these organs was estimated to be
reached between 10 and 13 weeks after growth
was initiated (approximately t* x 3), or at 180
and 195 d, respectively. The organs were pre-
dicted to weigh 138 g at maturity. Bowmaker and
Gous (1989) used broiler breeders in their study
and concluded that the age at maturity of both
organs occurred at 168 d. In spite of the large
difference in the age at maturity of these breeds
(see Lewis et al., 2003, 2007) the age at maturity of
the reproductive organs appears to be similar.

Because the age at sexual maturity in a flock
of laying pullets can be manipulated with the use
of lighting and feeding programmes (Lewis ef al.,
2003) the age at which the reproductive organs
begin to develop should not be fixed in a model
to predict the nutrient requirements of a flock of
pullets during growth. Once the majority of the
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flock has started laying, nutrient requirements
change and need to be dealt with using a different
approach to that used here. It is presumed in this
case that 0.5 of a flock of laying-type pullets would
reach sexual maturity by 20 weeks of age, causing
body and feather protein growth to cease at that
age (Nonis and Gous, 2015). In the model devel-
oped here, the age at which the ovary and oviduct
begin to develop is user controlled; hence the
model is sufficiently versatile to account for
changes in age at sexual maturity in the flock.
The model of Lewis and Morris (2004) predicts
the age at maturity (mean and SD) of pullets
subjected to one or two changes in day length
during rearing, but the growth of these organs
begins some time prior to the first egg being
laid, so this period needs to be accounted for
when specifying the age at which the growth of
these organs is initiated. In Table 1, #* is between
25 and 30 d, so the initiation of the growth of
these organs must occur at least 4 to 6 weeks
before the first egg is laid, although this growth
would only be detectable, and hence important
from a nutritional point of view, closer to the
period of maximum growth (¢). The first eggs
were laid 42 d after the initiation of growth of
the ovary and oviduct, this being approximately
7 d after the organs were growing at their max-
imum rate (t¥), indicating that these organs need
not be mature before egg production will com-
mence. This aspect might be worth investigating
further.

The calculation of a daily DFI based on an
EE requirement and the EE content of the feed
is a way of estimating the food intake of pullets
during the growing period, from which it is pos-
sible to determine the dietary amino acid con-
centration needed to support the potential
growth of the pullet. This is not to imply that
birds regulate their feed intake according to the
energy content of the feed, but assumes
(Emmans, 1989) that a bird will attempt to con-
sume sufficient of a given feed to meet the
requirement for the firstlimiting resource in
the feed. In this case, EE is made to be the
limiting feed resource, and the amino acid con-
tent of the feed is then calculated on the basis of
the amount of food to be eaten to satisfy the EE
requirement. Because the resultant amino acid
contents are related to the EE content chosen,
the EE content used would need to be specified
when formulating the pullet feeds.

The decline in the dietary THR content
required when the growth of the reproductive
organs is included in the calculation of require-
ment deserves mention. The daily requirement
for THR to meet the needs for ovary and oviduct
growth is considerably less than the EE require-
ment for the same purpose, reflecting the greater
demand for lipid than for protein growth in these

organs. Because food intake would need to
increase to meet the higher EE requirement less
THR would be needed in the feed during this
period in spite of the increased THR
requirement.

Examples of the mean THR contents in each
of three phases are given in Table 5 for a range of
EECs, which were used to predict DFI and hence
THR content. A conventional three-phase
approach may not be the most appropriate from
a nutritional point of view. For some amino acids
the requirements of the pullet change more
rapidly early on during growth and then remain
relatively constant later, and for these amino acids
their requirements may be more accurately
matched if, for example, a different feeding sche-
dule is used. As it is not practical to change the
composition of the feed daily, the growing period
must be subdivided into different phases during
each of which a unique feed is offered. For a
standard feeding programme there will necessa-
rily be periods within each phase during which
the pullets will be under- and overfed protein
(THR) in relation to the energy content supplied.
In attempting to consume sufficient of the limit-
ing resource (Emmans, 1989) the pullets would
need to overconsume resources that are not limit-
ing, such as energy, and there is evidence that this
happens in broilers (Gous et al, 1990). However,
the extent to which birds can overconsume energy
varies between genotypes (Kemp et al, 2005;
Berhe and Gous, 2008) and this impacts on their
response to feeds with a low protein:energy ratio.
Lean genotypes are incapable of depositing large
amounts of energy as body lipid; hence their
intake of a low protein food will be lower than
that of a fat genotype. The pullets used by Bonato
et al. (2015) that were fed diets with low THR
contents could not compensate for the low con-
centration of this amino acid by consuming more
feed; hence their body weight gains were consid-
erably compromised by the low dietary THR con-
tent. Although the required dietary THR content
remains relatively constant in the first phase, this
changes considerably throughout phases 2 and 3,
as illustrated in Figure 4, and by choosing a diet-
ary THR content in the lower half of the range in
each period it is possible that pullets at the start of
phases 2 and 3 will be incapable of consuming the
amount of THR required because these pullets do
not seem to be capable of overconsuming energy.
Under such circumstances an additional phase
might be worth considering, thereby matching
the dietary amino acid contents more closely
with those required by the pullet.

Although the aforementioned approach
appears to be nutritionally sensible it may not be
the optimum economic approach. A decision as to
the optimum THR content for each phase needs
to be made, and this could be on a biological,
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nutritional and/or economic basis. The length of
each phase could also be adjusted to match more
accurately the daily THR requirement of the bird.
These are options that may be explored when the
daily requirement for amino acids and energy are
known, leading to the optimum economic feeding
programme to be used during the growing period.
To optimise the feeding programme it is necessary
to consider the cost of feeding different levels of
THR (and other amino acids) for different
lengths of time, i.e. optimising both the nutrient
density and the feeding programme. This requires
more information than is available from this study:
for example, the actual food intake may not
match the desired feed consumption because of
bulk or environmental constraints (Emmans,
1989). Furthermore, the consequences of under-
and overfeeding amino acids are not considered
here, nor are the effects of body composition on
subsequent egg production.

The model proposed in this paper provides a
reliable means of estimating the daily amino acid
and EE requirements of a pullet during growth,
and describes how these requirements can be con-
verted into nutrient concentrations. However, the
optimisation of a feeding programme for growing
pullets requires more information than is available
from these studies. Specifically, it is necessary to
know the extent to which body composition at
point-oflay influences subsequent reproductive
performance, the extent to which a pullet can over-
consume energy in an attempt to obtain sufficient
of the limiting nutrient in the feed, and the con-
straining effects of feed bulk and environmental
heat demand on the ability of a pullet to consume
its desired food intake each day. In addition, the
model should reflect the variation that occurs in
growth rate and the age at which pullets become
sexually mature, rather than characterising only
the average individual in the population. Such a
stochastic approach is possible, using appropriate
means and standard deviations for the relevant
parameters, but only once the response of an indi-
vidual is accurately predicted. In spite of the lack of
such information, the model proposed here is a
useful step towards the development of a means of
determining the optimum economic method of
feeding a population of growing pullets.
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