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ABSTRACT

Nutritionists need to make commercial decisions about the optimal
nutrient content broiler feeds. In order to demonstrate that broiler prices
may influence dietary nutrient density, this study developed quadratic
feed intake and weight gain equations, according to broiler sex and
feeding phase, to be applied in a nonlinear feed formulation model.
Four hundred and eighty Cobb broilers were allotted to a completely
randomized experimental with six treatments, each with four replicates
of 10 birds each, from 1 to 56 days old. Treatments consisted of diets
containing 2800, 2900, 3000, 3100, 3200, or 3300 kcal metabolizable
energy (ME)/kg and constant nutrient to ME ratio. A nonlinear version
of the PPFR feed formulation software (http:/Awww.fmva.unesp.br/
ppfr) was developed with the objective of optimizing energy density
and bird performance. According to the results, when the models are
applied in the PPFR nonlinear spreadsheet, the most favorable nutrient
density content is defined by mathematical models, as optimized by
the Excel Solver tool by means of cost/benefit comparisons and as a
function of rearing phase (starter, grower, and finisher) and sex. This
contradicts the recommendations of genetic company manuals and
published requirement tables, whose goal is to maximize weight gain
and do not necessarily guarantee maximum economic efficiency.

INTRODUCTION

Broiler nutritionists usually use least cost formulation programs to
formulate feeds. However, this method does not optimize commercial
broiler production profits (Guevara, 2004). In fact, in order to obtain
the greatest economic benefits, broiler companies should apply
optimization methodologies to determine the nutritional requirements,
because live performance directly depend on feed intake (nutritional
levels). In addition, broiler production is influenced by fluctuations in
feed costs, broiler market prices, and consumer’s demand for birds of
different sizes (Cerrate & Waldroup, 2009a).

Studies have shown that increasing dietary energy density promotes
broiler growth and feed efficiency (Saleh et al., 2004). However,
increasing energy levels result in higher production costs. In addition,
considering the current rise in the price of energy sources, it is essential
to review the energy levels of broiler diets.

Feed formulation using nonlinear programming takes into account
practical issues. The concept of feeding by using economically optimal
concentrations of nutrients is based on the law of diminishing returns
(Almquist, 1953) and many different biologic and economic situations
are considered in nonlinear formulation.

Aiming at addressing those challenges, mathematical models
were developed in the present study to estimate broiler performance
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according to sex, age, and dietary energy density in
order to develop a nonlinear version of the feeding
formulation program PPFR (Garcia-Neto, 2012), which
uses the Guevara (2004) model, thereby allowing to
obtain the parameters of the objective function that
maximizes profits.

MATERIAL AND METHODS

In this trial, 480 Cobb broilers chicks were reared
between 1 and 56 days of age in a conventional
broiler house, which was environmentally controlled
to maintain the thermal comfort of the birds. On day
1, birds were separated by sex, weighed, and allotted
to six treatments, with four replicates of ten birds each.
Replicates were equally distributed into 48 pens, each
measuring 1.4x3m, with concrete floor covered with
wood-shavings litter. A continuous lighting program,
with 23 hours of light daily, was applied throughout
the experiment.

Diets were formulated according to the
recommendations of Rostagno et al. (2005) for each
sex and rearing period (starter: 1 to 21 days, grower:
22 to 42 days, and finisher: 43 to 56 days), using the
feed formulation program PPFR (Garcia-Neto, 2012).
The six experimental diets were based on corn-soybean
meal and contained 2800, 2900, 3000, 3100, 3200, or
3300 kcal metabolizable energy (ME)/kg. The ratio of
all essential nutrients to dietary energy was maintained
constant. The diets are presented in Table 1 (females)
and Table 2 (males). Crumbled feed and water were
offered ad /ibitum throughout the trial.

Live weight, feed intake, feed:energy ratio (feed
intake/dietary energy content) and feed conversion
ratio (feed intake/weight gain) were determined
on days 21, 35, 42, 49, and 56. Mortality was daily
checked for the adjustment of feed intake.

Carcass quality was evaluated on days 35, 42, 49
and 56. One bird per pen, which body weight was close
to the average weight of the replicate, was selected
and submitted to feed fasting for nine hours, but were
offered water ad /ibitum. Birds were then weighed,
slaughtered according to official procedures (Brasil,
1997; 1998), de-feathered, eviscerated, and chilled by
immersion in cold water, after which the abdominal
fat pad was manually removed and the carcasses were
weighed.

Results were submitted to analysis of variance
to check the effects of treatments and to obtain
information on the robustness of the binomial age
and nutrient density. The results were considered
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significant at p<0.05. A response surface was built to
determine and quantify synergistic and antagonistic
effects among treatments (Rodrigues & lemma, 2009)
using the PROC GLM of SAS statistical package (SAS
Institute, 2009).

A nonlinear programming version of the PPFR
software was developed with the objective of optimizing
dietary energy density and bird performance. The
steps of this feed formulation model that uses Excel
Workbook was detailed by Guevara (2004). However,
in our experiment, response surface data were used
to obtain the equations according to age, sex, and
dietary nutrient density in order to optimize gross
profit margin in broiler feed formulation (Maximum
Profit Ration), both as a nutritional strategy and as a
mathematical modeling tool for broiler production.
Therefore, broiler production response always requires
two inputs to define the quadratic function, according
to the equation:

Y =1(D,E) =B, +B,D + B,E+B,D* + B,E? + B.D*E,

Where, in this study, Y is the “output”, i.e. the
average output result (body weight, feed intake,
energy consumption, feed conversion ratio, abdominal
fat weight, and carcass weight); D is bird age (days);
and E is dietary energy content (Mcal ME/kg of diet).

The linear (B,D and B,E) and the quadratic (8,D?
nd B E?) responses and the possible effects of the
interactions (B,D*E) follow the law of diminishing
returns for age and energy content (“Inputs”).

According to the procedure of Guevara (2004), the
model identifies which is the best fit of parameters
to maximize profits and to promote the best animal
performance (source of income). However, it does
not necessarily maximize their potential weight gain
because it takes into account product price (price per
kilogram of live broiler paid by the market) and cost
(feed expenses), and therefore, the diets will contain
the nutrient and energy levels that are the most
appropriate in each specific scenario.

RESULTS AND DISCUSSION

Dietary energy content is the most important item
in broiler feed formulation, and makes up 70% of the
total diet (Guevara, 2004; Saleh et al., 2004). Therefore,
this study aimed at understanding and determining the
optimal energy content required to accelerate broiler
growth, without, however, compromising maximum
economic return.
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Table 1 - Ingredients and nutritional composition of female diets, according to rearing phase.

Ingredients (%) Starter (1-21 d of age) Grower (22-42 d of age) Finisher (43-56 d of age)

Inert 3.17 0.00 0.00 0.00 0.00 0.00 6.53 3.22 0.00 0.00 0.00 0.00 8.76 552 2.27 0.00 0.00 0.00
Corn 60.93 62.54 57.57 52.59 47.61 42.64 66.92 69.31 71.48 66.89 62.30 57.71 70.53 73.05 75.57 76.03 71.73 67.43
Soybean oil 0.00 0.19 261 504 746 9.89 0.00 0.00 0.07 243 478 7.14 0.00 0.00 0.00 0.69 2.99 529
Soybean meal - 45% 32.01 33.25 35.69 38.13 40.57 43.01 23.22 24.05 24.92 27.07 29.22 31.36 18.15 18.80 19.44 20.48 22.41 24.34
Dicalcium phosphate 161 1.67 174 182 189 1.97 1.32 1.37 142 1.48 154 1.61 1.07 1.11 115 1.19 1.25 1.31
Common salt 0.44 046 047 049 051 053 039 040 041 043 045 046 034 035 036 038 0.39 041
L-Lysine HCI 0.22 0.23 0.21 0.19 0.18 0.16 0.20 0.20 0.21 0.19 0.17 0.15 0.10 0.11 0.11 0.11 0.09 0.06
DL- Methionine 0.24 024 0.26 0.28 0.30 0.32 0.16 0.16 0.17 0.18 0.20 0.21 0.06 0.06 0.07 0.07 0.08 0.09
L- Threonine 0.05 0.06 0.06 0.06 0.06 0.06 0.03 0.03 0.03 0.03 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00
Calcitic limestone 0.82 0.85 0.86 0.88 0.89 0.91 0.73 0.75 0.78 0.79 080 0.82 0.65 0.67 0.70 0.72 0.73 0.73

Vitamin and Mineral premix* 0.52 052 052 052 052 052 051 051 051 051 051 051 033 033 033 033 033 033

Calculated composition

Metabolizable Energy (kcal/kg) 2800 2900 3000 3100 3200 3300 2800 2900 3000 3100 3200 3300 2800 2900 3000 3100 3200 3300

Crude Protein (%) 19.92 20.63 21.32 22.01 22.70 23.39 16.35 16.93 17.52 18.10 18.68 19.27 14.18 14.69 15.20 15.70 16.21 16.72
Calcium (%) 0.80 0.83 0.86 0.89 092 095 068 0.70 0.73 0.75 0.78 0.80 0.58 0.60 0.62 0.64 0.66 0.68
Available phosphorus (%) 040 042 043 045 046 048 034 035 036 038 039 040 0.29 030 031 032 033 034
Potassium (%) 0.76 0.78 0.81 0.85 0.88 091 061 063 0.66 0.68 0.71 0.74 053 055 057 059 0.61 0.63
Sodium (%) 0.19 0.20 0.21 0.21 0.22 0.23 0.17 0.18 0.18 0.19 0.20 0.20 0.15 0.16 0.16 0.17 0.17 0.18
Chlorine (%) 035 036 037 038 038 039 031 032 034 034 035 035 0.27 028 029 029 030 0.30
Linoleic Acid (%) 133 1.47 270 394 517 640 138 143 152 271 391 511 141 146 151 190 3.08 4.25
Dig. Lysine (%) .11 115 119 123 127 131 088 091 094 097 1.00 1.04 069 071 0.74 0.76 0.79 0.81
Dig. Methionine (%) 0.51 053 056 058 0.60 063 040 041 042 044 046 048 0.28 0.29 030 0.31 033 0.34

Dig. Methionine + Cystine (%) 0.79 0.81 0.84 0.87 0.90 093 0.63 0.66 0.68 0.70 0.72 0.75 0.50 0.51 0.53 0.55 0.57 0.58

Dig. Tryptophan (%) 022 022 023 0.25 0.26 0.27 0.17 0.18 0.18 0.19 0.20 0.21 0.14 0.15 0.15 0.16 0.17 0.18
Dig. Threonine (%) 0.72 0.75 0.77 0.80 0.82 085 057 059 0.61 063 0.65 0.67 048 049 051 053 0.55 0.56
Dig. Arginine (%) 1.24 129 135 141 147 153 098 102 105 1.11 1.16 121 083 086 089 0.93 098 1.02
Dig. Valine (%) 0.83 0.86 0.89 092 095 098 068 0.71 073 0.76 0.78 0.81 060 0.62 0.64 0.66 0.68 0.71
Dig. Isoleucine (%) 0.77 0.80 0.83 0.87 090 094 062 064 066 069 0.72 075 053 055 057 059 062 0.64
Dig. Leucine (%) 162 168 171 174 1.77 180 140 145 150 152 155 157 127 131 136 140 142 144
Dig. Histidine (%) 0.50 0.52 0.53 055 056 058 042 043 045 046 047 049 037 038 040 041 042 043
Dig. Phenylalanine (%) 091 094 097 101 104 107 074 077 080 082 085 088 065 067 069 0.72 0.74 0.77

Dig. Phenylalanine+Tyrosine (%) 1.53 1.58 1.64 170 1.75 1.81 125 130 134 139 144 149 1.09 113 1.17 121 125 1.30

Energy:Protein Ratio 140.5 140.6 140.7 140.8 140.9 141.1 1713 1713 171.3 171.3 171.3 171.3 197.4 197.4 197.4 197.4 197.4 197.4

AVitamin and Mineral supplement supplied according to rearing phase (amount/kg of product) included: Starter: vit, A - 1,670,000 U.I; vit, D3 - 335,000 U.I; vit, E - 2,500 mg; vit, K3 - 417
mg; vit, B1 - 250 mg; vit, B2 - 835 mg; vit, B6 - 250 mg; vit, B12 - 2,000 mcg; folic acid - 100 mg; biotin - 9 mg; nicotinic acid - 5,835 mg; Pantothenic acid - 1,870 mg; Cu - 1,000 mg;
Co- 17 mg; | - 170 mg; Fe - 8,335 mg; Mn - 10,835mg; Zn - 7,500 mg; Se - 35 mg; Choline chloride 50% - 116,670 mg; Methionine - 250,000 mg; Coccidiostat- 13,335 mg; Growth
Promoter- 13,335 mg; Antioxidant - 2,000 mg, Grower: vit, A - 1,335,000 U.l; vit, D3 - 300,000 U.I; vit, E - 2,000 mg; vit, K3 - 335 mg; vit, B1 - 167 mg; vit, B2 - 670 mg; vit, B6 - 170
mg; vit, B12 - 1,670 mcg; folic acid - 67 mg; biotin - 7 mg; nicotinic acid - 4,670 mg; Pantothenic acid - 1,870 mg; Cu - 1,000 mg; Co - 17 mg; | - 170 mg; Fe - 8,335 mg; Mn - 10,835
mg; Zn - 7,500 mg; Se - 35 mg; Choline chloride 50% - 83,340mg; Methionine - 235,000mg; Coccidiostat - 10,000 mg; Growth Promoter- 10,000mg; Antioxidant - 2,000mg, Finisher:
vit, A - 1,670,000 U.I; vit, D3 - 335,000 U.I; vit, E - 2,335 mg; vit, K3 - 400 mg; vit, B1 - 100 mg; vit, B2 - 800 mg; vit, B6 - 200 mg; vit, B12 - 2,000 mcg; folic acid - 67 mg; biotin - 7
mg; nicotinic acid - 5,670 mg; Pantothenic acid- 2,000 mg; Cu - 2,000 mg; Co - 27 mg; | - 270 mg; Fe - 16,670 mg; Mn - 17,335 mg; Zn - 12,000 mg; Se - 70 mg; Choline chloride 50%
- 100,000mg; Methionine - 235,000mg; Antioxidant - 2,000 mg.
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Table 2 - Ingredients and nutritional composition of male diets, according to rearing phase.

Accuracy of Nonlinear Formulation of Broiler Diets:
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Ingredients (%) Starter (1-21 d of age)

Grower (22-42 d of age)

Finisher (43-56 d of age)

Inert 2.22 0.00 0.00 0.00 0.00 0.00 5.30 1.94 0.00 0.00 0.00 0.00 8.12 485 159 0.00 0.00 0.00
Corn 60.79 61.89 56.89 51.89 46.89 41.89 64.65 66.96 66.30 61.62 56.93 52.25 69.24 71.71 74.19 73.16 68.83 64.51
Soybean oil 0.00 0.37 2.80 523 7.66 10.09 0.00 0.00 1.01 3.38 575 8.12 0.00 0.00 0.00 1.19 349 5.0
Soybean meal - 45% 32.20 33.55 36.00 38.45 40.90 43.35 26.56 27.51 29.00 31.21 33.43 35.65 19.74 20.44 21.15 22.49 24.43 26.36
Dicalcium phosphate 1.71 1.78 186 1.94 2.02 2.10 139 144 150 157 1.63 1.70 115 1.19 123 1.28 1.34 1.40
Common salt 0.47 048 0.50 0.52 0.54 0.56 041 042 044 045 0.47 0.49 036 0.37 038 040 041 043
L-Lysine HCI 0.22 022 0.21 0.19 0.17 0.16 0.20 0.20 0.20 0.18 0.17 0.15 0.22 0.22 0.23 0.23 0.21 0.20
DL-Methionine 0.24 0.25 0.26 0.28 0.30 0.32 0.19 0.19 0.20 0.22 0.24 0.25 0.14 0.14 0.15 0.16 0.17 0.19
L-Threonine 0.05 0.06 0.06 0.06 0.06 0.06 0.03 0.03 0.03 0.03 0.03 0.04 0.03 0.03 0.03 0.03 0.03 0.03
Limestone 0.87 0.89 091 093 094 09 0.76 0.79 0.81 0.82 0.83 0.85 068 0.70 0.72 0.74 0.75 0.76
Vitamin and Mineral premix ~ 0.52 0.52 0.52 0.52 0.52 0.52 0.51 0.51 0.51 0.51 0.51 0.51 033 0.33 033 033 033 033
Calculated composition

Metabolizable Energy (kcal/kg) 2800 2900 3000 3100 3200 3300 2800 2900 3000 3100 3200 3300 2800 2900 3000 3100 3200 3300
Crude Protein (%) 20.00 20.71 21.41 22.10 22.79 23.48 17.70 18.33 18.95 19.56 20.17 20.79  14.97 15.51 16.04 16.56 17.08 17.59
Calcium (%) 0.85 0.88 0.91 094 097 1.00 0.72 0.74 0.77 0.79 0.82 0.84 0.61 063 0.65 067 0.70 0.72
Available phosphorus (%) 0.42 044 045 047 048 050 036 037 038 040 041 042 030 031 032 034 035 0.36
Potassium (%) 0.76 0.79 0.82 0.85 0.88 091 0.67 0.69 0.72 0.74 0.77 0.80 0.56 0.57 0.59 0.62 0.64 0.66
Sodium (%) 0.20 0.21 0.22 0.23 0.23 0.24 0.18 0.19 0.19 0.20 0.21 0.21 0.16 0.17 0.17 0.18 0.18 0.19
Chlorine (%) 0.37 0.38 0.39 0.39 040 041 0.33 0.34 035 0.35 0.36 0.36 030 0.31 032 033 033 034
Linoleic Acid (%) 133 1.55 2.79 4.03 526 650 136 141 195 3.16 4.37 5.57 140 145 150 2.13 331 448
Dig. Lysine (%) 1.11 115 1.19 1.23 127 131 096 099 1.03 1.06 1.10 1.13 0.81 0.84 0.87 090 0.93 0.95
Dig. Methionine (%) 0.52 0.53 0.56 0.58 0.61 0.63 044 046 047 049 0.52 0.54 036 037 039 040 042 044
Dig. Methionine + Cystine (%) 0.79 0.82 0.85 0.87 090 093 0.69 0.72 0.74 0.76 0.79 0.81 0.58 060 0.62 0.65 0.67 0.69
Dig. Tryptophan (%) 0.22 0.22 0.24 0.25 0.26 0.27 0.19 0.19 0.20 0.21 0.22 0.23 0.15 0.16 0.16 0.17 0.18 0.19
Dig. Threonine (%) 0.72 0.75 0.77 0.80 0.83 0.85 0.62 0.65 0.67 0.69 0.71 0.74 0.53 054 056 0.58 0.60 0.62
Dig. Arginine (%) 125 1.30 136 142 148 154 1.08 1.12 1.17 122 127 133 0.88 091 094 098 1.03 1.08
Dig. Valine (%) 0.83 0.86 0.89 092 0.95 098 0.74 0.77 0.79 0.82 0.84 0.87 0.62 065 067 0.69 0.71 0.73
Dig. Isoleucine (%) 0.78 0.81 0.84 0.87 091 0.94 0.68 0.70 0.73 0.76 0.79 0.82 0.56 0.58 060 0.62 0.65 0.67
Dig. Leucine (%) 163 1.68 1.71 1.74 177 180 148 154 158 160 1.63 1.65 1.31 135 140 143 145 1.47
Dig. Histidine (%) 0.50 0.52 0.54 055 0.57 0.58 0.45 047 0.48 049 051 0.52 039 040 041 043 044 045
Dig. Phenylalanine (%) 091 094 098 1.01 1.04 1.08 0.80 0.83 0.86 0.89 0.92 0.95 0.68 0.70 0.72 0.75 0.77 0.80
Dig. Phenylalanine+Tyrosine (%) 1.54 1.59 1.65 1.70 1.76 1.82 136 141 146 151 156 1.61 1.14 118 1.22 127 131 1.35
Energy:Protein Ratio 140.0 140.0 140.2 140.3 140.4 140.5 158.2 158.2 158.3 158.5 158.6 158.8 187.0 187.0 187.0 187.1 187.4 187.6
AVitamin and Mineral supplement used in the rations in three rearing phases (amount/kg of product) included: Starter: vit, A - 1,670,000 U.I; vit, D3 - 335,000 U.I; vit, E - 2,500 mg; vit,

K3 - 417 mg; vit, B1 - 250 mg; vit, B2 - 835 mg; vit, B6 - 250 mg; vit, B12 - 2,000 mcg; folic acid - 100 mg; biotin - 9 mg; nicotinic acid - 5,835 mg; Pantothenic acid - 1,870 mg; Cu - 1,000
mg; Co- 17 mg; | - 170 mg; Fe - 8,335 mg; Mn - 10,835mg; Zn - 7,500 mg; Se - 35 mg; Choline chloride 50% - 116,670 mg; Methionine - 250,000 mg; Coccidiostat- 13,335 mg; Growth
Promoter - 13,335 mg; Antioxidant - 2,000 mg, Growth: vit, A - 1,335,000 U.; vit, D3 - 300,000 U.I; vit, E - 2,000 mg; vit, K3 - 335 mg; vit, B1 - 167 mg; vit, B2 - 670 mg; vit, B6 - 170
mg; vit, B12 - 1,670 mcg; folic acid - 67 mg; biotin - 7 mg; nicotinic acid - 4,670 mg; Pantothenic acid - 1,870 mg; Cu - 1,000 mg; Co - 17 mg; | - 170 mg; Fe - 8,335 mg; Mn - 10,835
mg; Zn - 7,500 mg; Se - 35 mg; Choline chloride 50% - 83,340mg; Methionine - 235,000mg; Coccidiostat - 10,000 mg; Growth Promoter- 10,000mg; Antioxidant - 2,000mg, Finisher:
vit, A - 1,670,000 U.I; vit, D3 - 335,000 U.I; vit, E - 2,335 mg; vit, K3 - 400 mg; vit, B1 - 100 mg; vit, B2 - 800 mg; vit, B6 - 200 mg; vit, B12 - 2,000 mcg; folic acid - 67 mg; biotin - 7
mg; nicotinic acid - 5,670 mg; Pantothenic acid- 2,000 mg; Cu - 2,000 mg; Co - 27 mg; | - 270 mg; Fe - 16,670 mg; Mn - 17,335 mg; Zn - 12,000 mg; Se - 70 mg; Choline chloride 50%

- 100,000mg; Methionine - 235,000mg; Antioxidant - 2,000 mg.

Live weight and feed intake results of male and
female broilers are presented separately for the periods
of 1 to 20 days of age and 21 to 56 days of age. This
strategy was adopted to allow a better fit to the growth
curve of broilers, which is typically sigmoidal.

There were significant interactions between age and
dietary metabolizable energy content for live weight
and feed intake of both males and females (Table 3).
Therefore, in order to determine the best market age

to obtain the greatest profit, diet nutrient density must
be considered, and it depends on bird age.

The effects of age and nutrient density (independent
variables) on the dependent variables (e.g. body
weight) are complex and cannot be explained by a
simple linear function. The models developed in the
present study were shown to be biologically realistic
and capable of explaining the results, as demonstrated
by the obtained coefficients of determination (R?),
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Table 3 - Probability, coefficient of variation (CV), coefficient of determination (R?) and analysis of variance of live weight
(LW) and feed intake (Fl) of female and male broilers between 1to 20 days of age and 21 to 56 days of age.

110 20 d of age

21 to 56 d of age

Parameter LW Fl LW Fl

Pr> |t| value Females Males Females Males Females Males Females Males
Intercept 0.0948 0.0979 0.2333 0.2036 <0.0001 <0.0001 <0.0001 <0.0001
Metabolizable energy (ME) 0.0845 0.0879 0.2357 0.2059 <0.0001 <0.0001 <0.0001 <0.0001
Age 0.1263 0.0476 0.0444 0.0897 <0.0001 0.0067 <0.0001 <0.0001
ME*ME 0.9793 0.0822 0.2470 0.2159 <0.0001 <0.0001 <0.0001 <0.0001
Age*ME 0.0052 0.0039 0.0712 0.0756 0.4862 0.0341 0.0033 <0.0001
Age*Age <0.0001 <0.0001 <0.0001 <0.0001 0.0095 0.0497 0.0001 <0.0001
CV (%) 7.7559 9.3033 9.4586 10.6080 2.6408 2.8283 2.8130 1.6739
Re 0.9943 0.9921 0.9947 0.9938 0.9968 0.9966 0.9973 0.9990
Analysis of variance

Causes of variation (Pr>F)

Linear <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Quadratic <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0001 <0.0001 <0.0001
Total Model <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

which were extremely high (>0.95). Moreover, the
coefficients of variation (CV) indicate that the instability
of responses was very low, except for abdominal fat
weight (Table 4), which is known to be very unstable
(Sampaio, 2007).

The analysis of variance (Table 3 and 4) of the
evaluated parameters as function of age and
dietary metabolizable energy content show that
the mathematical models were highly significant (p
<0.0001) for all studied parameters, indicating that
the experimental data fully fit the models.

Therefore, the analysis of the response surface
allows defining an optimal region of dietary nutrient
density according to broiler age and sex instead of a
best-value point, as in the case of linear formulation.
As a practical application, it allows reducing dietary
nutrient density without compromising broiler
performance when weight gain and feed intake are
considered, and this is precisely what promotes the
economic viability of the nonlinear principle.

The females, which have lower genetic potential
for muscle accretion than males, presented higher

Table 4 - Probability, coefficient of variation (CV), coefficient of determination (R?) and analysis of variance for energy
consumption, feed conversion, abdominal fat weight and carcass weight responses of female and male broilers.

21 to 56 d of age

35 to 56 d of age

Parameter Energy consumption Feed conversion Abdominal fat weight Carcass weight
Pr> [t| value Females Males Females Males Females Males Females Males
Intercept <0.0001 <0.0001 0.0014 <0.0001 0.8831 0.3019 0.0095 0.1232
Metabolizable energy (ME) <0.0001 <0.0001 0.0278 0.0008 0.7151 0.2235 0.0100 0.0965
Age 0.0647 0.1624 0.3561 0.4390 0.1189 0.4565 0.5121 0.4938
ME*ME <0.0001 <0.0001 0.1053 0.0057 0.5787 0.1673 0.0126 0.1078
Age*ME 0.0244 0.0177 0.2410 0.0500 0.0951 0.3034 0.7017 0.9290
Age*Age <0.0001 <0.0001 0.7995 0.2009 0.1721 0.4511 0.1621 0.0066
CV (%) 4.5415 5.0530 1.4666 1.5728 28.7591 36.8360 8.9750 10.7504
R? 0.9915 0.9898 0.9896 0.9860 0.6908 0.5235 0.9036 0.8873
Analysis of variance

Causes of variation (Pr> F)

Linear <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Quadratic <0.0001 <0.0001 0.2544 0.0110 0.3364 0.2899 0.0174 0.0074
Total Model <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
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abdominal fat content (Figure 3) and it almost doubled
between the two evaluated periods (1-42 and 1-56 days
old). The excessive abdominal fat deposition shows that
there was a waste of energy. Therefore, the efficiency
of energy utilization of females is poor after 40 days,
as shown by the significantly lower carcass yield and
greater deposition of abdominal fat compared with
males. Consequently, females should be slaughtered
at an earlier age for economic reasons. In addition,
the results show that the influence of dietary nutrient
density on live weight is reduced as broilers age (Figure
2), as demonstrated by the steeper slope of the body
weight curve when broilers are younger. This indicates
that the optimal slaughter weight depends on bird sex
(higher profits for males), justifying the earlier slaughter
of females. Also, the interaction between age and
nutrient density shows that targeting only weight gain
in feed formulation (least cost formulation) is costly,
contradicting the law of diminishing returns. Therefore,
in order to minimize costs and time and to maximize
economic returns, it is essential to apply the nonlinear
principle as a tool for formulation.

The simulations obtained with calibration of the
current model, using specific PPFR spreadsheets for males
and females, were more consistent when compared with
previous studies that considered only a single diet for both
sexes (Miller et al., 1986; Guevara 2004). When a single
diet is applied, the performance of females fed on diets
formulated for males is not compromised, but there are
economic losses. On the other hand, the performance
of males fed on female diets is reduced, also leading
to economic losses. In addition, considering carcass
quality, the ratio between energy and nutrients must be
maintained constant so that body composition does not
change as body weight increases, thereby maintaining
carcass quality (Saleh et al., 2004; Cerrate & Waldroup,
2009a; 2009b). That is the reason why the model
“energy to nutrient” ratio is considered the best method
for nonlinear feed formulation (Cerrate & Waldroup,
2009a; 2009b), and also because metabolizable energy
is the main factor that affects feed intake, inducing an
increase or reduction of the intake of the other nutrients
(Leeson et al., 1996).

It is also observed (Table 4) that the energy
consumption (ME*ME) response was curvilinear.
Therefore, the model must be nonlinear to ensure
the maximization of economic efficiency (Guevara,
2004; Cerrate & Waldroup, 2009a; Eila et al., 2012).
Consequently, the most favorable nutrient density
content, when nonlinear PPFR formulation is applied,
will be defined by mathematical models optimized by
the Excel Solver tool, using cost/benefit comparisons
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according to rearing phase (starter, grower, and
finisher) and sex. This contradicts the recommendations
of the genetic line manuals and published requirement
tables, whose goal is to maximize weight gain and do
not necessarily ensure maximum economic efficiency.

The results of the present study obtained by applying
the models to the nonlinear PPFR spreadsheet answer
the questions mentioned above and proved to be
reliable within the range of values based on which the
equations were generated (1-56 days old). Moreover,
when feedstuff and chicken prices change, the model
seeks to maintain the most favorable nutrient density
to achieve maximum profit by relocating the other
ingredients available (Guevara, 2004; Renz, 2005).

This economic fit is very dependent on how narrow
or broad is the energy to nutrient ratio, i.e., because pre-
starter and starter diets typically have very close ratios
(e.g., energy to protein ratio of 140:1; Tables 1 and 2),
they do not allow extensive optimization manipulations
by the Solver. However, because feed intake is still low
during those phases (Figure 1), such limitation does not
cause significant damage. In addition, as birds age and
energy to protein ratios in the formulation increase (to
171:1inthegrower phaseand 197:1inthefinisher phase;
Tables 1 and 2, respectively), nonlinear programming of
more flexible ratios, allows adjustements precisely as
feed intake becomes increasingly relevant, having direct
impact on costs.

The obtained results clearly show the importance
of developing mathematical models and applying new
feed formulation principles that take into account
the current knowledge on nutrient utilization and
tissue deposition in modern broilers, particularly of
protein and energy, aiming at optimizing nutrient
carcass deposition (Lopez et al., 2007). Therefore,
mathematical modeling presents an opportunity for
the broiler industry to produce better-quality carcasses
for increasingly demanding consumers, who seek low-
fat food products (Meinerz et al., 2001), and at the
same time, to balance the cost-benefit ratio.

CONCLUSIONS

The results of this study suggest that, when
applying the concept of precision feeding for broilers,
nonlinear feed formulation provides better results
compared with linear feed formulation because the
requirements of all nutrients are automatically adjusted
by the mathematical model, resulting in optimal
dietary energy supply, in addition to estimating the
most profitable weight gain.
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Figure 1 — Response Surface of feed intake (g) of females (a) and males (b), according to age (days) and dietary energy density (kcal ME/kg).
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